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Abstract

The present thesis is concerned with the numerical solution of large-scale eigenvalue problems
via methods based on tensor networks. We address the computation of an eigenvector asso-
ciated with the minimal eigenvalue of a Hamilton operator modeling a quantum mechanical
many-particle spin system. If d denotes the number of particles and ¢ the number of degrees
of freedom for each particle, then the size of this symmetric eigenvalue problem scales expo-
nentially in d to the base q. A well-known strategy with regard to the numerical treatment
is to reshape those components of a method whose size scales exponentially into a tensor,
i.e. a higher-dimensional array of numbers. This opens up the possibility of representation
in a low-rank tensor format with non-exponentially growing ranks. In this way, a numerical
method may be formulated by means of tensor networks which are a convenient tool when
working with low-rank tensor formats. Our focus is on the ¢-XYZ and the g-Potts model.
We introduce sets of vectors with a certain sparsity pattern whose definition is based on the
g-ary representation of the indices of the potential nonzero entries. We show that for each
eigenspace of a Hamilton operator of the ¢-XYZ or ¢g-Potts model, there exists an orthonor-
mal basis all of whose elements have a sparsity pattern suitable for the model. Moreover
we show that for the ¢-XYZ model, the characterization of the sparsity pattern depends on
the coupling parameters determining the Hamilton operator. We consider the hierarchical
Tucker format and the tensor train format and describe how to represent the given Hamilton
operators in these formats. In order to solve the eigenvalue problem numerically, we employ
on the one hand the locally optimal conjugate gradient method expressed in the hierarchical
Tucker format and on the other hand the modified alternating linear scheme, also called
density matrix renormalization group, built on the representation in the tensor train format.
A key aspect of this thesis is the construction of an initial guess for a numerical eigensolver.
We propose a strategy which utilizes information about the relation of solutions for two dif-
ferent small problem sizes to construct an approximation of a solution for the original large
problem which then may be used as an initial guess in an iterative method. This particular
way of construction is enabled by the specific sparsity patterns of the eigenvectors and we
show that the result of the construction has a sparsity pattern suitable for an eigenvector as
well. In this context we discuss for the ¢-XYZ model two alternative construction strategies
depending on the coupling parameters. We explain how to carry out the construction of the
initial guess in the hierarchical Tucker format and in the tensor train format and that the
ranks of the initial guess are independent of d or scale only linearly in d. To demonstrate
the effect of our contribution on the computational cost, we conduct extensive numerical
tests. We compare the constructed initial guesses with random initial guesses in terms of an
acceleration of the methods.
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Zusammenfassung

Die vorliegende Arbeit behandelt die numerische Lésung von grofi-skaligen Eigenwertprob-
lemen durch Methoden, welche auf Tensornetzwerken basieren. Wir beschéftigen uns mit
der Bestimmung eines Eigenvektors zum minimalen Eigenwert eines Hamilton-Operators,
der ein quantenmechanisches Vielteilchen-Spinsystem modelliert. Wenn d die Anzahl der
Teilchen und ¢ die Anzahl der Freiheitsgrade fiir jedes Teilchen beschreibt, skaliert die
Grofle dieses symmetrischen Eigenwertproblems exponentiell in d zur Basis ¢. Im Hinblick
auf die numerische Behandlung ist es eine wohlbekannte Strategie, diejenigen Komponenten
eines Verfahrens, deren Grofle exponentiell skaliert, jeweils in einen Tensor, das heif3t in ein
hoherdimensionales Zahlenfeld, umzusortieren. Dies erdffnet die Moglichkeit der Darstel-
lung in einem Niedrigrang-Tensorformat mit nicht exponentiell wachsenden Rangen. Auf
diese Art und Weise kann ein numerisches Verfahren mithilfe von Tensornetzwerken, die
ein praktisches Werkzeug sind, um mit Niedrigrang-Tensorformaten zu arbeiten, formuliert
werden. Unser Fokus liegt auf dem ¢-XYZ- und dem ¢-Potts-Modell. Wir fiihren Mengen
von Vektoren mit einer gewissen Besetzungsstruktur ein, deren Definition auf der g-néren
Darstellung der Indizes der potenziellen Nicht-Null-Eintrédge beruht. Wir zeigen, dass fiir
jeden Eigenraum eines Hamilton-Operators des ¢-XYZ- oder ¢-Potts-Modells eine Orthonor-
malbasis existiert, deren Elemente alle eine zum Modell passende Besetzungsstruktur haben.
Zudem zeigen wir, dass fiir das ¢-XYZ-Modell die Charakterisierung der méglichen Beset-
zungsstrukturen von der Wahl der den Hamilton-Operator festlegenden Kopplungsparameter
abhéngt. Wir betrachten das hierarchische Tucker-Format und das Tensor-Train-Format und
beschreiben, wie sich die vorliegenden Hamilton-Operatoren in diesen Formaten darstellen
lassen. Zur numerischen Losung des Eigenwertproblems ziehen wir zum einen das lokal
optimale konjugierte-Gradienten-Verfahren in einer Formulierung im hierarchischen Tucker-
Format und zum anderen das modifizierte alternierende lineare Schema, auch Dichtematrix-
Renormierungsgruppe genannt, das auf der Darstellung im Tensor-Train-Format aufbaut,
heran. Einen Schwerpunkt dieser Arbeit bildet die Konstruktion einer Startlésung fiir
einen numerischen Eigenloser. Wir schlagen eine Strategie vor, die Informationen iiber die
Beziehung von Loésungen fiir zwei verschiedene kleine Problemgréfien nutzt, um daraus eine
Approximation einer Losung fiir das urspriingliche grofie Problem zu konstruieren, welche
dann als Startlésung in einem iterativen Verfahren verwendet werden kann. Die konkrete Art
und Weise dieser Konstruktion wird einerseits durch die speziellen Besetzungsstrukturen der
Eigenvektoren ermdglicht, andererseits zeigen wir, dass das Resultat der Konstruktion eine
zu den Eigenvektoren passende Besetzungsstruktur hat. In diesem Zusammenhang disku-
tieren wir fiir das ¢-XYZ-Modell zwei alternative Konstruktionsstrategien in Abhéngigkeit
der Kopplungsparameter. Wir erkléren, wie sich die Konstruktion der Startlésung im hierar-
chischen Tucker-Format und im Tensor-Train-Format durchfiithren ldsst und dass die Rénge
der Startlosung unabhéngig von d sind oder nur linear in d skalieren. Um den Effekt un-
seres Beitrags auf die Laufzeitkosten zu demonstrieren, fithren wir umfangreiche numerische
Tests durch. Dabei vergleichen wir die konstruierten Startlosungen mit zuféllig gewéhlten
Startlosungen hinsichtlich einer Beschleunigung der Verfahren.






To all my supporters

Allen meinen Unterstiitzern

vii






Contents

1. Introduction

1.1. Motivation and task . . . . . . . . . . .. 1
1.2. Structure of the thesis . . . . . . . . . . . . . ... 4

2. Hamilton operators of spin systems 5
2.1, XYZ model . . . . . e 5
2.2. Pottsmodel . . . . .. 23

3. Tensors and tensor formats 31
3.1. Basicconcepts . . . . . . . .. 31
3.2. Tensor networks and tensor contractions . . . . . . . . .. .. ... ... ... 34
3.3. Hierarchical Tucker format . . . . . . . . . . . . . . . . 36
3.3.1. Construction . . . . . . . . . . . . 37

3.3.2. Low-rank property . . . . . . . . . . ... 42

3.3.3. Representation of Hamilton operators . . . .. .. ... ........ 42

3.3.4. Arithmetical operations . . . . . . . ... .. .. ... 46

3.4. Tensor train format . . . . . . . . . .. 48

4. Eigensolvers in tensor formats 51
4.1. Locally optimal conjugate gradient method . . . . . . .. .. ... ... ... 51
4.2. Modified alternating linear scheme . . . . . .. .. ... ... ... ... 56

5. Construction of an initial guess 63
5.1. Full vector format . . . . . . . . . .. 64
51.1. 2-XYZ model, A B . .. . ... 64

5.1.2. 3-XYZmodel, A#B . . . ... 72

5.1.3. 3-Pottsmodel . . . . . . . . ... 77

5.2. Linear HT format . . . . . . . . . . . . 85
5.3. Balanced HT format . . . . . . . . . . . . . . . . . . . 102
5.4. TT format . . . . . . . . . e 106
5.5, XYZmodel, A=B . . . .. e 106

6. Numerical tests 111
6.1. Truncation parameters . . . . . . . . . . . .o 112
6.2. HT format, A# B . . . . . . . e 122
6.3. TT format, A# B . . . . . . . e 136
6.4. HT format, A= B . . . . . . . . e 150
6.5. TT format, A=DB . . . . . . . e e e 158

7. Conclusion 163
71 Summary . . . . ... e 163
7.2. Outlook . . . . . e 167

ix



Contents

A. Dirac bra-ket notation

B. Sparsity patterns of vectors

C. Invertibility of reshaped eigenvectors for d = 2
List of algorithms

List of figures

Bibliography

169
171
177
183
187

189



1. Introduction

1.1. Motivation and task

Eigenvalue problems are a major topic in numerical linear algebra [GVL13], [HJ13], [TB97].
Especially the case of large [Saall] or symmetric [Par98] eigenvalue problems is an important
field of mathematical research.

Both properties are combined by a matrix that represents a Hamilton operator modeling
the energy in a quantum mechanical many-particle system and contains only real entries.
Following the fundamental principles of quantum mechanics [Ball5, Chapter 2|, to an ob-
servable quantity of one particle or component of the system there is associated in general
a Hermitian matrix. The possible results of a measurement of the particle observable are
the eigenvalues of the matrix and the result of the measurement equals a specific eigenvalue
with probability 1 if and only if the particle is in a state that corresponds to an eigenvector
associated with the respective eigenvalue. If we consider a many-particle system composed
of single particles or components, then the size of the matrix representing the Hamilton op-
erator, which in turn corresponds to an observable quantity of the composite system, equals
by [Ball5, Section 3.5] the product of the matrix sizes for each component of the system.
Hence the matrix corresponding to the composite many-particle system quickly gets large if
the number of particles increases. Besides [Ball5], we also recommend [Gril4], [Tow00], or
[NOO08, Chapter 2] for an exposition of the underlying rules of quantum mechanics.

In condensed matter physics, a wide branch of research is the investigation of quantum
mechanical spin systems, see [PF10], [VLRKO03], or [VMCO08, Section 1]. An important task,
cf. [Nac04, Section 5] or [STGT19, Section 1.5], is to determine an eigenvector associated
with the minimal eigenvalue of a Hamilton operator. Such an eigenvector describes the
so-called ground state of the system in which the energy is minimal.

Our focus is on one-dimensional systems where d particles are arranged along a line.
The energy in this system is modeled in such a way that only the interactions between the
spins of two neighboring particles and additionally the interactions of the spins of the single
particles with an external magnetic field are taken into account. We impose so-called open
boundary conditions, which means that the two outermost particles do not interact with each
other, in contrast to periodic boundary conditions, where the arrangement of the particles is
considered as a ring. The number of degrees of freedom for a single particle induced by the
spin is equal for all particles and we denote this quantity by ¢, concentrating on the cases
q = 2 or ¢ = 3. Then the Hamilton operator is a sum of Kronecker products of d factors
each of which is a ¢ X ¢ matrix. The interaction of two specific neighboring particles enters
the Hamilton operator as a summand where only the two, itself neighboring, Kronecker
factors related to the two particles are not identity matrices while all other factors are ¢ X g
identities. The interaction of one specific particle with the external magnetic field enters as
a summand where only one factor is a non-identity. Hence the Hamilton operator is of size
¢% x ¢* and in the cases we consider it is real symmetric. Accordingly, an eigenvector has ¢%
elements. This value grows exponentially with the number of particles d, an issue which is
called the curse of dimensionality. So, without further considerations, the problem of finding
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an eigenvector associated with the minimal eigenvalue is not tractable for d greater than
around 25, as the objects to compute with do not fit into the memory.

In order to be able to treat the eigenvalue problem also for larger d numerically via an
iterative method, it is necessary to represent the Hamilton operator as well as the iterates
of an eigenvector in a format in which the memory and computational demand does not
scale exponentially in d. We impose the assumption that this representation is possible in
an exact way for the Hamilton operator. Going along with that, we make the ansatz that an
eigenvector and also its iterates may be represented at least approximately in such a format
with a non-exponential amount of parameters, cf. [VMCO08, Section 2].

By [Osel0], the key approach is to regard the single elements of the Hamilton operator
respectively the eigenvector and its iterates not as being arranged in a matrix respectively
a vector but rather in a higher-dimensional array of numbers which is called a tensor, see
[Hac19] for a comprehensive treatment. This different point of view opens up more pos-
sibilities to represent the handled objects in a particular tensor format, cf. [Oral9]. Such
formats generalize ideas related to the singular value decomposition of matrices, especially
the notion of the rank as a number of how many parameters are necessary to represent a
given matrix or tensor consisting of single elements. We focus on the hierarchical Tucker
(HT) format [HK09] and the tensor train (TT) format [Osell]. Both formats are instances
of a tensor network [Oril4], a concept and perspective very beneficial in the discussion of
tensors and their numerical treatment. Indeed, for the spin systems we consider, the number
of parameters to represent the tensorized versions of their Hamilton operators scales only
linearly in d, cf. [Tob12, Example 3.8].

Concerning the computation of an eigenvector associated with the minimal eigenvalue,
there are essentially two classes of algorithms, see [Bac23, Section 6.2]. One approach, like
in [Tob12, Section 6.1] with respect to the LOPCG method from [KnyO01], is to translate
an iterative method designed originally for the classical case of matrices and vectors to
their representations in a tensor format and to perform the iterations in the arithmetics of
this tensor format. The second approach, called DMRG in [Sch1l] or (M)ALS in [HRS12],
exploits more directly the structure of the tensor format and updates the single characteristic
components of the related tensor network in a specific order.

To the best of our knowledge, an issue which is not addressed in detail so far is the choice
of an initial guess for the methods. In [HB09, Chapter V] the necessity of a well-suited initial
guess for an eigensolver in general is mentioned, while [Sch11, Chapter 6] formulates this
demand for the DMRG algorithm. The perhaps most simple option would be to choose an
initial guess randomly which is possible in all the cases we consider. This approach however
does not take into account any information about the problem at hand. So, our main concern
in this thesis is to develop a more sophisticated construction of an initial guess tailored better
to the concrete setting. The main benefit we expect from employing a constructed initial
guess is a speed-up of the numerical method in the sense that, compared to a random initial
guess, less iteration steps are needed to reach a certain level of approximation of the exact
solution. In our opinion, three properties are essential to meet that task.

(P1) The computational cost to construct the initial guess should be small compared to the
iteration itself. It may be larger than for setting up a random initial guess but its share
in the overall amount of work should be negligible.

(P2) The constructed initial guess should match a low-rank tensor format. As the considered
eigenvalue problem only becomes tractable by formulating it with the help of tensors
with low ranks, the same should hold for the initial guess.
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(P3) The initial guess should approximate an exact eigenvector associated with the mini-
mal eigenvalue. It appears reasonable to assume that an iterative numerical method
approaches an exact solution faster if an initial guess is in an appropriate sense closer
to this solution.

We borrow a concept that is known from the field of multigrid methods [Hac85]. This
means to compute in an exact way, or at least with very high accuracy, a solution of a
problem that is regarded as a restriction of the overall problem to a small size where it can
be handled at low cost, and then to prolongate this solution to the larger original problem
size. One expects that this procedure yields a significant improvement for the large problem
size where computations are more expensive. We notice that in the context of the DMRG
method, a technique to transfer the prolongation operation to the computation of ground
states was developed in [LMJ18] and that the general idea to combine information about
small parts of a many-particle system to obtain an initial guess for the overall system appears
in [HWSH13a, Section 5], but the respective approaches are very different from ours.

The strategy we propose is to compute up to machine accuracy an eigenvector associated
with the minimal eigenvalue for two different small problem sizes which are characterized
by two small, say one-digit, numbers d; < ds of particles in the spin system. All other
parameters defining the Hamilton operator are the same as for the larger number of d
particles. The prolongation operator is set up in a specific way with the requirement that
it maps the computed eigenvector for problem size d; to the eigenvector corresponding
to dy. Based on this relation, a prolongation to larger problem sizes is defined. We then
construct the initial guess by mapping the eigenvector corresponding to dy with the obtained
prolongation operator up to the original overall problem size d. Hence, the prolongation
strategy is built on the idea that the relation between eigenvectors for two small problem
sizes approximates the relation also between eigenvectors for larger problems.

In order to put that strategy to use, we have to decide how the relation between eigenvec-
tors corresponding to di and ds is exploited precisely. An understanding of the structure of
the eigenvectors for different problem sizes helps to design a structure of the prolongation
operator. It also enables us to realize whether there are situations in which the prolongation
strategy is not feasible and, in such a case, what type of adaption could be indicated. Thus,
one of the important tasks is to gain knowledge about the structure of the eigenvectors.

Regarding the requirement of (P1), the undoubtedly cheap computation of eigenvectors
for small d; and dy has to be supplemented with a prolongation operator whose application
causes no relevant computational cost. In accordance with (P2), we have to investigate
in which way the prolongation may be formulated in a tensor format with low ranks. It is
inherent to the arithmetics in the considered tensor formats that the ranks grow significantly
during repeated arithmetical operations like applications of an operator. Our task is to think
about how to deal with that problem. Concerning (P3), we have to check the approximation
quality of the constructed initial guess. This is in turn closely related to the question whether
the result of the prolongation is consistent with the structure of an exact eigenvector.

After having described and discussed the construction of an initial guess, another impor-
tant part of our considerations is to examine the actual behavior of such an initial guess
in a numerical method, in particular whether it yields the targeted reduction of necessary
iteration steps. We have to compare the performance of a constructed initial guess to that
of a random initial guess by extensive numerical tests. To reach a conclusion about the
usefulness of the proposed constructions, our task is to name advantages and disadvantages
in various scenarios.
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1.2. Structure of the thesis

This thesis contains seven chapters and three appendices.

Chapter 1 introduces the subject matter, motivates its consideration, lists problems and
tasks, and describes the structure of the thesis.

In Chapter 2 we define the Hamilton operators we are concerned with, namely those of the
¢-XYZ model and the ¢-Potts model. We prove that for each eigenspace of these Hamilton
operators there exists an orthonormal basis whose elements are vectors with a specific sparsity
pattern, hence that especially in eigenvectors associated with simple eigenvalues nonzero
entries may occur only at certain positions.

Chapter 3 gives an overview of the notion of tensors, tensor networks, and tensor formats,
in particular the hierarchical Tucker format and the tensor train format. The concept of
rank is described as well as the characteristics of arithmetical operations within these tensor
formats. It is stated how the Hamilton operators may be efficiently represented.

In Chapter 4 we explain the two types of algorithms which are employed to compute an
eigenvector associated with the minimal eigenvalue. We mention the adaption of the locally
optimal conjugate gradient method to iterates in the hierarchical Tucker format and the
modified alternating linear scheme formulated in terms of the tensor train format.

Chapter 5 contains our main contribution, the construction of an initial guess. Referring
to the results concerning the sparsity pattern of eigenvectors in Chapter 2, at first we propose
how to set up a prolongation operator based on information about eigenvectors in two small
problem sizes and how to utilize this prolongation operator in order to construct vectors
for larger problem sizes. We discuss in full vector format the feasibility of this construction
scheme in terms of reshaping eigenvectors into matrices. We investigate in which way a
prolongated vector approximates an exact eigenvector for the large problem size. Then we
transfer the construction procedure to the hierarchical Tucker and the tensor train format.
We demonstrate that the construction yields a tensor represented with ranks independent
of the problem size up to which the prolongation is carried out. For a situation where the
construction by prolongation is not feasible due to the non-invertibility of the matricization
of an eigenvector, we propose an alternative again based on the possible sparsity patterns
of eigenvectors. This alternative initial guess may be represented with ranks scaling linearly
with the problem size.

In Chapter 6 various numerical tests are performed. After having decided how to choose
the parameters controlling the truncation of ranks during the iteration, we investigate to
what extent the choice of the initial guess influences the course and the result of the method.
We split the discussion due to the four combinations of the two different types of algorithms
from Chapter 4 and the two different types of initial guesses constructed in Chapter 5.

Chapter 7 summarizes the findings obtained in this thesis and relates them to the tasks
formulated in Chapter 1. We close our contribution to the subject by pointing to possible
further research.

The main text is supplemented by three appendices. Appendix A collects basic facts about
the Dirac bra-ket notation which is particularly useful in the context of Kronecker product
structures and interacts well with the discussed sparsity patterns of vectors. In Appendix B
several examples for these sparsity patterns are given. Appendix C contains some statements
about the invertibility of eigenvectors reshaped into a matrix which are referred to during
the construction of the initial guess.



2. Hamilton operators of spin systems

We consider Hamilton operators modeling one-dimensional systems of particles with spin
s € {2, 1, g, 2,...}. The number of different eigenstates of a particle with spin s is denoted
by q,s0 ¢ =2s+1€{2,3,4,5,...} due to [Ballb, Sect. 7.4]. In the sequel we use the Dirac
notation with the ket |j) = ej;1 € R%, 0 < j < ¢—1, and the bra (j| = e;-rﬂ whose properties
relevant in our context are summarized in Appendix A.

We are concerned with two different types of Hamilton operators, namely the XYZ model
in Section 2.1 and the Potts model in Section 2.2. Besides the definition of these Hamilton
operators, the main subject of the present chapter is a discussion of the sparsity pattern
of the eigenvectors of the Hamilton operator, by which we mean the position of potential
nonzero entries in the eigenvectors. In addition, we determine in some special cases the
minimal eigenvalue and associated eigenvectors analytically.

2.1. XYZ model

Definition 2.1. Let d,q € N with ¢ > 2.
(i) The spin matrices Sy 4 € R, S, , € C*9 S, , € RI*7 are

q—1
= (li =1 Gl +15) G —1]),

j=1

Syai= -1 36 (U= 1) = 5) G~ 1),

g—1 .
q—1—-25 . ,.
Segi= ———— il
j=0

with ¢; := %\/%% ~(-%4) (=54 = 1) = 3/i(g— J), cf. [Grild, Sect. 4.4]

(ii) For A, B,A,h € R, the Hamilton operator Hf}){z € RY"%9" of the q-XYZ model for a
system of d particles is

H} Y = AZS +BZS(Z)qSZ(j;rl)+AZS +hZqu7 (2.1)

)

where the notation
SOSHD =1, ® .. L,oS®S®I,® --al,
respectively
s =L,® 9,080l ®- -0l

means that the matrix S € {S; 4,Sy,4,S:,4} is the i-th and (i 4 1)-th respectively i-th
factor in the Kronecker product with the identity matrix I, € R?<9.
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Remark and Example 2.2. (i) We omit the prefix ¢- in situations when there is no need to

(vi)

refer to it. The name “XYZ model” appears for example in [Bax07, Sect. 10.14] and
[Eck19, Sect. 13.1]. Depending on the parameters, the model may be called

a) A= B:XXZ model,

b) A =0: XY model,

c) A= B, A =0: XX model,
d) B= A =0: Ising model.

Another commonly used name for this class of models, with varying conventions on the
mutual relations of A, B, or A, and the possibility of h being nonzero, is Heisenberg
model, dating back to [Hei28|.

(
(
(
(

The spin matrix S, , is symmetric since both |j — 1) (j| and |j) (j — 1| have the same
coefficient ¢;. Due to the prefactor i and the different signs of |j — 1) (j| and |j) (j — 1],
Sy,q is Hermitian. S, 4 is diagonal, as only [j) (j| occurs.

All three spin matrices have the eigenvalues \; = _%2(1'71)’ 1 <i < gq, cf. [Tow00,
Sect. 3.8]. Eigenvectors associated with A; and A, are listed in Proposition 2.11(i)-(iii).

It is Sy 2 = %O'w, w € {x,y, z}, with the Pauli matrices

(01 (0 —i (1 0
oz =1 ol o =1{; o) “==\g _1)

For ¢ = 3, that means for spin s = 1, we obtain

L foro L [0 -0 10 0
Ses=-—=|10 1|, Sy3=—=|i 0 —i|, S.3=[0 0 0
V21 1 0 V2o i o 00 —1

The parameters A, B, A € R are regarded as the strength of the coupling of two neigh-
boring spins in the respective direction and h € R models an external magnetic field,
cf. [LRV04, Sect. I1T & IV].

H?;KZ € RI"xa" is symmetric since the Kronecker product of symmetric resp. Hermitian
matrices is symmetric resp. Hermitian by [HJ91, Sect. 4.2] and the imaginary unit i in
Sy,q is squared when forming S, , ® S, 4.

We prove a certain structure of the eigenvectors of these Hamilton operators. To be precise,
a statement on the existence of eigenvectors with a maximal number of nonzero entries and
their position in the eigenvector is made. Before stating the result on the structure of the
eigenvectors, we prove a relation between invariant subspaces and eigenvectors.

Lemma 2.3. Let A € C"*" be Hermitian. Let U; C C", 1 <i <k with1l <k <mn, be an A-
invariant subspace, which means Ax € U; for all x € U;. Let further Uy ®---® U = C" and
U; L Uj, which means orthogonality with respect to the standard inner product characterized
by (x,y) = x*y where x,y € C", for all1 <i < j < k. Let A be an eigenvalue of A with
multiplicity 1 and let V' be the associated eigenspace.

Then there exists an orthonormal basis {v1,...,v,} C C" of V such that for each 1 < a <
there exists an index 1 <i(a) < k with vo € Uj(a)-
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Proof. Let {wq,... ,Wu} be an orthonormal basis of the u-dimensional eigenspace V' asso-
ciated with A and let {ugz), e ,u&?} with d; := dim U; be an orthonormal basis of U; for
1 < i < k. Step by step, we will construct the set {vi,...,v,} satisfying the claimed
properties with the help of the elements of {w,...,w,}. Define

U, = (ugi) u((;_)) c Cnxdi

1

Zl) such that

)

Since U; is A-invariant, there exists a matrix C; := (c( )
) 1<<d;, 1<1<d;

Aulz) = chzl)ug)
j=1

for each 1 <[ < d;, which implies
AU; = U,C,.

Due to the Hermiticity of A it is
C,=U/AU,; =UA"U; = (U’AU,))* =C;

and further
C,U; =C/U; = (U,C))" = (AU;)" = U;A* = U’A.

We start arguing with w; and consider the orthogonal projection of wy onto the complement
of Uy,
PUIL (Wl) = (In — UIUT)WI

If on the one hand PUIL (w1) =0, then w; € Uj.

If on the other hand P (wq) # 0, assume as a first case that also Py, (wq) = U1 Ujwy # 0.
Then

A.PUl (Wl) = AU1UTW1 = U101UTW1 = U1U>{AW1 = )\UlU’{wl = )\PU1 (Wl), (2.2)

thus P, (w1) € U is an eigenvector of A. So assume as a second case that Py, (w1) = 0,
hence wy € Ufr = Uy @ - - - @ Uy.. Repeating the argument for i = 2,...,k — 1 either yields
w; € Uj; or the existence of an eigenvector Py, (w1) € U; or in the end w; € Uy, since wy # 0.
By the above procedure we obtain an index 1 < i(1) < k for the appropriately defined and
normalized eigenvector vi of A such that vq :=wy € Ui(l) or vq := PUi(l)(Wl) S Ui(l).

Now we project all spaces U; and V onto (span{vl})l. This projection leaves the ba-
sis vectors of all U; with i # (1) unchanged since U; L Uiy For the space Uy N

(span{v1})* of dimension di1y — 1 there exists an orthonormal basis {ﬁgi(l)), cee ﬁgf(?ﬁl}
Also for V N (span{vi})* there may be found an orthonormal basis {wa,...,w,} with
VT/Q = P(span{vl})l(WQ)'

We continue by arguing with wo. It is Wo # 0 since otherwise wo € span{vy} which is
by construction not orthogonal to wy, in contradiction to the orthogonality of wy and wy.
Performing the above procedure again yields Wy € Uj(g) for an 1 <i(2) < k or the existence
of an eigenvector Py, (wg) € Ui2)- So, by setting vy := wy or vy 1= Py, (wg) and nor-
malizing, we obtain an eigenvector vy € Uj) for some i(2). As the whole procedure took
)L

place in (span{vi})™, it is vo L vy.
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For the next step all spaces U; and V, especially ws, are projected onto (span{vl,VQ})J‘.
We repeat the construction procedure for all (in each step adapted) w,, up to and including
« = i and obtain in each step a normalized eigenvector v, of A which is an element of one

Ui(a) and is orthogonal to all vg with 8 # a. Thus the set {vy,...,v,} is an orthonormal
basis of V. ]

Corollary 2.4. Under the assumptions of Lemma 2.3, an eigenvector v associated with a
simple eigenvalue X of A is contained in one of the U;.

Proof. All eigenvectors of a simple eigenvalue A only differ by a scalar multiple and so are
contained in the same subspace Uj(,) as that eigenvector v;(,) whose existence is stated by
Lemma 2.3 for p = 1. O

Remark 2.5. (i) The argumentation surrounding (2.2) is possible for an arbitrary subspace
U;, 1 < i <k, fulfilling the supposition of Lemma 2.3 and an arbitrary eigenvector w
of A. Hence, if Aw = Aw, then also

AU, Uw = \U,Ulw

with U; € CnxdimU; containing the elements of an orthonormal basis of U; in its
columns.

(ii) Given a decomposition of C" into mutually orthogonal A-invariant subspaces for a
Hermitian A € C™*™, there might exist an eigenvector associated with a multiple
eigenvalue A of A not belonging to any of these particular A-invariant subspaces.
Consider the matrix

0 —i 0 i/vV2 —i/v2 0\ (-1 0 0\ [i/vV2 —i/v2 0\~
A=1|i 0 Of=|1/v2 1/¥V2 0[]0 1 O0|]|1/V2 1/v2 0
0 0 1 0 0 1 0 01 0 0 1
The spaces
i —i 0
U; = span 1 , Uy = span 1 ,  Us = span 0
0 1

are invariant under A, mutually orthogonal, and span C3, but

—i
v=|1|¢U; forany j=1,2,3
1

is an eigenvector associated with the double eigenvalue A = 1.

(iii) In case of a symmetric real matrix A € R™*" which is our main concern in the sequel,
all quantities in the statement and the proof of Lemma 2.3 may be replaced by their
real analogs.

We focus in the further course of the thesis on the most common case s = % (g =2) and
sometimes s = 1 (¢ = 3), but the following statements may also be formulated for general
s or q. We introduce sets of vectors with a certain sparsity pattern of potential nonzero
entries. These sets are subspaces of R and we show their invariance under the Hamilton
operator of the XYZ model, which in turn prepares a statement about the sparsity pattern

of the eigenvectors of Hff)](z.



2.1. XYZ model

Definition 2.6. Let d,q € N with ¢ > 2.

(i) Let &5 C R?" respectively Eg%d C R? denote the set of vectors whose entries are
nonzero at most at those positions (beginning counting with 0) which have a g-ary
representation whose sum of digits is even respectively odd.

(ii) Let Eékq) C R?" denote the set of vectors whose entries are nonzero at most at those
positions (beginning counting with 0) which have a g-ary representation whose sum of
digits equals k € {0, ..., (¢ — 1)d}.

We illustrate the meaning of Definition 2.6 for small d and ¢ in Example B.1.
Remark 2.7. In case ¢ = 2, the sets

odd
&a9

(i) E55™ respectively
o o(k)
(i) 5d,2
may also be characterized as these sets of vectors in R2* whose entries are nonzero at most
at those positions (beginning counting with 0) which have a binary representation with
(i) an even number of ones respectively an odd number of ones,
(i) exactly k € {0,...,d} ones.

; even odd ; : XYZ
Lemma 2.8. (i) £ and £3f are invariant under Hg  “.

(ii) If additionally A = B, then Sc(lz) is invariant under Hgﬁjz forallk € {0,...,(¢g—1)d}.

Proof. We carry out in parallel the argumentation
(i) for arbitrary A and B,
(ii) for the special case A = B.

It is

. even [odd . .
(i) Eiq fodd] _ span{e;,, ... >eip(d,q)}’ where i1 —1,...,ipa,q) — 1 are the

p(d q) — {qd/Qa q even
’ (¢ +1)/2, [(¢* — 1)/2], ¢ odd

numbers between 0 and ¢¢ — 1 which have a g-ary representation whose sum of digits
is even respectively odd,

(ii) Sc(lkq) = span{e;,,... +€iyag k)}, where i1 —1,... 4y g4k — 1 are the

Z (TO+7'1+...+Tq_1)!
!l 11!

t(d,q, k) == ) (2.3a)

(10,71,,7q—1)€ET(d,q,k)

q—1 q—1
T(d,q, k) := {(7’0,7'1,...,qu) € {0,1,...,d}9: Z(Tj -j) =k, Z’Tj = d} , (2.3b)

numbers between 0 and ¢¢ — 1 which have a g-ary representation whose sum of digits
is k € {0,...,(¢ — 1)d}. The summands in the definition of ¢(d, g, k) are also called
multinomial coefficients, cf. [AS65, Sect. 24.1].



2. Hamilton operators of spin systems

Observe that the involved e; are exactly the vectors |a; ... aq), a; € {0,...,¢ — 1}, such
that the sum of the a; in |-)

(i) is even respectively odd,
(ii) equals k.

Therefore we have to study the effect of applying Hii};z to such a vector y := |aj ... ag).
So, let

(i) we Ss\;en ledd] 1o an arbitrary linear combination of the e; € Ss\;en [odd]

)

(i) we & c(lqu) be an arbitrary linear combination of the e; € Ea(lfgq) .

It is

Sa,g ®Ssq = (i ¢i (17 =1) Gl +15) G - 1\)) ® (i ¢j (13 =1) (Gl +1) G - 1!))

Jj=1 J=1
q—1

= > g5 =1 Gl +17) (G = 1) @ ([0} (1] +[1) (0])]
;é%AqKU—1Mﬂ+u>u—1n®qq_m¢p;u+m_1ﬂq_mﬂ
=§61Cj(lj—10><j U4 —11 G0 +j0) G —11+[j1)(G—10])
icm%(li—lq—?w g—1+]j-1g-1)( g2
jl 1 +lig=2)G—1qg=1+|jq¢-1){i—-1qg-2|)

=> > ac(li-11-1)G+i-10G1-1]

=1 j=1
H =D G145 DG -11-1]).
In the same way we obtain
q—1q—1

Sya®@Syq=—> > aci(li—11-1 G —[j—10)G1-1]
=1 j=1

— =0 G-+ )G -11-1]).

Furthermore,

qg—1qg—1 .
q—1-20)(qg—1-2j) . .
S.,8.,=3 3 A L.
=1 j=1

10



2.1. XYZ model

This yields

A(Sz,g ®8z,q) + B(Syq®8Syq) + A(S:4®8.,4)
qg—1g-1

=S > lag((A=B) i —11-1) G+ A+B)[j -11 G 1-1|

I=1 j=1
+A+B) L= -1 +(A=B)|j){i—-11-1])

e .

For all
(i) five,
(ii) three
most inner summands ¢ |ay ag) (B1 B2, ¢ the respective coefficient, with fixed j and [ it holds
(i) (a1 +ag) = (B +F2) € {-2,0,2},
(i) (a1 4+ a2) —(B1 + B2) = 0.
Hence, as
| g iy o) (e Bi Birr e @i @it o) = 08,008 a0 |- Qi Qig1 --n)
the application of one summand

A(Iq®"'®Iq®squ®sx,q®1q®“'®1q)
+B(Iq®"'®Iq®sy7q®sy,q®lq®“'®lq)
+A(Iq®"'®Iq®sz7q®sz7q®1q®”'®Iq)

or
h(1q®“‘®Iq®sz,q®1q®”'®1q)
of Héﬁgz, and by linearity then also the application of Héﬁgz itself, does not change
(i) the parity,
(ii) the value

of the sum of the entries in y = |a; ... ag). This particularly holds true for each of the
basis vectors e; contributing to w. So, the spaces

(i) Egen and €594

d,q >
(ii) Eiq
are invariant under Hif;{z. O

After this preparation, we come to the structural property of the eigenvectors of Hil(\qu, a

statement on the maximal number of nonzero entries and their position in an eigenvector.

11



2. Hamilton operators of spin systems

Theorem 2.9. Let A be an eigenvalue ofHXYZ with multiplicity p and let V' be the associated
eigenspace.

(i) Then there exists an orthonormal basis {vi,...,v,} C R of V' such that for each
1 < a < peither vo € EF™ or Vo € EOdd.

(ii) If additionally A = B, then for each 1 < o < p there exists 0 < k(a) < (¢ — 1)d such
that v, € E(k(a)).
Proof. We carry out in parallel the argumentation
(i) for arbitrary A and B,
(ii) for the special case A = B.

By Lemma 2.8, the spaces

(i) &5" and Eg%d,
.. k
(ii) 557(1) forall 0 <k < (¢q—1)d
are invariant under HXYZ Furthermore,
(i) £5en @ £33 = RY" and £5ven L €999,

i) £ @... @& VY =R and £ L €8 for all 0 < ky < by < (¢ — 1)d,
d,q d,q d,q

so Lemma 2.3 implies the claim. O

Mostly for reference we formulate the statement of Theorem 2.9 in the important case
w=1.

Corollary 2.10. Let v be an eigenvector of a simple eigenvalue of HXYZ.

(i) Then the entries of v are nonzero at most at those positions (beginning counting with
0) which have a q-ary representation whose sum of digits is even respectively odd.

(ii) If additionally A = B, then the entries of v are nonzero at most at those positions
(beginning counting with 0) which have a q-ary representation with a fized sum of
digits.

In the special cases where only one of A, B, A, h is nonzero, we determine the minimal
eigenvalue and associated eigenvectors analytically.

Proposition 2.11. (7

q — 1
Va,q,1
is a normalized eigenvector of S 4 associated with Aymin = A1 = _T and
_ q ~ 1
Va,q,q * N ; A
is a normalized eigenvector of S, 4 associated with Amax = A\g = T'

12



2.1. XYZ model

(ii)

S (97
Vy.a, (—i) J
¥,q,1 = j
1

is a normalized eigenvector of Sy 4 associated with Apin = A = —q% and

i (41,
Vy.a.q V201 121 ( j 17)

is a normalized eigenvector of Sy 4 associated with Apmax = Ag = %.
Vagl = lg—1)
is a normalized eigenvector of S, , associated with Amin = A\ = —% and
Vzgq = |0)

. ) . . . -1
is a normalized eigenvector of S 4 associated with Amax = A\g = 55~

(iv) For w = x resp. w =y resp. w = z consider the case B=A =h =0 resp. A = A =
h=0 resp. A= B =h =0 where

XYZ = A, Z S(z) S(H—l)

7q w7q
and assume A, = A # 0 resp. A, =B #0 resp. A, := A #0. Then

~Ad -1 A, >0

>\min XY7Z
(Hig™) = Agd—1)E2 4, <0

and the eigenspace associated with Apiy ©s two-dimensional and equals

span{vuy,g,1 ® Vu,gq ® Vu,gl @ @ Vi gags

Vg @ Vg1 @ Vg ® - @ Vygp, b 5 Aw >0
Vmin ==

Span{vaqyl ® Vw7q71 ® waqyl ® T ® Vw7q71’
Vorgq © Vg @ Vugq ® @ Vugel 5 Aw <0

where vy, 41 and Vv, 4.4 are defined in part (i) resp. (i) resp. (iii) and

q , d even 1 , d even
aq = s bd = .
1 ., dodd qg , dodd

Moreover, in case w =y, the vectors

Vgl @ Vygq @ Vyg1 @ O Vyga, + Vygq @ Vyql @ Vyqq® @ Vyqb,,
1(Vy,q,l @ Vyq,q @ Vyq1 @ @ Vyga; — Vygq D Vygl O Vygq®: & Vy7q7bd)’
Vg1 @ Vy g1 @ Vyg1 @ @ Vyg1+ Vygq® Vygq®Vygq® @ Vygg

1(Vy#Ll @ Vy g1 @ Vyg1 @ QVyg1 = Vyqgq& Vyqgq&Vyqgq®: & Vy,q,q)

are real.

13



2. Hamilton operators of spin systems

. . d, d ; d v 4d
(v) Consider the matriz (ZTSI’%))gmqu,lgnqu =Zgg =>4 Sg)] e R7*9".

Z,4 is a diagonal matriz and

Slda) _ d(qz— 1 k.

where k is the sum of digits of the q-ary representation of m — 1 with m € {1,...,q%}.
In particular, for A= B =A =0 and h # 0 where

1t is
~hd%E | h>0
hdir  , h<0

and the eigenspace associated with Amin 1S

Voo = span{l¢—1 ... ¢—1)} , h>0
e span{|0 ... 0)} , h<0’

Proof. (i) Vg,q,1 respectively v, 44 is normalized as

respectively

1 <q ~ 1) R
V;Fc, aVe,q,q = — (K| — E . 17)
49,9 ( 29 1 s k v 24 1 =0 7

Il
=
L
=
L
<. [}
Ingl
_—
-~
Q
<. |
[a—
N———
/N
Q
|
N———
Py
<
(=
~

14



2.1. XYZ model

Furthermore,

*
v:v,q,ls$ qvw q,1

(@q—lZ (") )(Z |J—1><J|+|y><g—1|>)

1 2 g1
( 201 z:o(_l) < ! )W)

-2 12 q—1\(a- -2 9 j (a-1
o\ j o Ne—d\ J
—9 71y~ ~ [ (q-1 R |
= 50-1 VIO —IN — . = 501 J
qlJ:12 ( ) q—7 j 29 1; J
-1 _ qg—1
_ _ q—2 _ _

and in a very similar way

* JR—
v Sz,qVa,qq =

q—1
T,q,9 :

2

(ii) vyq1 respectively v, 4, is normalized as

o (B ) T

N 2q1\/2q—jzoij $<‘1_1><q_1> b

T

15



2. Hamilton operators of spin systems
Furthermore,

3
qulsyquql

(Wz (q”)w) (—ijzjcj(u—w ) ;—1|>
( wlq—l;(—i) § f)m)
A G AT AT )6

and in a very similar way

-1
. L q
Vy,q,qsy7qu7q,q -5

(iii) |¢ — 1) and |0) are unit vectors, thus normalized. Furthermore,

q—1
g—1-25 g—1—-2(¢g—1) g—1
Seqvear = 3 L D gy lg 1) = T2 gy =TTy
7=0
and
q—l . q—1-2-0 q—1

(iv) Due to [HJ91, Thm. 4.2.12], the minimal eigenvalue of

Sﬁf)qsﬁf*c}l) L@ ®L;®8,;0Su,@L;® @]

16



2.1. XYZ model

equals — (q;1)2 and the maximal eigenvalue of Sﬁf?qsﬁfi;” equals (q741)2. By [HJ13, Cor.
4.3.15], it is
(¢ —1)°
o (80820 ) > - 2.4
and

1)2

- (z S0 ;;l) <@-nl= L 25)

Equality in (2.4) respectively (2.5) follows from

d—1
<Z Sﬁf)qsﬁfi}l)) (Vg1 ® Vag,q @ Vg1 ® +* ® Vo g.a,)

i=1

d—1 o

- Z (SS}LSS};U) (Vg1 ® Viog,q ® Vg1 @+ @ Viga,)
i=1
d—1 2

q—1

- B ( 4 ) (va%l ® VWvaq ® vw7Q71 Q- @ VWvaad)

i=1

_ g pla=?
=—(d—-1) (Vg1 @ Virg,q ® Vag1 ® -+ @ Vi g.a,)

respectively

/t?ﬁ“

S(Zv)qsgvzl)> (Vg1 ® Varg1 @ Vg1 @+ ® Vi q1)

=1
d—1 '
- Z (Sc(u,qsc(j;;l)) (Vg1 ® Vig,1 @ Vg1 @ @ Vi g1)
i=1
d—1 2
qg—1
- ( 4 ) (vw7Q71 ® VWval ® VWval K@ VWval)
i=1
—1)2
(=) (v 1 8 Vi1 © Ve @ O V).

Just as well it holds

d-1
(Z So(dl?qso(j?;l)> (V,g,¢ @ Viog1 ® Vig g ® -+ @ Vi gb,)

(¢—1)?

(Var,g,0 ® Vig,1 ® Vig,g @+ @ Vi g.by)

and

d—1
i) Q(i+1
( Sy ch(u,q )> (Varg,0 ® Vagg ® Vag,g ® ++ ® Vi)
i

B (¢ —1)
= (d— 1)T (Varg,0 ® Vagg ® Vag,g ® - ® Vi) -

17



2. Hamilton operators of spin systems

18

The fact )\mm(S(l)qS(ZH)) _le=1)” 1) together with the demonstrated equality in (2.4)
implies that every vector not belng an eigenvector associated with )\mm(S(Z) S(Z+1))
for some 1 < i < d —1 is not an eigenvector associated with Amin (Z S( ,)qS(Hl)).
As S(Z) S(ZH) is a Kronecker product with all factors being Hermitian, S(Z) S((frl) is
Hermitian as well and there exists an orthonormal basis of C9" consisting of eigen-
vectors each of which is a Kronecker product of eigenvectors of the respective fac-
tors of S(Z) S(ZH) by [HJ91, Thm. 4.2.12]. In fact every normalized product vector
wW=w;®- - ®Wwq, w; € C9, being orthogonal to v, 41 ® Vi 4 @ Vg1 @ @ Vi g.ay
and Vw7q7q®Vw7q71 R Viq,q®@- - ®Vy, gp, has at least for one 1 < j < d—1 two successive
factors w; ® w1 not being equal to vy, 41 ® Vi 4,4 OF Vi gq @ Vi g,1. But then

(g —1)?
‘(’1' ))W > _T

5480

w*(S
which yields
d—1 2
* i i+1 (q — 1)
S
i=1

Hence the eigenspace associated with Ay (Z S(Z)qS(ZH)) equals

span{vi,q,1 ® Vu,g,q ® Vg1 @+ @ Vu,gass Vu,gq @ Vu,gl © Vu,gq ® @ Vugby )
This space is two-dimensional since the two spanning vectors are orthogonal due to

*

(Va1 ® Vig,q ® Vg1 ® @ Vi giag) (Vw,gg ® Vgl ® Vugg @+ ® Vi gby)
- VW7Q71VW7q7q ® VUJvaqVW7q71 ® Vw7Q71Vw’q’q ® ® VUJvaade7q7bd
—0-----0=0

as vy 4,1 and v, 4, are eigenvectors associated with different eigenvalues of a Hermi-
tian matrix. An analogous argumentation shows that the eigenspace associated with

Amax (Zfl 118 ,qS(Hl)) equals
span{ Vg1 @ Vg1 ® Vg1 @ ® Vugl; Vugq ® Vugg ® Vu,gg® @ Vugql
and is two-dimensional as well. Depending on the sign of A,,, we obtain the stated

form of the minimal eigenvalue and the associated eigenspace of Hil(?;z. In case w =y,
the eigenvectors

vw7q71 ® vaqvq ® vaqvl ® U ® vaqvad7 vaqvq ® vw7q71 ® vaqvq ® e ® vaqybc”

Vgl @ Vgl @ Vgl @@ Vugl, Vugg® Vugq® Vuge®  ©Vygq

of the real matrix Z (Z)qS(Hl) are not real. However, with
(dd) = (d—1,d) deven’
(d,d—1) , dodd



2.1. XYZ model

we compute

waqyl ® Vw7q7q ® Vw7q71 ® U ® Vw7q7ad
q—1 g1

=Y Y S (P G (1)

Jj1=0j2=0 Ja=0

qg—1\[qg—1 g—1\,. . )
‘ ) ) g2 e da)
N J2 Jd
qg—1 g—1 q—1

_ (2q71)7d/2 Z Z Z (_1)j1+j3+...+jg jitia+izt+.+ja

J1=0j2=0 Ja=0
qg—1\[qg—1 g—1\,. . .
‘ T de e da)
N J2 Jd

vw7q7q ® vw7q71 ® vaqvq ® e ® vaqybd
g—1 gq-1 q-1

= TN ST S R (D))
J1=0j2=0  j4=0
V) (s
) . c . lj1 g2 -+ Ja)
N J2 Jd
_ (2q—1)—d/2 qil qil qil (_1)j2+j4+.--+jgij1+j2+j3+...+jd

J1=0j2=0 Jja=0
q—1\({q—1 g—1\,. . .
. . s . |Jl J2 .- Jd>-
J1 J2 Jd

So the entries of Vi,,4,1®Vw,qg® Vg1 - OVi,g,a, A Vi g gV g,1 OV g,4@- - - @V g b,
are equal up to a prefactor +1 or +i. We get a sequence of equivalent statements

and

for the respective entry (+),,, m € {1,... ,qd}, where (j1 ... ja)qg + 1 =m, it holds

(Vu,g,1 ® Vig,g ® Vg1 ® - @ Vi gag)m = (Vg @ Vugl @ Vigg @ @ Vi gby)ms
o (_1)j1+j3+...+ji _ (_1)j2+j4+...+j3’

the parity of ji + j3 + ...+ jg and jo + js + ... + j7 is equal,

=
& 1+ Jo+ g3+ Ja+ ...+ jq is even,
N ij1+j2+---+jd c R,

S (Vg1 ® Vigg ® Vg1 ® -+ @ Vi g.ay)m is real.

Hence, if at a certain position the entries of v, 41 ® Vi gq @ Vi g1 @ -+ @ Vi 4.0, and
Vu,g,g @ Vgl @ Vigq @ - - Q@ Vg qp, are real, they are equal and if they are complex,
they are conjugate. Thus

d
.. . q
Vg1 @ Vyg,q O Vyg1 & @ Vygaq T Vg0 @ Vy,g1 @ Vygq @ ® Vygb, € RT,

d
i . _ . q
1("31761,1 @ Vyq,q @ Vyg1 @ @ Vyga; — Vyqq D Vyqgl @ Vygq® ® Vy,q,bd) € RY.
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2. Hamilton operators of spin systems

A similar line of reasoning may be carried out for vy, 41 ® Vi g1 @ Vg1 ® -+ @ Vg g1
and vw7q7q ® vw7q7q ® vw7q7q ® e ® vw7q7q'

Z4, is a sum of Kronecker products of diagonal matrices and therefore diagonal itself.
Let (a1 ... aq) be the g-ary representation of m — 1. Since

q—1
L=> 1
7=0

we have
q—1—2) 1-2j5 . . . . .

z: z: E: g1 oo Gieee Jay G e Gioee dal s

=0 ji= Ja=0
hence

d d q-1 g—1 L g—1-2j
7. . . . . .
=1 i=171=0 =0 4=0

In this multiple sum, a summand comprising a1 ... ag) (a1 ... ag|, which is a ¢ x ¢¢

matrix containing exactly one 1 at position (m,m) and 0 elsewhere, occurs d times, once

for each i € {1,...,d}. The prefactor then takes the value (¢—1—2a;)/2 each time. The

value of zfn,‘%% in turn equals the sum of all these prefactors of |a; ... ag) (a1 ... aql.

‘We obtain

dq—1—2al dq—l d d(g—1)
B DL e S S
i=1 i=1 i=1

(d.q)

Hence zm'm gets maximal if and only if £ = 0, thus if and only if m —1= (0 ... 0); =
019 Conversely z,(ffjnz gets minimal if and only if k¥ = d(q — 1), thus if and only if
m—-1=(—1...q—1); = (¢ —1)10. We conclude the stated form of the minimal

eigenvalue and associated eigenvectors of Hif;(z.
O

Now we are ready to prove a statement about the invariance of the set of eigenvectors of

XYZ
deq

under a change of h in case of A = B.

Theorem 2.12. Let A = B and let for arbitrary k € {0,...,(¢ — 1)d} be v € Eék)

XYZ

eigenvector associated with an eigenvalue \ of Hj 7, where the extra subscript emphasizes
the dependence on the parameter h. _ N
Then v is also an eigenvector ofHZ(Y% for all other h € R. Let A be the associated eigenvalue.

34

There is the relation

20
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2.1. XYZ model

Proof. Without loss of generality assume ||v|l2 = 1 and define the diagonal matrix Zg, :=
Zc-lzl S,(Zl,)q. Consider the residual

Hi;%v — <V, Hi;%v> v
= Héﬁ;{;zlv + EZCMV —hZgqv — <v, Héﬁ;{,zlv> v — <v, EZd7qv> V+ (V,hZgav) v
= (h—h)Zg,v — <V, (h — h)Zd7qV> %
= (h—=h)(Zggv — (V,Zg V) V).

To justify that the last expression equals 0 € ]qu, we examine the structure of the diagonal

matrix (Zg:TqL))lSqud,lSnSqd =2, =20, Sg)]. By Proposition 2.11(v), it is

Sda) _ d(qz— 1) k.

where k denotes the sum of digits in the g-ary representation of m — 1. For fixed k, so for

(d,q)

constant zm,m, these m are exactly the positions where v, might be nonzero which implies

d(g—1
Zg,v = (% — k) v,

and hence the aforementioned residual vanishes. Additionally we have

A—A= <v, Hil(;%v> — <v, Hi;{%v> = <v, (HZ(,Z% — Hil?;%z) v> = <v, (E — h)Zd7qv>

In the cases A = B and A = — B, some unit vectors are eigenvectors.

Remark 2.13. (i) Let A=B. Fory; :==[00 ... 0) =e; it is

—1)2
H Y2y, = Aﬁu1oo.nooy—Bﬁu1oo.uooy+A@——Lm

4
—1)2
+A&M110.”ooy—3£m110.”00}+A@jrly1
+ ...
—1)2
+Aﬁm000.n11y—Bﬁm000.n11X+A@14)yl
q—1 qg—1 q—1 qg—1
h h .. +h h
+ 5 yi+ 5 yi+...+ 5 yi+ 5 y1
d—1)(qg—1)? dlg—1
_ <( ﬁg VA (q2 )h>yy

Forys:=|¢g—1qg—1 ... ¢g—1) = e, we obtain in a similar way

q

Hil%gzy? _ <(d - 1)§1q - 1)2A _ d(qz_ 1)h> V.
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2. Hamilton operators of spin systems

(ii) Let A = —B and let d be even. Consider the two ket vectors y; :=[0¢g—10¢—1 ...
0g—1)andys:=|¢g—10¢g—10 ... ¢—10) with alternating 0’s and ¢ — 1’s. Since
Higzylz Acicg-111g—20g—-1 ... 0¢—-1)

_Ale=1)?

+ Beicg-111g—20g—1 ... 0¢g—1) 1

y1
+ Acicg-110g—21g—1 ... 0¢g—1)

—1)2
+ Beicg-110g—21g—1 ... 0q—1>—AMy1

4
+...
+ Acicg-110¢—10g—1 ... 1q—2)
—1)2
+Bq%_u0q—1oq—1.nlq—2y—A@jfLy1
q—1 q—1 q—1 q—1
h —h ...+ h —h
+ 5 Y1 5 Y1 +...+ 5 Y1 5 Y1
d—1)(q—1)?
__(d=1)(g )Ayl
4
and analogously
d—1)(g—1)?
H, “ys = _d=-Dg-1F )fl ) Ays,
there are two eigenvectors associated with the eigenvalue A = —WA which

have product structure and are in fact unit vectors.

(iii) Let A = —B and let now d be odd. Consider again the two ket vectors y; :=10 ¢ — 1
0g—1...g—10)andys:==]¢g—10¢g—10 ... 0 ¢g—1) with alternating 0’s and
q—1’s. As d is odd, the number of the digits 0 and ¢ — 1 is not equal in y; respectively
in yo. We have

Hi&gzylz Acicq-111q—20g—1 ... ¢—10)

—1)2
—|—Bclcq1|1q—20q—1...q—10>—A%y1
+ ...
+ Acicg-110g—10g—1 ... ¢—21)
—1)2
+Bq%4mq—1oq—1n.q—zn—A@QIlyl
g—1 q—1 g—1 q—1 g—1
h —h ...+h —h h
+ 5 Y1 5 yi+...+ 5 Y1 5 y1+ 5 Y1
d—1)(qg—1)? -1
:<_( )f )A+q2h>y1

and likewise

(d-D(-1)*  q¢-1
gy - (M o),

The statements obtained in the present section are used in Chapter 5 to set up a con-
struction scheme for an initial guess to be employed in an iterative numerical method which
computes an eigenvector associated with the minimal eigenvalue of a Hamilton operator.
Especially in Subsections 5.1.1 and 5.1.2, the XYZ model is considered.
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2.2. Potts model

2.2. Potts model

Besides the XYZ model, we consider a second class of Hamilton operators, cf. [SP81, Eq.
(2.10)], dating back to [Pot52].

Definition 2.14. Let d,q € N with ¢ > 2 and let

01 0 ... 0
o . . q—1
0,1 I,1 . .
q— j—
o0 .. 0 1] 7
1 0 0

with the convention that the entries in |-) respectively (:| have to be regarded modulo q. Let
w := e2™/4 he a g-th root of unity and let further

1 0 0 ... O
0 w 0

Q=10 0 w?
0 ... ... 0 wit

For A,h € R, A > 0, the Hamilton operator Hg‘;tts € RI'*4" of the g-Potts model for a
system of d particles is defined via

d—1 g—1 d g-1
ngtts — _A Z Z (F;n)(Z) (I‘g—m)(lﬂ) - hZ Z (Q;”)(’), (2.6)
i=1m=1 i=1m=1

where the notation
(I‘;”)(i) (rg—m)(i+1) =1,0 - 0I,® 1";” ® I\g—m 91, -0l

means that the matrix I')" is the i-th factor and I'} ™" is the (i+1)-th factor in the Kronecker
product, analogously for

(Q;n)(i) ::Iq®...®1q®9?®1q®...®1q.

It holds
qg—1 0 0
q—1 . .
0 -1 .
>oar=| (2.7)
m=1 : T, T 0
0 0 -1
since for each [ € {1,...,¢ — 1} we have
g—1 1 (e2rit/a)\?
Z <627ril/q)] _ (e ) 1=_1
— 1 — e27il/q ’
]:
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2. Hamilton operators of spin systems

As additionally the first inner sum in (2.6) for each ¢ € {1,...,d — 1} may be written

qg—1

Z (F;n)(z) (Iwg—m)(i-i-l)

145
=L,®---0L® < > (ng®rgm+rgm®rg”)>+(} IR - a1,

m=1
where

G .— {I‘g/2 ®Fg/2 , q even

0,242 , qodd ’

and T @™+ T T, me {1,..., LqTJ} is symmetric due to (I;")" = T'J™™ and
moreover in case of even g,

q/2—-1

ry? = Zly—q/2 il= > (= a/2) (il +13) G +a/2))

= Z (7 +4/2) Gl + 13) (G + a/2])

is symmetric, we obtain that Hgf(’fts € Re"xa is symmetric as well.

Note that for ¢ = 2 it is I's = o, and 29 = o, hence HdPOQtts equals the Hamilton operator
of the Ising model with parameters —4A and —2h. So the smallest case where the g-Potts
model is different from the ¢-XYZ model with B = A = 0 is ¢ = 3 which is in turn that
value of ¢ we will focus on mostly. When there is no need to refer to it, we omit the prefix
q- from the name of the model.

Like Theorem 2.9, we prove a certain structure of the eigenvectors of Hg‘;tts. The following
concept turns out to be reasonable.

Definition 2.15. For d,q € N with ¢ > 2, let Ec[lk}l C qu, k€ {0,...,q— 1}, denote the set
of vectors whose entries are nonzero at most at those positions (beginning counting with 0)
which have a g-ary representation whose sum of digits is congruent to £ modulo g.

Recalling Definition 2.6, it is &£ [0}2 = Ee"en and & [1}2 = EOdd. For some small ¢ > 3 we
illustrate the meaning of Definition 2.15 in Example B.2.

Lemma 2.16. Sc[l 1 is invariant under HPOttS for allk €{0,...,q—1}.

Proof. Tt is Ec[fjl = span{el-l,...,eiqdfl}, where i3 — 1,...,49,a-1 — 1 are the ¢“! numbers
between 0 and ¢% — 1 which have a g-ary representation whose sum of digits is k& modulo g.
Observe that the involved e; are exactly the vectors |a; ... aq), a; € {0,...,¢ — 1}, such

that the sum of the a; in |-) is k modulo ¢g. Therefore we have to study the effect of applying

Hg‘;tts to such a vector y := |a1 ... ag). So, let w € Ec[lk}} be an arbitrary linear combination

of the e; € Egk(]l. Keeping in mind the convention that the entries in |-) and (-| have to be
regarded modulo g, it is

q—1
=> li—-m
j=0
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2.2. Potts model
This yields

I eTy™ = 3 | —m) e 3 1 - (g —m)
j=0 J=0

q—1

= li-m){jl@0—(¢—m) 0|+Z|J— (@t =(g—m)) (1

j=0
+ ...+

ZIJ— (lellg=1) —(g—m)){g—1

q—1
:Zu— (g=m) G Ol+D_li—m 1=(g=m) (1
=0
+ ...+
q—1
D li=m (a=1)—(g—=m))(j ¢—1]
=0
qg—1qg—1
=2 2 li—m l=(a=m) .
1=0 j=0
For the most inner summands |a; ag) (51 B2| = |7 —m [ — (¢ —m)) (j l|, with fixed j and

I and arbitrary m it holds
(1 +a2)—(B1+P2)=j—m+1l—(qg—m)—(j+1) =—q=0modg.

By (2.7) it is additionally

Z Q" = (q—1)]0)( ZIJ
Hence, as
| QG 41 >< [‘3@ 5@'+1 | a; Qi1 ...>:55i7ai55i+17ai+1 cee O O4q >,
the application of one summand
~A(L@ 9L e (Mol +. TP el ™+ 4TI eT) el @ o1,)

or

—h(1q®---®1q®(ﬂq+...+ﬂm+...+Qq‘1)®1q®---®1q)

of Hdp‘;tts, and by linearity also the application of HP‘;“S itself, does not change the value
modulo ¢ of the sum of the entries in y = |a; ... ag). This particularly holds true for each

of the basis vectors e; contributing to w. So, the space Eil(]] for k € {0,...,q — 1} fixed is
invariant under Hdp‘;tts. d

The next two statements are the counterparts of Theorem 2.9 and Corollary 2.10 for the
Potts model.
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2. Hamilton operators of spin systems

Theorem 2.17. Let A be an eigenvalue of Hgf;tts with multiplicity p and let V be the
associated eigenspace.
Then there exists an orthonormal basis {v1,...,v,} C R of V' such that for each1 < a < p

there exists 0 < k(o) < g — 1 with v, € Ec[l]féa)]'

Proof. By Lemma 2.16, the spaces £ C[logl, L€ C[qu_l] are invariant under Hg‘;tts. Furthermore,
Ec[loi ®...0 Ec[lq;” =R and Ec[lkl] 1 Ec[lk;] for all 0 < k3 < k2 < ¢ — 1, so Lemma 2.3 implies
the claim. ]

Corollary 2.18. Let v be an eigenvector of a simple eigenvalue of Hdpf]tts. Then the entries
of v are nonzero at most at those positions (beginning counting with 0) which have a q-ary
representation whose sum of digits has a fized value modulo q.

In the two special cases A = 0 and h = 0 we can determine the minimal eigenvalue and
associated eigenvectors analytically.

Proposition 2.19. (i) Consider the case A =0 where

e = ny S o
i=1m=1
and assume h # 0. The matriz
d g—1
(") kg1 = 25 2 (O € R

s diagonal and
Wt = (q—1) - {1 < i< dia; =0} = {1 <i<dia; £0)],

where (ay ... aq) is the g-ary representation of k—1 with k € {1,...,q¢%}. In particular
this implies
—hd(g—1) , h>0
Ao HPotts — ’
win(Hag ™) =14 , h<0
and

Vmi -G ah>0
e € spanfey: (k —1)10 = (a1 ... ag)g and a; #0 forall1 <i<d} , h<0

(ii) Consider the case h =0 where

d—1 q—1
ngtts — _A Z Z (Iw;n)(z)(l-wg—m)(z—kl)

i=1 m=1
and assume A > 0. Then
)‘min(Hg,oqtts) =—-A(d-1)(¢g-1)
and the vectors

1&07](1 € 5&?}1, ,15{;” € Ec[f;l]

containing as each potential nonzero entry a 1 are associated eigenvectors.
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2.2. Potts model

Proof. (i) The matrix (wlidl’q))kl is a sum of Kronecker products of diagonal matrices and

therefore diagonal itself. Let (a1 ... aq) be the g-ary representation of k — 1. Since

q—1
L =) ) (j| and Zﬂm—q—uo Z\J
j=0

by (2.7), we have

q—1
S m® = Z Z i) (1 dia| @ | (@ = 1) 10) € Z i) Gl
m=1 71=0 Ji—1=0 Ji=1
X Z Z |jl+1 <]Z+1 .]d|
Ji+1=0 Ja=0
q—1 q—1 qg—1 q—1
-3 S S e i1 0 e da)
J1=0  ji—1=0ji+1=0  jg=0
(J1 -+ Ji—1 0 Jix1 ... Jdl
q—1 q—1 qg—1 gq—1 q—1
S S G Gl
J1=0  Ji—1=074;=1ji+1=0  jq=0
hence

d q—1 d q—1 g—1
S Y@M = Z(q—l > - Z Z > e im0 Gin e da)

i=1m=1 i=1 71=0 Ji—1=07;41=0 7a=0
(J1 -+ Ji—=1 0 Jig1 -.. Jdl

—i i i i "'i\]& - Ja) (i ---jd’)'

j1=0 Ji—1=07;=1j;+1=0 Ja=0

In this multiple sum, a summand comprising |a1 ... ag) (a1 ... ag|, which is a g% x ¢¢
matrix containing exactly one 1 at position (k, k) and 0 elsewhere, occurs d times, once
for each i € {1,...,d}. The prefactor each time then takes the value ¢ — 1 if a; = 0
and —1 if a; # 0. The value of wéd];q) in turn equals the sum of all these prefactors of
lay ... ag) (a1 ... aq]. We obtain’

w;idxf) (q—1)-{1<i<d:ia;=0}—|{1<i<d:a;#£0}.
(dq)

Hence wy, ;" gets maximal if and only if all a; = 0, thus if and only if k—1 = (0 ... 0), =

019. Conversely WIE; 9 gets minimal if and only if all a; # 0, which is the case for (¢—1)¢

different values of k — 1, e.g. if k—1=(¢—1. —1), = (g% —1)19. We conclude the
stated form of the minimal eigenvalue and elgenvectors of HPO“S.

The matrix I'; has simple eigenvalues Lw,w? ... ,w?l where w = 2™/ is a ¢-
th root of unity. Hence for each 1 < m < g — 1, the matrix I'" has eigenvalues

Lw™, w2 ... w@=Dm gut of which ¢ := ged(m, q) due to the cyclic behavior of powers

of w are respectively equal and therefore each eigenvalue has multiplicity ¢. Likewise,
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2. Hamilton operators of spin systems

28

™™ has eigenvalues 1wt ™ 2a=m)  @=D@=m) each with multiplicity ged(q —
m,q) = ged(m, q) =t. Tt is

CUr(q—m) — Wl — )T — M, T CU(q—r)m’ 1<r< q— 17

so I'}" and I'f™™ have the same eigenvalues. An eigenvector associated with A =1 is
11,:=(1,...,1)T € R%. By [HJ91, Thm. 4.2.12], the eigenvalues of I')' @ T are

WM™ — w(r+s)m’ 0<rs<qg-—1,

which contains again A = 1. Furthermore, 15, :=1;,® 114 = (1,..., n'e RY is an
eigenvector of I';* @ I'i™™ associated with A = 1. Following [HJ91, exercise to Thm.
4.2.12], the multiplicity of A = 1 equals ct?, where c is the number of ways to write 1 as
the product of distinct eigenvalues of I';* and T'f™™ which equals in turn the number
of ways that (r 4+ s)m = 0 mod ¢ with 0 < r,s < 4 —1. Since 4 -m = lem(m,q),
those (4 s)m which are congruent to 0 modulo ¢ are those with r 4 s € {0, }. This

situation occurs for

r=s=0, 7":1/\s:g—1, r:2/\s:g—2, e r:g—l/\s:l,
t t t
which implies ¢ = 7 and therefore ct?> = qt. Consider the t vectors w; € C%,0 <1 <

t — 1, having only 7 nonzero entries

(W1)y ="

at the evenly distributed positions u, beginning counting these positions with 0, where
I+nm=wu mod g for 0 <n < {—1. Due to their sparsity pattern, wo,...,w; 1 are
linearly independent eigenvectors of I'j" associated with A = w™ since an application
of I'}* shifts modulo ¢ by m positions upwards and so elementwise

I\ZL: Wy w(nJrl)rm — TG — )\ YT

Thus I'}" is also diagonalizable in case ¢ > 1. Analogously, I'?"™ is diagonalizable
and by [HJ91, Probl. 4.3.15], T)' ® T¢™™ is diagonalizable, too. As I'j" @ I'Y™"™ and
™™ @ I'y" commute, they are simultaneously diagonalizable by [HJ13, Thm. 1.3.12].

So there exists V € C¥*4* and diagonal Ay, Ay € Co* >4 with
VTPV =A and V(T " RTV = Ay,
hence
VIHITRTI™+TI " @IV = Ay + Ay
contains on the diagonal a sum of two complex numbers each of absolute value < 1

and, since I'f* @ TT™™ + TT™™ @ I'}" is symmetric, these elements of A + Ay are real.
Thus )\max(l";” QLTI+ T e I‘;”) < 2 and due to

(an ® ngm + I‘gim ® I‘Zn)llq = (I‘Zn ® ngm)lzq + (FZ’m ® FZL)12,q = 12,q + 12,q’

we obtain Apax (L' @ T + TI™™ @ T')") = 2. In case of even ¢, the sum an_:ll r'e
I'I™™ comprises the symmetric summand I‘g/ 2® I‘Z/ 2 with maximal eigenvalue A = 1

and an associated eigenvector 1g 4. Setting

G .— {I‘g/2 ®I‘g/2 , q even

04242 , qodd ’



2.2. Potts model
it is

g-1 L]
Amax (Z 7' ® rg—m> =Amax | Y, T @TE"+ T QI + G
m=1

m=1
N
< Anax(G) + Y Amax(T @TE™ 4+ T " @ TY)
m=1

1 ezt
=1 i 2[5 =0

2

by [HJ13, Cor. 4.3.15] and from

q—1 qg—1
(Z Iy ® Fgm) l2g = Z (FZL ® I‘gim) lyg=(q— 1124
m=1 m=1

we conclude
q—1
)‘max (Z ]_'\Z’L & I\gm) =q — 1.
m=1

Along the same lines we show

d—1 q—1
A (Z S ()@ (- m)(z‘+1))

i=1 m=1

i=1 m=1

d—1 q—1
= A (Z <I?“"” @ (X ryery")e I?“‘Z‘”)) = (d-1)(g—1)

and an associated eigenvector is 15, := 1%2 = (1,...,1)T € R, Remembering
Remark 2.5(i), then also the projected vectors

0 -1
1H = P (ldq) ,lgfq - ngq_l](ld’q)
containing as each potential nonzero entry a 1 are eigenvectors associated with A\ =
(d—1)(g—1). Just as well, 1£l0117 e 151;1] are eigenvectors of Hg‘;tts associated with
d—1 q—l '
)\mm(HPottS) = Amin Z qu m)(l+1)
i=1 m= 1

i=1 m=1

—1¢—1
* Amax (dzl > @O m)<l+1>) —A(d—1)(q - 1).

O

As for the last section, also the results of the present one are utilized in Chapter 5 to
discuss the construction of an initial guess for an iterative eigensolver. The Potts model is
considered particularly in Subsection 5.1.3.
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3. Tensors and tensor formats

The objects we are concerned with in this thesis are mainly eigenvectors of symmetric ma-
trices representing a Hamilton operator. These eigenvectors have ¢? entries, where d is the
number of particles/sites of the system under consideration and ¢ is the number of degrees of
freedom at each of the d sites. The value of ¢ is typically chosen out of {2,3} but nevertheless
the size of the eigenvalue problem at hand grows exponentially in d. This is called the curse
of dimensionality. Even when d is only 100, such an eigenvector with 219 ~ 1.2677 - 10%°
entries exceeds the capacity of a computer memory by far when we attempt to store each
single entry. In order to make computations with such objects like the eigenvectors tractable,
one has to assume some kind of structure of these objects. This allows to encode, at least
up to a certain accuracy, the information about the object in some set of parameters whose
quantity is much lower than the original size of the object. The concept of a tensor plays
a central role for this approach. A standard reference is [Hacl9], see also [KB09] and the
german lecture notes [Raal7].

In Section 3.1 we introduce the basic terms and notions and elementary operations with
tensors. As tensors can be seen as higher-dimensional generalizations of vectors and matrices,
Section 3.2 deals with types of multiplication operations which are in turn generalizations
of products of matrices or vectors. In most situations it is impossible to store each single
entry of a tensor explicitly since their number scales exponentially with the dimension of
the tensor. Techniques to represent a tensor with much lower complexity, under appropriate
assumptions and perhaps only approximately, are the topic of Sections 3.3 and 3.4.

3.1. Basic concepts
We begin by defining the central term.

Definition 3.1. Let d € Nand let n; € N, 1 < j < d. In this thesis, a tensor is defined as a
d-dimensional array of real numbers

_ NYX-XN
T = (Th,...ia)1<i;<n;,1<5<d €R ..

The number d is the order of the tensor.

As two special cases we obtain for d = 1 a vector and for d = 2 a matrix, so the concept of a
tensor may be seen as a higher-order generalization of those. The single indices j € {1,...,d}
are called modes of the tensor T but the terms j-th direction, position, dimension, axis, site
are also used. We define the multi-index i := (i1,...,4q4) with i; € I; := {1,...,n;}. The
index set of i is the Cartesian product I := I; x --- x I5. The set of all tensors with modes
having size n;, 1 < j < d, is denoted by R := R™ X X4 For a single entry of T there are
the equivalent notations

Tis,.ig = Ti = T(i) = T(i1, ... ,a),
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3. Tensors and tensor formats

so we may write T = (T(i))iel' If we fix all indices [ # j except one index j which runs
through its index set I; we obtain a vector, the mode-j fiber. Employing a MATLAB-like
notation “:” for the varying index, such a fiber is written as

T(’L'l, R ,Z'jfl, I,ij+1, . ,id) = (T(i))ijelj e R".

If we instead fix all but two indices (j, k) with j < k, we obtain a subset of entries of order
two, a matrix, which is called the mode-(j,k) slice and analogously written as

T(il, e ,ij_l, :,ij+1, Y 7 TN 7 AT B ,id) = (T(i))ijelj,ikelk € R >k,

In the same fashion, higher-order subsets of tensors may be defined.
The set R™ > > = R of all tensors with mode sizes n; constitutes a real vector space
with the entry-wise addition

(S+T)(i):=S>{i)+T@{), icI, S, TecR
and the entry-wise scalar multiplication
(AT)(i) := AT(i), i€l, TeR!, XecR

For the dimension of R it holds

d
dimR! = H n;.
j=1

On R! we may define the inner product

ni na ndg
ST =Y sOTH) =Y > > ST iss S, TER,

iel i1=112=1 ig=1

which generalizes the Euclidean inner product on R™ to the space of tensors. The inner
product (-,-) on RY induces a norm, the so-called Frobenius norm

n1 ng
IT| = |T|lp == (T, T)/2 = S TG)2=[> Y 12 .., TeR.
iel i1=1  ig=1

The Kronecker product of two tensors S € R™ > *Md and T € R™**"d i denoted by

S ® T c Rm1n1><~~~><mdnd
and defined via its entries
(S ®T) (i~ D)ni41,s(ia—Vnasja = Sivroialjr,ger L <k <, 1< g <my, 1<k <d.
For d = 2, the Kronecker product of A € R"™*™2 and B € R™*"2 is the block matrix

al,lB cee a17m2B
ARB= € R™Mn1xmany

amhlB amthB
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consistent with the definition of the same term in textbooks on matrix analysis like [HJ91].
Regarding the attribution of this particular product to Kronecker, nowadays being standard,
see [HPS83].

Next we discuss the possibility to identify tensors in R™1* %™ with vectors, matrices, or
other tensors which have also H?Zl n; single entries. Let us start with the identification of
tensors and vectors and define for fixed mode size n := (n1,...,ng) the bijective reverse-
lexicographical index ordering function

col(-,m): {1,...,n1} x---x{1,...,ng} = {1,...,n1---ng},
COl(i, Il) =11 + (12 — 1)711 —|—(23 — 1)n1n2 + ...+ (Zd — 1)”1"'nd—1-

It holds

{1,...,m} x - x {1,...,nq} = {col(-,n) "1 (1), col(-,n) 71 (2),...,col(-,n) " (ny ---ng)}.

:(1717---71) :(2717“'71) :(n17n27~~~7nd)

This corresponds to a column-major order. For d = 2 we obtain that the entries of a matrix
T € R™*"2 are stored column-wise in a vector, so for ny = 2 and ny = 3 it is

(Teot(-n)—1 (k) 1<k<6 = (T1,1, o1, T2, To 2, T3, To3) -

Applying the ordering of the indices by col(-,n), we define the vectorization of a tensor
T € R™M* X" yig the bijective linear operator

vec: R™M7Xd — R™, - vee(T)y := Teoi(my-1(k), 1Sk <my--mag.

The inverse operator, the transformation from a vector to a tensor, is called tensorization
and denoted by

. RN Ng nipX-Xng R . .
tens,, x...xn, : R —R , (tensmX...Xnd(v))il,___@ Y= Vool ((i1.0r530) (11 5-015100))

Especially the case d = 2 yielding a matrix as the result is included.

Recombinations of modes where the order of both input and output tensor is arbitrary may
be described by a composition of vec and tens. This operation is referred to as a reshaping,
motivated by the MATLAB command reshape which implements such types of operations
and is in fact heavily used when computationally working with tensors. To indicate that a
tensor T € R™**"d ig reshaped into a d-order tensor T with mode sizes (mq,... ,md~), we
use the notation

T = reshmlx...xmg(T) = tensmlx...xm;(vec(T)),

assuming that [J%, n; = H;l:1 m;.

Remark 3.2. For v € R"™! and w € R™*! it holds

vow =vw', (3.1a)

vew=vec(wv'), (3.1b)

where vw | and wv ' have to be understood as the standard matrix-matrix product applied
to vectors.
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3. Tensors and tensor formats

Furthermore, we define the permutation operator

perm,,

. NLX o XNng Npy X=X Np N )
p1opg R — R"™1 d, (perm 17---,pd(T)) =T

D . . d?
Ipqs--milpg

with (p1,...,pq) being a permutation of (1,...,d), to permute the modes without changing
the order of the tensor.

A particular combination of permutation and reshaping which we call matricization occurs
frequently in the sequel. For 1 <k < dlet t = {t1,...,tx} C {1l,...,d} be a subset of modes
and s = {1,...,d} \ t,s0 {1,...,d} = tUs. Then we define

t.(T) := T(t) R("H"'"%)X("Sl"'"Sd—k) i T(t) =T .
ma t( ) < via ( )col(it,nt),col(is,ns) Hyeetd?
where iy := (@4, ..., ), Dy = (Ngy, ..., 0, ) and ig 1= (ig,, ..., 05, ), s = (Mgy, 5Ny ,)-

It holds

mat,(T) = YN (1, woomgy ) X (115 o1y ) (Vec (permtl7...’tk7517m’8d_k(T))) .

3.2. Tensor networks and tensor contractions

A very useful tool to visualize tensors and especially some types of arithmetical operations
involving tensors is given by a diagrammatic notation which was originally introduced in
the physics community and is explained in detail in the survey article [Oril4]. In this
diagrammatic notation, a tensor is depicted by some (round or angled) shape having d legs,
where d is the order of the tensor. So, a vector as an element of R™ has one leg, a matrix has
two legs, a third-order tensor from R"1*"2*"3 has three legs, and so on. The actual size of n;
cannot be read off from the purely graphical object but it may be attached to the respective
leg. It depends on what is better for understanding whether or not a leg corresponding to a
mode j with n; = 1 is left out. A scalar value is typically depicted by a shape without legs,
see Figure 3.1 for an illustration.

ni

2 (S ni : no ni : Q

ns T4

Figure 3.1.: From left to right: Diagrammatic notation of a tensor of order d = 5,
a matrix (d = 2), a vector (d = 1), and a scalar (d =1, n =1).

Definition 3.3. For d4,dp € N let two tensors A € R™ X4 B € R™ > *™Mdp he given.
Assume there are 1 < k < min{da,dg} modes t1,...,t; of A and sq,...,s; of B with
ny = mg, for 1 < i < k. Then we define the contraction of A and B along the modes
t1,...,t; and sq,..., s entrywise via

Dsl,...,sk . Rnlx---xndA X le X---deB
1,0t *

— (xpzl,...,dA; p¢{t1,...,tk}RnP) X (qul,...,dB; q¢{31,...,sk}qu) :

Nty Ny,

._ 81,58k PO § : § . . . .
C.=A Dtl,---,tk B7 c(i,j) = all7---=ZdAb]17-..,]dB’

jslzitlzl jsk:itkzl
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3.2. Tensor networks and tensor contractions

o~ o~

where (1,.]) = ((ip)p:L...,dA; pE{t1,....,tx }> (jq)q:L...,dB; qi{sl,...,sk})'

The usual product of two matrices M € R™*"™ and N € R™** reads in this terminology as
MN = M [0} N and with L € R™*" it holds trace(M L) = M Btg L. This generalizes to
the inner product of two tensors S, T € R™* > which may be regarded as a contraction
via

(S,T) =S4 T.

A contraction is visualized in the diagrammatic notation by connecting the respective
legs of the two involved tensors corresponding to the modes along which the contraction is
performed. Using the variables from Definition 3.3, the tensors A and B are connected by
k legs. The remaining d4 — k legs of A which are not connected are also called dangling legs
as well as the dg — k legs of B. The sum of the number of these dangling legs illustrates that

C=A Dfllts: B is a tensor of order d4 + dp — 2k. A small example is given in Figure 3.2.

tensor network

Figure 3.2.: Contraction of fourth-order tensor A with fifth-order tensor B along three
modes, resulting in third-order tensor C.

An ensemble of tensors together with contractions that involve all tensors of the ensemble
is called a temsor network. Even for a small number of tensors and contractions in the
network, the precise algebraic description of the performed multiplications and additions
might become confusing. If one is satisfied with a rather qualitative perspective that displays
the structural meaning and behavior of the network, the diagrammatic notation is a very
convenient and powerful approach.

As already stated, the matrix-vector multiplication is a certain type of a contraction. So,
with regard to the entries of the result, there is no difference if these entries either are
computed in the usual way as the sum of products of matrix entries and vector entries, or
the matrix and the vector are reshaped into tensors and these two tensors are contracted in
an appropriate way. To obtain again a vector as the result, a final reshaping is necessary.
Depending on the actual size of the operands, there are many possibilities how to reshape
them. Consider A € R'6%16 and v € R'. Due to the factorizability of 16, the matrix A
may be reshaped for example into a tensor A/ € R¥X4x4x4 A/ ¢ RIXZX2XIX2XIX2X2 - oy
A" ¢ RI*8X2 st to name a few possibilities. In order to perform a contraction, the
reshaping of v has to match the reshaping of A. To illustrate this further, consider the
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3. Tensors and tensor formats

even smaller case A € R4 and v € R*. Reshape A into A € R2x2x2x2 according to the
column-major order

a11,1,1:'=40a11, 0a1121:=4012, 0a1112:'=4013, 011722 =014,

a21,1,1 '*= 021, 0G2121:=4022, 021172':'=4023, 02122 =024,

a1p1,1 = 0as1, 0a1221:=40a32, a1212:=033, (1222 := d34,

1<yt 144y 14ty 144y

2211 = a41, 02221 =042, 02212°'= 043, (2222 = d44

1<yt 14y 14ty 14y

and v into v € R?>*? by

V11 =01,
Vg1 = V2,
V12 = V3,
5272 = V4.

This corresponds to the results of the MATLAB commands Atilde=reshape(4, [2,2,2,2])

and vtilde=reshape(v, [2,2]). With ¢ := A Béj v € R?*2 we have

2 2

4
Cij = Z Z @ik VL = Z Qeol((4,7),(2,2)),k Uk
k=11=1 k=1

which yields
c = Av = vec (A Déﬁ iv/) c R

Another particular type of reshaping a matrix representing a linear mapping into a tensor
will be used in the sequel, namely

A =T(A
= ) (3.2)

= reShmlnl X Xmgng (perml,d+172,d+2,...,d—172d—1,d,2d (reShTm X XMgXN] X+ Xng (A))

for A € R(m1ma)x(ni-na)

Other operations like the matrix-matrix product AB or the Rayleigh quotient v' Av in
case ||[v|]| = 1 may be expressed similarly in the set of higher-order tensors via reshaping
and contraction. So, many problems involving these operations may be formulated and
solved for tensors instead of matrices and vectors. From a numerical point of view, this
observation is particularly useful when a tensorized version of a matrix or vector admits a
representation with much less data than the original matrix or vector would do. In that case
one may expect that the computational complexity as well as the storage requirements can
be reduced significantly.

3.3. Hierarchical Tucker format

After having introduced the concept of a tensor, the next step is to describe how to efficiently
represent a tensor when an explicit storage of each single entry is not feasible due to memory
restrictions as the number of entries grows exponentially with the order d. Also the numerical
treatment of tensors may greatly benefit from storing only a hopefully much smaller set of
parameters which describe the tensor sufficiently precise in view of the need to manipulate

36



3.3. Hierarchical Tucker format

much less quantities. This transition from the full tensor of entries to a set of perhaps much
more relevant components is called tensor decomposition. Different strategies are known to
accomplish this, many of them extending the singular value decomposition (SVD) of matrices
[HJ13, Thm. 2.6.3] each in their own way. We recommend the survey articles [KB09] and
[GKT13].

Depending on what particular type of decomposition is employed, we say that the result is
in a specific tensor format. A tensor, as well as a matrix or vector, just consisting explicitly
of the single entries, is called to be given in full format. In [Hac19, Sect. 7.1.3] a conceptual
difference between the terms “decomposition” and “representation” is pointed out insofar,
as decomposition describes the process of passing from a tensor to a set of parameters
that encode information about the tensor, while representation means to have that set of
parameters and to regard its specific aggregation as being a tensor.

The type of tensor format we are mainly interested in is the hierarchical Tucker (HT)
format which was introduced in [HK09]. A comprehensive treatment of HT may be found
in [Hac19, Chap. 11]. We also follow the exposition in [Tob12, Chap. 3].

3.3.1. Construction

First, we need a hierarchical splitting of the modes 1,...,d.

Definition 3.4. A binary tree 7 where each node represents a subset of {1,...,d} is called
a dimension tree if

e the root node is {1,...,d},

e cach leaf node is a set with exactly one element,

e cach parent node is the disjoint union of its two children nodes.
We denote by

o L(T):={{1},...,{d}} the set of all leaf nodes,

e N(T) the set of all non-leaf nodes, N'(T) := T \ L(T).

For simplicity we assume that each element in the left child ¢; of a node ¢ € T is smaller
than any element in the right child ¢, of ¢. By an appropriate reordering of the modes this
assumption can always be satisfied.

Remark 3.5 (cf. [Hacl9, Remark 11.3]). For the number of elements in a dimension tree T
associated with {1,...,d} it holds
|7 =2d -1,

so |L£(T)| = d implies that
N(T)|=d-1.

Definition 3.6. A dimension tree with root node {1,...,d} is called

(i) balanced, if the k = 2d — 219821 consecutive leaf nodes {1},..., {k} all have distance
§ to the root node and the other d — k, if d = 2! zero, consecutive leaf nodes all have
distance § — 1 to the root node,

(ii) linear, if only the left child or no child of every non-leaf node is a non-leaf node.
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3. Tensors and tensor formats

Example 3.7. For d = 8 = 23 the balanced dimension tree equals

{1,...,8
/ \
{1,....4} {5,...,8}
1,2} (3,4} (5,6} (7,8}
VRN VRN VRN VRN

{1} {2} {3} {4} {5} {6} {7} {8}

while for d = 11, not being a power of 2, it looks like

{1,...,11}
/ \
{1,....7} {8,...,11}
— . — .
{1,...,4} {5,...,7} (8,9} {10,11}
7N\ 7N\ 7N\ 7N\

{1,2} {3,4} {5,6} {7} {8} {9} {10} {11}
/ N\ / N\ / N\
{1 {2y {3p {4 {50 {6}

The linear dimension tree for d = 8 has the form

{1,....8)
<N
{1....7} {8}
<N
{1,...,6} {7}
<N
{1,....5} {6}
N
{1,....4} {5}
RN
{1,2,3} {4}
PN
{1,2} {3}
PN
{1} {2}

The hierarchy of the modes prescribed by the dimension tree gives rise to a hierarchy of the
different matricizations of the tensor T € R™**"d_ The properties of these matricizations
in relation to each other are the subject of the following statement.
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3.3. Hierarchical Tucker format

Lemma 3.8 ([Tobl2, Lemma 3.1]). Let T € R™**" qand for 1 < i < iy, < i, < d
let t = t;Ut, with t; = {ig,ip + 1,...,im} and t, = {iy, + 1,...,i.}. For the respective
matricizations it holds

span (T(t)) C span (T(tr) ® T(tl)) ’

where span (A) = span{a.j,: 1 < jo < ma} denotes the span of the columns of a matriz
A= (aj17j2)1§j1§m171§j2SMQ € Rmme,

For 7 € {t,t;,t,}, let {ugT): 1< < 7“7—} be a basis of span (T(T)) with 7, = rank (T(T)).

Due to [Hacl9, Lemma 3.13(a)], the elements of {ugm ® uz(m: 1<j<nr,,1<i< rtl} are

basis vectors of span (T(tr) ® T(tl)). By Lemma 3.8, each ugt) may be represented by a

linear combination of the u'"™ ® ugtl)

; , so there exist coeflicients bz(tj)» S R with

Tty Tty

t) _ (tr) (COAWAQ)
u((l) = ZZ (uj Qu, " ) biip 1<q<m. (3.3)
i=1j=1
We collect these coeflicients in a tensor B; := (b(t)- ) , ‘ € R XrtrXTt
0P 1<i<ry, 1<5<ry,, 1<q<r

which is called the transfer tensor at the node t.
A transfer tensor B, exists for each node t € N(T). At the node ¢t = root := {1,...,d},
the transfer tensor is in fact an r;, x r;. matrix.

Definition 3.9. For a dimension tree T, let a tuple (k;)ic7 € NJ be given, which assigns
to each node t € T a nonnegative integer k; € N.

(i) The set of hierarchical Tucker tensors of hierarchical rank at most (ki)ie7 is defined as

H-Tucker ((kt)ieT) := {T € R > X"d: rank (T(t)) <k forallte T} .

(ii) A tensor T € H-Tucker((k¢)ie7) is represented in the hierarchical Tucker format if

e at each leaf node t = {j} € L(T), a matrix R"»*"™ 5 U, = (u@ whose

v )1§i§rt
columns are basis vectors of span (T(t)) with r; := rank (T(t)) < k; is stored,

e at each non-leaf parent node ¢ € N(T) with children ¢; and ¢,, the third-order
transfer tensor B, € R " " gatisfying (3.3) with ryo0t = 1 is stored.

The tuple
HT = [7'7 (Bt)ten () (Ut)teL(T)}

is called a hierarchical Tucker (HT) representative of T.

To put it in one rather informal phrase: The hierarchical Tucker format represents recur-
sively the vectorization of a tensor as a linear combination of Kronecker products where the
two factors itself are represented as linear combinations of Kronecker products, the shape of
the matricizations whose factorizations are considered going along with the hierarchy pre-
scribed by the dimension tree, and the recursion in each branch stops if one arrives at the
respective leaf of the tree. One might argue whether in the previous sentence “recurs-” may
be replaced by “iterat-” and the direction is reversed to starting at a leaf.
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3. Tensors and tensor formats

Remark and Ezample 3.10. (i) It is often beneficial to visualize an HT representative as

a tensor network. For this purpose, the leaf matrices Uy, t € L£(7), and the transfer
tensors By, t € N(T), are just inserted at the respective nodes of the dimension tree.
The graphical surround of the content at each node like in Figure 3.2 may be omitted.
With the dimension trees from Example 3.7 we obtain

T{1,2} {14} T'{3,4} T'{5,6} (5,8} r{7,8}
B
oy, { }\ 2 @ {3’}\ (4 o), {5’6}\ (©) @ tr }\7”{8}
Uy Uygay Uygsy Uy Ugsy Ugey Uiy Uysy
nl‘ ‘n2 713‘ \n4 n5\ ‘n6 717‘ ‘718
and
B, 11y
TV {L,es wl}
r'{1,...,4} B{l""j} T{5,..,7} (8,9} B{g"“’n} T{10,11}
/ \

B4 B,y B(s9) Bi0,11}
T2y N34} EET VN 1} EOY NG| Ty, NIy
B2y Bz Bs6) Uiy Uysy Uyoy U0y Upny

Ty \T2y T8y, \T{4} T{53/ \T{6} | 7 ns | Ing  mol | nay
Upy Ugy Ugsy Uggy Ugsy Ugey
nl‘ nz‘ ng‘ Tl4‘ n5‘ TLG‘
as well as
T,y 8y
PN
P D0eT e Ussy
LN | ng
1.5 D6} o) {7}
~ N | ny
Py D) g Y
~ N | ng
Py Diled) ri Ugsy
N | ns
gy D023 g Y@
N | n4
ray B2 r Uz
~ N | n3
Uy Uyay



3.3. Hierarchical Tucker format

The latter special case of a tensor network based on a linear dimension tree is in case
Uy =1, 2 < j < d, closely related to a tensor train which is an object interesting
to study on its own terms, see [Osell]. We return to this topic in Section 3.4.

(ii) The somewhat unintuitive fact that in (3.3) the basis vector u*") corresponding to the
right child appears as the left Kronecker factor and vice versa may be illustrated as
follows. Let a = (a1 as ag)T € R¥>! and b = (by by b3 by b5)T € R>*1 and consider the
Kronecker product

alb
a®b=|ab
a3b

Let further the dimension tree 7 be such that each element in the left child is smaller
than any element in the right child, hence

{1.2}
T= /N
o {2

Then, if the representative [T, B9 = (1), Uiy =b,Upyy = a} or equally as a tensor
network

is contracted, see Definition 3.3, to a tensor b[J3 a € R%*3 via
(b3 a);,; = biaj,

then it holds vec(b 3 a) = a ® b when the vectorization is carried out column-wise
according to our convention. In essence this is the identity vec(ba') = a ® b from
(3.1b).
Remark 3.11. As long as they constitute a generating system for span(mat;(T)), also linearly
dependent vectors uz(t) € R™ may be contained at a leave ¢t = {j} € L£(T). In that case, the
transfer tensor B, is not uniquely determined, where 7 is the parent node of ¢, cf. [Hacl9,
Chapter 11, Footnote 9].

According to Remark 3.5 there are d leaf matrices U; and d — 1 transfer tensors By,
one of which is a matrix at the root node of 7. Therefore, if r = maxyc7{r;} and n =
max{ni,...,nq}, we have a maximal storage requirement of

dnr + (d — 2)7°3 + 72

How this number scales with respect to d for a specific tensor is determined by how the
maximal rank r depends on d.
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3. Tensors and tensor formats

3.3.2. Low-rank property

Every tensor T € R™* X" can be trivially represented in the HT format by choosing
the transfer tensor at the root node of 7 as Byoot = matyoor, (T) and the transfer ten-
sors at lower levels in the tree as well as bases in the leaves as concatenations of matri-
cizations of standard basis vectors of appropriate size. To illustrate this, let the 8-order
tensor A € R2X2X2X2X2X2X2X2 he given. We choose the balanced dimension tree 7 from
Example 3.7 and set Uy; = (49) for all 1 < j < 8 and By = reshoyxoxa(I4) for all
ke {{1,2},{3,4},{5,6},{7,8}} which yields

(Bk):7:71 = (é 8) ) (Bk):7:72 = (? 8) ) (Bk):,:,g = (8 (1)> ) (Bk);,:,4 = <8 (1)> '

If we set further
B; = reshyyxax16(1i6)

for i € {{1,2,3,4},{5,6,7,8}} and By 234567s} = maty 234} (A), we obtain a represen-
tation of A in HT. So it is ry = 741y, t € N(T), and rgj3 = ny,j € {1,...,d}. The

behavior
r¢ = min {Hjetnj7 Hje{17...,d}\tnj} , teT,

provides a natural upper bound for the hierarchical ranks and it turns out that with proba-
bility one, the hierarchical ranks necessary to represent a random tensor attain these bounds,
see [Hac19, Remk. 11.16]. This is unfavourable from a numerical point of view since it leads
again to an exponential scaling with respect to d of the objects to handle. Therefore we
assume that the tensors we are concerned with in the sequel obey a low-rank property which
is known for example from [Bac23] and is in our opinion best understood as

“The largest one of the three ranks r¢, 7y, 74,
is much smaller than the product of the other two for most of the ¢
so that max{r; : t € T} does not grow exponentially in d.”

When formulating this criterion we note that for a given representative with ranks r;, we can
reduce these ranks at no accuracy loss insofar as for each ¢t € T, the largest one of 7,7, 74,
does not exceed the product of the other two. For a practical illustration we point to the
transition from (5.41) to (5.42).

3.3.3. Representation of Hamilton operators

A particular example of tensors which admit a low-rank decomposition in HT format are the
Hamilton operators considered in Chapter 2. Recall that Hy, € R g may be reshaped,
including a permutation of modes, into Hy , € R@* via (3.2). Consider

d—1 d—1 d—1 d
XYZ __ % i+1 7 i+1 7 i+1 7
HG o =AY SESETY + BY SSygt + A3 SGSITY +h) S,
i=1 =1 =1

9,9 ’
1=1

o~ — e~ —

from (2.1) with associated Hgl(}jz € R@)™. Given a dimension tree T, the tensor H?;KZ is
represented by

[T, (Bt)ien (7 (Ut)teﬁ(T)} ;
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3.3. Hierarchical Tucker format

where
Ut:(vec(Iq) vec(Sz,q) vec(iSy ) VGC(SZﬂ)) (3.4)

for all t € L(T). The additional prefactor of S, ; may be included to obtain, as iS, , € R7*9,
only real entries in Uy since iSy 4 ® iSy 4 = —(Sy,q ® Sy,4) and the opposite sign is then
compensated in the respective entries of B; containing B. For the value of By, t € N(T) \
{root}, we have to distinguish four cases depending on the position of ¢ in the dimension
tree, whether none, the left, the right, or both children of ¢ are leaves.

o t;,t, € N(T):
Bt c R8><8><8
1, (i,5,k) € {(1,1,1),
(1,2,2),(3,1,3),(1,4,4),(5,1,5),(1,6,6), (7,1, 7),
(8,1,8),(1,8,8)}
B)ije =19 4, (i,5,k) =(2,3,8)
-B, (i,5,k) = (4,5,8)
A, (1,7, k) = (6,7,8)

0, otherwise

o t; € L(T), t, e N(T):

Bt c R4><8><8
1, (i,5,k) € {(1,1,1),
(1,2,2),(2,1,3), (1,4,4), (3,1,5), (1,6,6), (4,1,7),
(1,8,8)}
_J A (4, k) =(2,3,8)
Bt =\ b, (k) = (3.5.9)
A, (i,5,k) = (4,7,8)
h, (1,7, k) = (4,1,8)
0, otherwise

o e N(T), t, € L(T):

Bt c R8><4><8
L, (i7j7 k) = {(17171)7
(1,2,2),(3,1,3),(1,3,4),(5,1,5),(1,4,6), (7,1, 7),
(8,1,8)}
) A (64, k) =(2,2,8)
Bk =\ CB, (i) = (43,9
A, (i.4,k) = (6,4,8)
B k) = (1,4,8)
0, otherwise
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o i, t, € L(T):

Bt e R4><4><8
1, (1,7, k) € {(1,1,1),
(1,2,2),(2,1,3),(1,3,4),(3,1,5),(1,4,6),(4,1,7)}

A, (1,7, k) = (2,2,8)

(Bt)i,j,k: =B, (i,,k) = (3,3,8)
A, (i,5,k) = (4,4,8)
h, (1,7,k) € {(4,1,8),(1,4,8)}
0, otherwise

Furthermore, Byt = (B¢):.s, where B; has to be chosen from one of the cases above

depending on the character of the children of ¢ = root. Note that in case that some of
the parameters A, B, A, h equal 0, the corresponding parts of U; and B; may be removed.
Actually the mode sizes r; and, if not already smaller, r, respectively 7 of the transfer
tensors most left respectively right at each level of the tree, may be further reduced from 8
to 5. This also means that B,.t has at most 5 rows and columns.

Especially for the linear dimension tree, where at each level of the tree only one transfer
tensor is present, we obtain

B{LQ} c R4X4X5
Lo (k) €{(1,1,1),
(1,2,2),(1,3,3), (1,4,4)}
A, (Z.a.7'> k) =(2,2,5) (3.5)
(B{I’Q})i,j,k - -B, (Za.]ak) (3’355)
A, (1,7, k) = (4,4,5)
h,  (i,5,k) € {(4,1,5),(1,4,5)}
0, otherwise
as well as
B{Lg} = ... = B{l,...,d—?} — B* S R5X4X5
1? (i7j’ k) e {(1’ 1’ 1)’
(1,2,2),(1,3,3),(1,4,4),
(5, 1, 5)}
(B )z‘,j,k =
_B> (Z ]a ) (3 3 5)
A, (1,4, k) = (4,4,5)
h,  (i,5,k) = (1,4,5)
0, otherwise
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and
00 0 h
0 A 0 O
B{l,...,d—l} =B El%) 0 0 =B 0], Broot =14, (37)
00 0 A
10 0 O

noticing that the additional contraction yields rqy 4 13 = rqy = 4.
So, for general T we have r; < 8 for all t € T independently of d. Due to n; = ¢%, 1 <

j < d, we obtain that the number of single entries to represent HXYZ is bounded by 4¢?*d +

83(d — 2) + 82 and depends linearly on d.
Also the Hamilton operator of the Potts model

d—1 q—1 d g-1
Hde(J]tts — _ A Z Z (I\m)(z) (I\q m (H—l) hz Z
i=1 m=1 i=1m=1

from (2.6) admits a low-rank decomposition in HT. For a dimension tree 7T, the tensorized

o~

version Hg%tts = W(Hg‘;ts) € R@)** of the Hamilton operator is represented by

[7', (Bt)ten (1) (Ut)teL(T)} ,
where
U, = (vee(I,) vee(Ty) vee(T2) ... vec(T4™Y) vee(h 4 )
for all t € L(T) and
o i1, t, e N(T):
B, € R20%2x2%

1, (i,5,k) € {(1,1,1)}
U{(l,s,s):2<s<gq}
U{(s,1,8): ¢+1<s<2¢—1}
U{(1,2¢,29), (2,1, 29)}

A, (4,5,k) € {(5,2¢+1—-5,29): 2<s<gq}

0, otherwise

(Bt)i,j,k =

e t; € L(T), t, e N(T):

B, € R@T1)x29x2q

1, (4,4,k) €e{(1,1,1)}
U{(l,s,s):2<s<gq}
U{(s—qg+1,1,8):q+1<s<2¢—1}
U{(1,2¢,29), (¢ +1,1,29)}

A, (4,5,k) € {(5,2¢g+1—-5,29): 2<s<gq}

0, otherwise

(Bt)i,j,k =
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3. Tensors and tensor formats

o e N(T), t, € L(T):

B, c R2a%(q+1)x2q

L (k) € (L 1,1)
u{(1,s,s):2<s<gq}
U{(s,1,8): ¢g+1<s<2¢—1}
U{(1,q+1,29),(2¢,1,29)}

A, (i,5,k) € {(5,9+2—5,29):2<s<q}

0, otherwise

(Bt)ijn =

o it € L(T):

B, € R@TD)x(a+1)x2q

LGk € {11}
U{(l,s,s): 2<s<gq}
U{(s—qg+1,1,5):q+1<s<2¢—1}
U{(1,¢+1,29), (¢ +1,1,29)}

A, (i,5.k) €{(s;,q+2—5,2¢): 2< s < g}

0, otherwise

(Bt)ijn =

for t € N(T). Furthermore, Byoot = —(B¢). . 24, where B, has to be chosen from one of the
cases above depending on the character of the children of ¢ = root.

Analogously to the representation for the XYZ model, certain ranks / mode sizes of the
transfer tensors most left and right at a level of the tree, including ryo0t, and rroot,., may be
reduced from 2q to ¢+ 1. In the same way, the ranks of a representative based on the linear
dimension tree are bounded by ¢ + 1.

3.3.4. Arithmetical operations

Next we describe how the addition and the application of a linear operator, which may also
be viewed as a contraction, affects the hierarchical ranks, see [Hacl9, Sect. 11.5] and [Tob12,
Sect. 3.3.2 & 3.8]. Fix a dimension tree 7. Let S, T € R™*""*" he two tensors represented

by $is = [T, (B )ien ), (US)ierir| and 91 = | T, (BE )enr), (UF )iec(r)| respectively.
The sum S + T may be represented by (Uy)ics(7), where

U; = (UtS U;F) e R X (rE+r)

with ¢t = {j}, 1 < j < d, and (B¢)enr(7), where

BS 0
Broot:< g)Ot BT )

root

and for t € N(T) \ {root}, B; € RUGHDXOEATTIXCTHE) i o plock diagonal tensor with

B? 0 0 0
(Bt):,:,lzrts = ( Ot O) ) (Bt):#vrts+1:rts+rt’r - <0 B?) ’
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3.3. Hierarchical Tucker format

In this way, the hierarchical ranks r; are added for each ¢t € T.
Let now A: R™ "4 — R4 be a linear mapping and assume that its coefficient matrix
A € ROm-ma)x(n1-n4) ig reshaped into a tensor A € R™ ™ X Xmand according to (3.2). Let

A be represented in hierarchical Tucker format by $ x= [7', (BA)se N(T)s (UP)e E(T)} and

let further $3 = [7', (Bt;)tEN(T)’ (U?)tEE(T)} be a representative of some v € R™ %" and
v :=vec(V). Then W := tens,,, x...xm,(Av) may be represented by (Uy);cr(7), where

U, = (tensmjxnj ((Uﬁ):,l)Utz oo tensy; xn, ((Uﬁ) X)Ut;) c RmMx(rdry)

(o1t
with ¢t = {j}, 1 < j < d, and (B)enr(1), Where

B, — BA @ BY € RUAT)<CAm)x0A)

So, the hierarchical ranks r; are multiplied for each t € 7.

The described addition respectively multiplication of the hierarchical ranks causes a major
difficulty when working in an algorithmic way with hierarchical tensors. The ranks grow
rapidly and depending on the problem size, only after a few iteration steps the computing
resource would be exhausted. Therefore, the ranks have to be reduced regularly in the course
of the iteration. A procedure of approximating a hierarchical tensor by another one with
smaller ranks is called truncation.

For matrices, the singular value decomposition (SVD) is known to yield the best rank-k
approximation when truncating the contributions of all singular values except the first k.
This result dates back to [Sch07], cf. the historical remark [Ste93, Sect. 5]. In case the
distance between two matrices is expressed by the Frobenius norm, it is as well attributed
to [EY36] and appears for an arbitrary unitarily invariant norm in [Mir60].

Also for tensors in hierarchical Tucker format, truncation methods based on the SVD
exist. The higher-order singular value decomposition (HOSVD)[DLDMVO00] and the further
adaption to the HT format as a hierarchical SVD [GralQ] play a central role. Different
algorithmic strategies especially concerning the order of traversing the dimension tree are
known. We refer to [Hacl9, Sect. 11.4] and [Tob12, Sect. 3.6] for a formulation of the
algorithms, also for the case of approximating a full tensor in hierarchical Tucker format.

With these techniques, a truncated tensor T ¢ H-Tucker((kt)te7) may be found that
approximates a given tensor T € R™**"d and satisfies a quasi-best approzimation property
[Gral0, Thm. 3.11 & Remk. 3.12], [Hac19, Thm. 11.66],

IT - T| < J 3 i o1(maty(T))* < vV2d — 3| T — Thestl, (3.8)

teT" i=ki+1

where 77 := T \ {root, c}, ¢ is one child of root, 7 := min{I];e; 7, [Tjeroot\¢ 7s}> and Thest
is a minimizer of
min IT —S|.
SeH-Tucker((kt)teT)
Note that in the matrix case d = 2, the estimate (3.8) coincides with the best approximation
property [Hac19, Concl. 2.36] of the classical SVD for a matrix A € R™*"2 gince 7' then
only contains {1} resp. {2} and so mat;(A), t € 7', equals A resp. AT.
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3. Tensors and tensor formats

3.4. Tensor train format

Besides the hierarchical Tucker format discussed so far, we also consider the tensor train
(TT) format introduced in [Osell]. TT may be seen as a special case of HT for a linear
dimension tree, but due to the structural simplicity it is an object interesting to study on
its own terms. We briefly present some basic facts from [Osell]. The relation between TT
and HT is detailed further in [Hac19, Chap. 12].

Definition 3.12. A tensor T = (T(il7---7id))1<i_<n_ 1<j<d € RM > X7d jg gaid to be
SyENG, 157

represented in the tensor train (TT) format by the representative
Tri= [G,GP,... G

with the core tensors

O — (e, n1Xxry @ — (@@ Td—1Xng
¢V = (G (Zl))lgilgm er™ M, GY = (G (Zd))lgidgnd € R :
) = (ql)(, Tj—1XN5XT; ; _
GY = (GU)) _ _ eRTUMWD, 2 j<d-1,
if it holds entry-wise
T(ir, .. ,ia)
1 Td—1
= M @ (=D (d)(;
k21 k Zﬁl (G (Zl))kl (G (22))k1,k2 (G (Zd_l))kdfkkd—l (G (Zd))kdfl’
1= d—1=—

(3.9)
understanding G(j)(ij), 1 < j <d,asrj_1xr; matrices. The nonnegative integers ry,...,7rq—1
are called the T'T ranks of T and are supplemented by the convention r¢g = ry = 1.

For fixed (i1, ...,7q) we may rewrite (3.9) as
T(i1, ... ia) = G (i1)GP(ip)--- G V(i) GD (i), (3.10)

which motivates the term matriz product state (MPS) used in physics literature like [Oral4].
Let 7 be the linear dimension tree and let

[T, Bi)ien (s (Ut)tel:(T)}
be an HT representative of the tensor T € R™* X" with HT ranks r!1*, ¢t € 7. Then

G(l) = U{1}7 G(d) = Broot El% U{d}7

A _ (3.11)
GU) .= permy 3 o (B{l,___yj} 12 U{j}) ,2<j<d-1,

constitutes a TT representative of T with TT ranks r; = TET i1 foralll < j <d-1.
Concerning the positioning of B0, we may also choose

G(d_l) = (B{l,...,d—l} D% U{d—l}) D% Bioot G(d) = Ug—d}a

while the other G, ..., G(?=2) from (3.11) stay the same, then yielding r4_; = T?dj]j'
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3.4. Tensor train format

Going in the opposite direction, from the TT representative [G(l), GO, .. ,G(d)} with
TT ranks TJTT, 1 <j <d-1, we obtain an HT representative ['T, (Bt)ten (1) (Ut)tel:(T)}
via

U{l} = G(l)a U{d} = (G(d))Ta Bioot := Ir;lf_Tla
Uy =Ly, Bp.;=GY, 2<j<d-1.

Typically, a representative in the tensor train format is depicted in diagrammatic notation

as a horizontal alignment of the cores G, ... G that is to say
rq_ rq_
e /L qo 2 22 ey L g
‘ ni ‘ n2 ‘ Ng—1 ‘ ng

)

inspiring the notion “train”. A TT representative contains d — 2 third-order core tensors
G®@ ... G- plus the second-order cores G and G(@ . Therefore, if r = max{rg,...,rq}
and n = max{ny,...,ngq}, we have a maximal storage requirement of

(d — 2)nr? 4 2nr.

How this number scales with respect to d for a specific tensor is determined by how the
maximal rank r depends on d.

Also the tensor W(A) € R™™xXmantd from (3.2) associated with the matrix A €
R™MMaxXn1-Na of g linear mapping may be represented in TT. In this situation, it is a
matter of choice and might be advantageous to regard the TT cores rather as fourth-order
tensors GU) of size rji—1 xmj xnj xrj, 1 <j<d, hence

(reshml XM X XMmgXng (\II(A))) (l17 ila ey lda Zd)
Td—1

zf;UE:(mem%(d%uw%MQ (3.12)

ki=1 kg =1 !

ce (G(d_l)(ld_l,id_l)) (G(d)(ldaid))k

ka—2,kq_1 d-1

As in (3.10), for fixed (ly,41,...,l4,14), and now understanding G(j)(lj,z'j) as rj_1 X rj
matrices, we may rewrite (3.12) as

(reShm1><n1><---><md><nd (\II(A)))(h, i1y ldyiq)
= GO (11,1) G 1y, i2) -~ GV (U, a-1) G ().

Such a type of representation is also called matriz product operator (MPQO) in physics and
we draw it as

‘ ni ‘ ng ng—1 ‘ nqg
Td— Td—
e /g 2 22 ey L g
‘ m1 ‘ ma ‘ mg—1 ‘ mq .
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3. Tensors and tensor formats

The low-rank HT representations of the Hamilton operators under our consideration like
in (3.5) to (3.7) for the linear dimension tree with leaves (3.4) are transferred to the TT
format via the contractions (3.11) followed by, if required, a reshaping of the TT cores to
size rj_1 X mj x n;j x rj. Therefore, also the TT ranks of these Hamilton operators are
bounded independently of d.

Yet another feature of HT translates to T'T, namely that in the course of the addition of
two HT tensors respectively the HT version of a matrix-vector product, the ranks are added
respectively multiplied, see [Osell, Sect. 4]. If TT decompositions

S — (S(l)(il) . S(d)(id)) T — (T(l)(il) . T(d)(id))

1<ij<ngj, 1<j<d’ 1<i<n;,1<5<d

of S, T € R™M* %M are given, then

W (W W@
S+T_.W—(W (i) --- W “d))lgijgnj,lgsﬂl

with
= (9160 T00). WOt - (259
‘ 3 (4.
W(J)(ij) = (S 0( i) T(j?(ij)> , 2<j<d-1.

If moreover A € R™1MdXN1Nd gnd

reshny xnyx-xmgxng (U(A)) = (AQ (1, i1) -+ A1y, ig) )

1<l;<m;, 1<i;<n;, 1<j<d’

then
tenSm, x-..xmy, (Avec(S)) =1 Y = (Y(l)(ll) : "Y(d)(ld))1<lj<mj 1<j<d
with
n;
Y(J)(l]) = Z (A(j)(lj,ij) & S(J)(Zj)) .
i;=1
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In this chapter we describe two methods to compute an eigenvector associated with the mini-
mal eigenvalue of a large symmetric matrix in the situation when this matrix is only available
by a representation of its tensorization in a tensor format. So, a minimum requirement is
that the method does not need access to the single matrix entries, a property that is called
matriz-free.

The first method, see Section 4.1, is an adaption of an iterative scheme originally developed
in full vector format to the hierarchical Tucker format. Each arithmetical operation is carried
out in HT, cf. Subsection 3.3.4, followed regularly by truncations to avoid unlimited growth
of the ranks.

Section 4.2 deals with a method that exploits the specific structure of the representation
of the iterate more directly by updating the single components of the representative one
after another, or at most two of them at a time, while leaving the other major number of
components unchanged at this time. The precise realization of such a scheme depends on
the particular tensor format the tensorization of the matrix and the searched eigenvector is
represented in and we focus on the most evident case of the tensor train format.

4.1. Locally optimal conjugate gradient method

We want to find an eigenvector associated with the minimal eigenvalue of a given Hamilton
operator H:=Hy, € R**4* with q € {2,3} and d € N. Throughout this thesis we assume
(d)

that this minimal eigenvalue A, is simple. Since H is a symmetric matrix, it is useful to

consider the Rayleigh quotient

T
v' Hv
= = O
p(v) pu (V) viv ' v #
By [HJ13, Thm. 4.2.2] it holds
d .
AD = min pu(o)
0#veRY
and for the maximal eigenvalue AI(I?;X also
M = max_ pr(v).
O#VGqu
A minimizer resp. maximizer of the Rayleigh quotient is an associated eigenvector vfgi)n resp.
vid.. Except in some trivial cases it is not possible to determine )\I(flli)n or vr(flli)n analytically.

So we have to employ a numerical method. A typical strategy is to construct a sequence of
iterates {vi}r=12,. C R4" such that

P(Vit1) < p(Vi)
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4. FEigensolvers in tensor formats

for all £ =0,1,2,..., where vg is some initial guess. We may hope that v; then converges
to Vipin as k — oo.

The perhaps most simple idea of constructing a sequence of iterates with decreasing
Rayleigh quotient is via gradient descent. The negative gradient —V f(x) of a function
f: D CR"™ — R evaluated at a point x € D is the direction where f decreases most unless x
is a critical point where V f(x) = 0. So, given a current iterate v; and under the assumption
that vy # 0 is not any eigenvector, we set vii1 := Vi — T8, where

1 1
81 = 2Tplvi) = S (Hve— plviw)

is the gradient of the Rayleigh quotient evaluated at v, multiplied by a factor % for conve-
nience, and 75 > 0 is a step size. This step size is chosen as the minimizer of

i - . 4.1
min p(Vi — Ti8k) (4.1)

A more refined scheme for minimizing the Rayleigh quotient is the locally optimal pre-
conditioned conjugate gradient (LOPCG) method proposed in [Kny0l]. We also point to
the lecture notes [Arb16] as a reference. In each iteration step, the Rayleigh quotient is
minimized in a three-dimensional search space

span{vk, — 8k Pk—l},

where vj is the current iterate, g is half the gradient of the Rayleigh quotient evaluated
at vy, and pg_1 is recursively defined as an appropriately weighted linear combination of
gradients Vp evaluated at previous iterates and used in previous iteration steps. To be
precise, we set the (k + 1)-th iterate as

Vit1 = OV — Br8k + YkPk—1,

where ayg, Bi, Ve € R are simultaneously chosen to be a minimizer of

min __ p(agvi — Brgr + VkPr-1), (4.2)
ak,Br. 7k ER
and we recursively define py_1 := —Br_18r_1 + V_1Pk_2 With p_1 =0 € R%’. This implies
that p(vgy1) is the minimal value of p in span{vy, —gk, px—1}. It is
T
oy, V;—Hvk —v;—Hgk v;—Hpk_l oy,
Bk —giHv, g Hgw —g/Hpi1| |5
W) \PiaHvi -pl Hge pi Hpr 1) \
pr(QkVE — Be8k + TkPk—1) = R - -
Qf; Vi Vi — Vi 8k Vi Pk-1 Qf;
Br —glvi  gier  —8ipk-1]| | Bk
W) \Pi_iVe —Pp_i8 PpPe-1) \ Tk

which is the Rayleigh quotient associated with the 3 x 3 generalized eigenvalue problem

[ (o
H|B | =B8],
Yk Yk
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4.1. Locally optimal conjugate gradient method

where

H = (Vk —8k pk—l)TH<Vk —8k Pk—l),

B:= (Vk —8k Pk—l)T(Vk —8k pk—1)

are the projections of H respectively the identity on span{vy, —gk,px_1}. For the mini-
mal generalized eigenvalue pipin it holds pp(Viy1) = fmin. So, the parameters ay, B, Vi
minimizing (4.2) have to be chosen as the components of a (normalized) generalized eigen-
vector associated with piyin. In an analogous way, the minimizing parameter 75 in (4.1) is
determined via solving a 2 x 2 generalized eigenvalue problem.

The method can be improved by a preconditioning of the gradient. Instead of employing
g, as a search direction, we may replace g by g := Qgy, where Q € ququ, perhaps even
with Q = Qj varying in k. The goal is to enhance the search directions in order to accelerate
convergence of the method. Assuming v is not an eigenvector of H, since otherwise g = 0,
a theoretically ideal choice of this preconditioner Qj would be

T
Qwﬁﬂ—melﬁ—ﬁgﬁﬁy
Vimin Vmin

as can be justified as follows, see also [Hac85, Sect. 12.3.1]. Suppose that the current iterate
v} is normalized and splitted into vi = Vvuin + €, where e € R is some error with
ey € span{vuyin}*, 50 (Vinin, €x) = 0. Then it holds

gr = H(vmin + €t) — p(Vinin + €&) (Vinin + €k)
= (H — p(Vmin + €)I) Viin + (H — p(Vinin + €)I)eg
= ()\min - p(vk))vmin + (H - P(Vk)I)ek

It follows

T
VminV

ngk = ()\min - p(Vk)) (H - p(vk)I)_l (I - V-|—7me> Vmin

vl
ot 1 e

Vinin Vmin

- g (1-
=0+ (H- p(vk)I)fl(H — p(vi)I)e; = ey,

since ), L vinin and hence also (H—p(vi)I)eg L Vipin. So we obtain span{vyin+e€x, €k, Pr—1}
as the search space and with ay # 0, Sy = —ag, 7 = 0 it is

Vi1 = 0 (Vinin + €x) + Brer + MPrk—1 = Q% Vmin-

The described choice of the preconditioner surely is unrealistic. One might think of an

approximation of
d

-1 1 u~uT
(H - p(Vk)I) = ; 4)\1 — p(Vk:) iU

d
where {u;}7_; now denotes an orthonormal set of eigenvectors of H to avoid confusion with

the iterates {vy };™9*. Then, information especially about a good approximation of u; = viin
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4. FEigensolvers in tensor formats

is required, due to the proximity of Ay = Apin to p(vg) in the relevant stage of the iteration.
In fact, the current iterate vy is already an approximation of vy, and it seems questionable
wherefrom information about a better approximation should be available.

This line of thought, namely to incorporate approximative information about vy, directly
into the iterates, is central to our idea of starting the iteration already with a best possible
initial guess, which is our major concern for the remainder of this thesis. Preconditioning in
the LOPCG method however is not discussed further. Therefore we drop the letter “P” and
refer in the sequel to the locally optimal conjugate gradient (LOCG) method. We summarize
it in Algorithm 4.1.

Algorithm 4.1 LOCG in full vector format

Input: symmetric H € RY"xq"
s ss d
initial guess vg € R4
number of iteration steps kmax
Output: normalized approximation vy, of an eigenvector associated with the minimal
eigenvalue of H

1: vg 1= VO/HVOH

2: xg := Hvyg

3: po = V(—)FXQ .

4: p_1:=0€R?

5: for k=0,...,knax — 1 do

6: 8k ‘= Xk — PEVk
= T

7. H:= (Vlc —8k Pk—l) H (Vk —8k pk—1)
_ T

8: B:= (Vk —8k pk—l) (Vk —8k pk—1)

9:  find a normalized generalized eigenvector (o, Bk, Vi)' := W associated with the min-
imal generalized eigenvalue pg41 := fimin Of the problem Hw = ,u]§w

10:  pg = —Bk&k + VkPr-1

11: Vi41 = Qg Vg + Pk

120 Vg1 = Vi1 /[[Ves |

13: Xk41 = HVk+1

14: end for

To ensure symmetry up to machine precision of the generalized eigenvalue problem Hw =
,u]~3w, which turns out to be beneficial when calling eig in MATLAB for this problem, we
may add H := (H+H")/2 to Line 7 respectively B := (B+B")/2 to Line 8. Note further
that omitting the vector py in each iteration step and therefore reducing H and B to the
size 2 x 2 yields the gradient descent method.

In principle, every algorithm of numerical linear algebra which incorporates vectors and
matrices as building blocks, and the basic arithmetical operations are sums and products of
them, can be formulated in the hierarchical Tucker format. For that purpose, certain vector
or matrix valued components of the numerical method have to be regarded as a tensor via an
appropriate reshaping, possibly including a permutation of modes. Depending on low-rank
properties of the data and the user’s preferences concerning accuracy as well as time and
memory consumption, these tensors are represented exactly or approximatively in HT. The
HT analogs of vector addition and matrix-vector multiplication are easily implemented but
lead to a quick growth of the hierarchical ranks, see Subsection 3.3.4. As a remedy, after a
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4.1. Locally optimal conjugate gradient method

certain number of basic arithmetical operations, a truncation of the HT tensors is necessary
to obtain smaller ranks. Here again it is a matter of choice and inherent properties of the
problem at hand how much reduction of the ranks is feasible. To what extent the terminal
value of the iterate after reaching a stopping criterion is a good approximation of the result
of the method when carried out in full format is mostly hard to answer.

In Algorithm 4.2 we state an HT variant of the LOCG method 4.1, cf. [Tob12, Alg. 12].
For A € R™MmxxMmand gnd X € R™* %" hoth represented in HT format with the same
dimension tree, we introduce the notation

BA(X) = tensm, . xm, (U (A)vee(X)) = reshm,xn wmgng (A) 3775, X (4.3)

to indicate that a linear operator which is regarded as a tensor via ¥(-) from (3.2) is applied
to another tensor of appropriate size and the result is again a representative in HT format.
Concerning an efficient realization in HT format of the inner product (-, -) resp. (-, ®g(-)) for
a symmetric matrix ¥~1(S), see [Tob12, Sect. 3.5.1 resp. 3.8].

Algorithm 4.2 LOCG for tensors in HT format

Input: ®g(-) for H given in HT format such that U—!(H) is a symmetric matrix
initial guess Vg in HT format
number of iteration steps kmax
truncation operator ©
Output: approximation Vi . in HT of a tensorized normalized eigenvector associated with
the minimal eigenvalue of ¥~ (H)

1: Vo= VO/HVOH
2: Xp = (I)H(Vo)
3: po = <V0,X0>
4: P_1:=0 % matching the HT representation of V|
5 for k=0,...,kpax — 1 do
6: Gy :=0(Xg — pr Vi)
7 Gy = Gk/HGkH
~ 5(Vi, ®u(Ve))  (Vi, Pu(—Gp)) (Vi, @a(Py-1))
8 H:= 0 H—=Gy, ®u(-Gy)) (—Gy, Pu(Py_1))
0 0 1(Py_1, 2 (Pr-1))
_ Vi, Vi) (Vy, —Gy) (Vi, Pr_1)
9: B:= 0 %<—Gk,—Gk> (—Gk,Pk_1>
0 0 1 (Pr_1,Pi_1)

10: H:=H + fIT, B:=B + BT % as H and B are symmetric

11:  find a normalized generalized eigenvector (ag, Bk, Yx)' := W associated with the min-
imal generalized eigenvalue pg41 := fmin Of the problem Hw = ,u]~3w

12: Pp:=0(—5Gr +nPro1)

13: Vk+1 = @(Oszk + Pk)

14: Vi = Vi /([ Vil

15: Ppi=Py/||Py|

16:  if k # kpax — 1 then

17: Xpt1 = O(Pu(Vit1))
18: end if
19: end for
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4.2. Modified alternating linear scheme

The method we described in the previous section is obtained by taking an iterative method
originally designed for full matrices and vectors, replacing these components of the method
by representatives in a low-rank tensor format, and then performing the iterations with the
arithmetics of this tensor format, keeping the ranks low by regular truncations. In each
iteration step, the whole representative is updated and in the present case of the HT format,
in principle each transfer tensor and each leaf matrix might be changed.

A conceptually different approach is to update the single component tensors of a represen-
tative one after another by some particular rule, which is called a micro iteration step, until
having updated each of them, and then to repeat this step-by-step treatment of the single
components. A widely used method implementing this concept is the (modified) alternating
linear scheme (ALS/MALS) [HRS12] in an application to eigenvalue problems, known in the
physics community as the density matriz renormalization group (DMRG) algorithm [Whi92],
[Sch1l]. It is formulated in the tensor train format, and the order in which the cores are
updated proceeds from a particular core to its immediate neighbor. In this section we give
an overview of the method, based on and referring for details to [HRS12].

Our task is to find a minimizer of the Rayleigh quotient

subject to v # 0 with a given symmetric A € R aXn1nd - [f

(reshmx...xnd(v)) (i1,...,0q) =V
Td—1

=3 L (V) (V@)

k=1  kg_,=1 12

(V(dfl)(id_l))k

and

(reShnl XN1 X XNgXNg (\I](A))) (lla .., ld, id)

=3 Y (AL ), (AP, ),

e (A(d_l)(ldA’ Z'dfl))

1,k2

(A(d) (Fa id))k

kq_o2,kq_1 d—1

are TT representations and provided v'v = 1, then pa (V) reads as

Td— Ti—
v 2 yve 2 222 ey 2 v
ni A ng A Ng—1 nq

T T T ry_
A —L A 2 172 - T a@
ni ng Ng—1 Uz
1 2 d—1 d
v = V@ = " vid—1) o v
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4.2. Modified alternating linear scheme

For the first micro iteration step we regard V&, ... V(4 being fixed and determine
VO = arg min{pa o Py 1 (XWV): X g Rroxmxry,
where

L L TRTi—1 XN X7 N X XN,
Pj71 = Pj,l,V- R7-127 275 5 R™ d,

Py (X)) = (V<1>(¢1) VO ()X O () VD (7540) - V(4 d))

1<ij<n;,1<j<d
is a one-component retraction operator. A minimizer is given by

(1)

min)’

(4.4)

v = tens,g xn, xry (X

(1)

where x / is a normalized generalized eigenvector associated with the minimal generalized
eigenvalue )\Si)n of
AWx = \BWx (4.5)
with
r r Td— Td—
Loyve 2 0 22 ey 2y
ni A ng A nd,lA ng
~ ™ 5 Td—Q ’)"d_
A(l) = reShronlrl XToniri A(l) A(2) U A(d_l) A(d)
ni n2 Nd—1 ng
(2) i (d—1) (d)
™ V 9 Td*? V Td*]_ V
and
r r Td— Td
Loy 2 2 yvia-1 2Ly
E(l) = reShronlrl XTn1T1 m n2 ng—1 ng
(2) . (d-1) (d)
Tl V TQ Td*Q V rd*l V

The generalized eigenproblem (4.5) becomes a standard one if

1 9 Td—2 Td—1

v v(d-1) (d)
reShronlrlxmnln nl TLQ ndil TLd = Imn17"17
2) (d—1) (d)
1 v T2 Td—2 v Td—1 v

which is true if the right unfolding

\sz = mat{&z}(V(j)) = TeShrjnj X151 (perm372,1(V(j)))
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4. FEigensolvers in tensor formats

has orthonormal columns, in which case the core V) is also called right orthonormal, for
all 2 < j < d. Right orthonormality of V... V@ can be achieved by successive economy
size QR decompositions as a preprocessing step. Decomposing

d — o dR@
‘[_) - Q R ’
overwriting
v .— I‘eShrd_lxndXT'd((Q(d))T)7

and shifting the non-orthonormal part R to the core at position, also called site, d — 1 via
replacing V(@1 by

vid—1) . y(d-1) Dé (R(d))T,
we obtain a right orthonormal core at position d, while the whole represented tensor V is
not altered. This orthogonalization procedure is continued by decomposing

V(a1 = QU-DR@-1)

overwriting V-1 by
V(dil) = reShrd—and—l XTrg—1 ((Q(dil))T%

shifting R(4=1 to site d — 2, and so on until all cores from site 2 to d are right orthonormal,
the non-orthonormal part of V sitting at site 1 which is updated due to (4.4) anyway.
To prepare the next micro iteration step, the left unfolding

X@ := matyy 9y (V) = reshy, i n;xr (VO))y
for 7 =1 is QR decomposed as

vl — oWORr®
VY =Q"YR
and the core at position 1 is overwritten by v .— reshmxnlxrl(Q(l)), yielding that the
left unfolding of core 1 then has orthonormal columns, in which case we call that core left
orthonormal.

Now core 2 is updated by

V@ = tens,, xnyxrs (xgi)n), (4.6)
where Xr(ii)n is a normalized eigenvector associated with the minimal eigenvalue )\I(ﬁi)n of
APx = x
with
Td— Td—
V(l) 71 79 V(3) T3 d—2 V(d—l) d—1 V(d
1) ni no ns Ng—1 nqg
" U S L S R IR
:=reshy noroxriners | A A®) A®B) e Ald=1) A
ni n2 ns Nd—-1 ng
v 1 2 oye B 72 -y 7
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4.2. Modified alternating linear scheme

Notice that

r r r Td— Td—

v —2 2 v 2 22 ey e

reShT’anT’QXT‘anT‘Q niy n9 ns ndg—1 ng
r r r Td— Td—

v —2 2 v 2 22 ey e

= I?“1n27’27

since all cores located left of the core to be optimized are left orthonormal and all cores

located right are right orthonormal. In fact, with (4.6), a normalized choice of xr(ii)n yields

vy o 2y B 2 ey 2y
Py (VTP (V@) = |my na n3 nd—1 ng
vy o 2y B 2 ey 2y
)
= ny |2 = ||V = |x3? =1,
)

and for )\gi)n, which is both the minimum of the micro eigenproblem as well as the current

Rayleigh quotient of the overall problem Av = Av in R™ "4 it holds

A = pa (P21 (V) = (P (V) T A (P (V)

min

v g 2y B 2 e I
ni A no ns3 ndflA nq

N C B S B P fd-2 Ald-D) fa1 A
ni no ns Ng—1 nq

v o 2y N (= =)

Again we decompose
v2 — Q@R®
V¥ =QYR

and overwrite the core at site 2 by V() := reshrleXm(Q@)) to prepare the optimization
at site 3.

This interplay in a micro iteration step of solving a local eigenvalue problem of size
rj_1njr; X rj_1n;r;, updating the core at site j by the orthonormal part of the unfolded
normalized eigenvector associated with the minimal eigenvalue, and moving on to the next
site is repeated until the right end of the TT tensor at site d is reached. It is referred to as a
half sweep (from left to right). The same procedure is subsequently performed in the oppo-
site direction from right to left, hence from site d to site 1, and again the left orthonormality
of all cores left and the right orthonormality of all cores right to the core being currently
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4. FEigensolvers in tensor formats

optimized is maintained in each step. This second half sweep completes one full sweep which
in turn may be iterated itself, explaining the name “alternating linear scheme”.

During the whole sweeping procedure, the TT ranks r; of V are not changed. Since
the TT ranks of tens,, x..xn,(Vmin), Or at least of a good approximation, are not known
a priori in general, this might have a negative effect on the overall convergence. If rank
adaptivity is desired, the method may be altered to the modified alternating linear scheme
MALS insomuch as in one micro step two neighboring cores at site j and j 4+ 1 are regarded
as being contracted, and a local eigenproblem of size r;_1n;n; 1rj41 X rj_1nn;1rjyq is
considered. A reshaped normalized eigenvector VUit = reshy; | xnjxn;yqxr; H(xfﬂ}ff”)
subject to

VIt = arg min{pa o P; (XU XU+ @ R7G-1XM X541 X541
where

. R i . Ti—1XNiXNjp1 XTji41 N1 X XMn,
Pj72 = P],Q,V- R" J 1T+ i1 S R d’

pjg(x(j,jﬂ)) — (V(l)(h) .. V(J’*l)(Z'j_l)x(J}jJrl)(Z‘j7 ij+1)V(j+2) (ij12)
.ov@ (id))

1<i;<n;, 1<j<d

is a two-component retraction operator, is in turn reshaped into a matrix and decomposed

by an SVD,

resh

)

i1 V(] O INT
rj_lnjanerl(V(]’ﬁ )y = YU+ 50+ 1) (70541
and we may truncate these singular values due to some rule. Hence, if we keep only the 7
largest singular values, we update, assuming that the current half sweep is left-to-right, the
core at site j by the left orthonormal

V@) .= resh ~((y(j,j+1)) )

Tj—1XNj;XT LLir

therefore overwriting r; := 7, and continue with the site pair (j + 1,7 + 2).
We summarize the MALS, also called two-site DMRG, in Algorithm 4.3 and change the
variable A into H in order to better match our objective application.
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4.2. Modified alternating linear scheme

Algorithm 4.3 MALS for eigenvalue problems

Input: TT representative [H(, ... H@] of a tensorized symmetric H € R ~"dxn1"a

TT representative [V(l), ... ,V((]d)] with TT ranks r; of an initial guess Vy

number of half sweeps kmax

strategy to determine truncation parameter r,gj ) for the TT ranks

Output: TT representative [V&)mx, e ,V,(gd) | of an approximation Vy . of a tensorized

11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

21:
22:
23:
24:
25:
26:
27:
28:

max

normalized eigenvector associated with the minimal eigenvalue of H

. for j=d,...,2do

V(()]) = I‘eSthle”jXTj ((Q(]))T)
Vi v 6 (RO)T
end for
for k=0,...,kpax — 1 do
if k=0 mod 2 then

for j=1,2,...,7 do

V](gj_?_l = reSth_l an X?“j ((Y(j)):71:7"j)

end for

determine normalized eigenvector xl(j )

% initial right orthonormalization '
determine QR decomposition — resh; . xr;_, (perm372,1(V(()]))) = QURU)

% left-to-right half sweep
if k=Fkpax —1then j:=d—1else j:=d— 2 end if

= ()
Hp"i=xeshey ngngarjoxrs amgngrs
W .. yU-D G+2) ... (d)
Vk+l Vk+1 i1 Tl k Vk
‘ ng Nj4+1
HO - —— HU-D HO) HU+) — HU+2) — H@®
\ \
. Tj-1 Tj+1 e
M (G-1) 7 J +2 d
Vita —— ij+1 g ) V;v)
determine normalized eigenvector X](CJ ) associated with minimal eigenvalue of H

)

determine SVD  reshy,_,n;xn; 1m0, (X7) = YO0 (zOHT
determine truncation parameter r,(j ) and set r; 1= r,(j )

. d _ _ .
if k = kinax — 1 then Vi = (2€@D) 0 ((ZOD)T)y,,, . end if
else % right-to-left half sweep
if kK =kpax — 1 then j:=1 else j :=2 end if
for j=d—-1,d—2,...,5 do
i) .
Hi = reshy; ynjngargiaxrangnjirn
Vo Gy e ")
Vge) Vl(cj : -1 Tit1 i Vit
\ \
HD - —— HgU-D HO HUO+D) — HgU+2) - —— H@
‘ g Myl ‘
. Ti1 Tj4+1 .
1 —1) J J +2 d
e e

associated with minimal eigenvalue of H

(x7) = YD 5O (Z@)T

()
k

(YD), 1, (D)1, 100, end if

determine SVD reshrjflnj XMj41Tje1
determine truncation parameter TIE,J ) and set r; :==1r
+1) T

V]E:]+1 ) D reshrj XM 41 XTj41 (((Z(j)) )1:7’3'71)

end for

if k = kiax — 1 then V'), =

end if
end for

()
k

()
k
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5. Construction of an initial guess

Most iterative numerical algorithms need as an input a point where the iteration starts.
This is what we call an initial guess. In many cases the choice of an initial guess strongly
influences the behavior of the iteration, but a detailed analysis of this dependence often is
quite difficult.

A common strategy is to choose the initial guess randomly. For our problem at hand,
namely computing an eigenvector associated with the minimal eigenvalue of a Hamilton
operator Hy, € ququ, and the algorithms we employ, this random choice of the initial
guess is in principle possible but there might be better ways.

In the present chapter we discuss possibilities to improve the performance of an iterative
eigensolver by a more sophisticated choice of an initial guess. As investigated in Chapter
6, this improvement in many cases results in a reduced number of iteration steps necessary
until convergence. We can assume that this necessary number of iteration steps gets smaller
if the initial guess is in some sense “closer” to the exact solution. So, the number of iteration
steps may be significantly reduced if the initial guess is already an approximation of the
sought eigenvector instead of some random vector. We will restrict ourselves to the cases
q = 2 and ¢ = 3 and generally assume that the minimal eigenvalue is simple.

The Hamilton operator Hy , of the XYZ respectively the Potts model with given coupling
parameters is defined for each d € N in an analogous way as only the number of summands
and their respective number of contained Kronecker factors varies. Despite the crucial fact
that Hg, is not just a Kronecker product of Hy , and Hyr 4 for d' + d’ = d, Hy, is
composed of the constituents of Hy , and Hy , plus some portion that links together the
two corresponding subsystems of particles.

In the context of multigrid methods, see [Hac85], one encounters the situation of several
resolutions of a problem on several nested discretizing grids, from the finest to the coarsest
grid, which are related by restriction and prolongation operators. Typically, the solution
is more expensive for a larger, here finer, problem than for a smaller, here coarser, one.
Hence, an inherent idea of multigrid methods is to solve the coarsest problem up to an
arbitrary accuracy at low cost, then to prolongate this solution to a finer grid respectively
larger problem size, and to continue the computation for this finer problem based on the
prolongated solution of the coarser/smaller problem.

In our opinion, there is a certain analogy to the characteristics of the problem we are
concerned with in this thesis. Therefore, in order to construct a suitable starting point of
an iteration, we opt for translating the general strategy of prolongating information from
the small to the large also to our problem of computing an eigenvector associated with the
minimal eigenvalue of Hy 4.

For small d, say for a one-digit d, we are able to compute the eigenvectors up to an arbitrary
accuracy in a negligible amount of time. The central idea now is to use information about
the eigenvectors for small d and especially the relation between eigenvectors for different
small values of d to construct some approximation for larger values of d where each iteration
step becomes costly, and any reduction of iteration steps would be helpful and demanded.

In Section 5.1 we detail this idea in the situation when the Hamilton operator as well
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5. Construction of an initial guess

as its eigenvectors are given in full matrix/vector format. We consider coupling parameters
A # B if the Hamilton operator represents an XYZ model which differs from the case A = B
in terms of the sparsity patterns of the eigenvectors, cf. Section 2.1. In order to be able to
apply our strategy also when computations are only feasible in a low-rank tensor format, we
describe in Section 5.2 the construction of an initial guess in HT format based on a linear
dimension tree, which we call for short linear HT format. The transition from linear to
balanced HT format, i.e. with a balanced dimension tree, respectively to TT format is the
subject of Section 5.3 respectively 5.4. For the structurally different situation of coupling
parameters A = B in the XYZ model, we discuss an alternative strategy in Section 5.5.

5.1. Full vector format

Although the proposed construction of an initial guess is in principle the same for the 2-
XYZ, the 3-XYZ, and the 3-Potts model, there are some peculiarities concerning its feasibility
arising from the different sparsity patterns of the eigenvectors for the three mentioned types
of Hamilton operators. Therefore, we spread the discussion of the respective cases over
Subsections 5.1.1 to 5.1.3.

Since it might be more intuitive in the present context where we only deal with vectors
and matrices and not with higher-dimensional tensors, we introduce for a vector v € R™"
the notation

mat,wn (V) := reshy,xn(v) € R™*"”

and refer to it as a matricization, not to be confused with the same term defined in Section
3.1 which was intended to have tensors in its domain.

5.1.1. 2-XYZ model, A # B

We consider first the ¢-XYZ model (2.1) in the case ¢ = 2 and write Hy := Higz. The
parameters A, B, A, h are fixed for all d. Let us assume from now on that we are in the case
A # B, so Corollary 2.10 states that the eigenvectors associated with simple eigenvalues for
d = 2 either have a maximal nonzero pattern

T T
(* 00 *) €&y or (0 *x 0) eggéd,
and for d = 3 either
T even T odd
(00 « 0« +0) €&¥® or (0« + 0 % 00 x e&

Let (v§2))1§i§22 =v¥ cRr? resp. (v§3))1§i§23 = v® ¢ R? be a normalized eigenvector

min min
associated with the minimal eigenvalue )\gi)n of Hs resp. )\Sl’i)n of Hs. We assume for a moment
that vr(ii)n € &5%" and vr(ji)n € £5%". The description is similar in the “odd” or in the mixed
case. We construct a matrix M € R®*4 such that
2 _ 0B
Mvmin = Vmin-

One could just define M := v (v(2) )T but it turns out that for our purposes, it is better

min\ Y min
to make the ansatz

M=I,®N
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5.1. Full vector format

with some N € R**2. This particular ansatz is possible due to the sparsity pattern of the
(2)

eigenvectors, as the first column of N may be constructed to map the first entry v;

(3)

to the upper half (vg ), . ,v(?’)) of v/, while the second column of N maps the last entry
vf) of Vgi)n to the lower half (vég), . ,vég)) of me)n This means
v§3) ( ) 1
3) ( ) 2 @\~ 1
) v - Vs _ () (2)
N = vé?’) ( ) <v§2) vf)) = matyx2(Viin) (ma‘tQXQ(vmin)) : (5.1)
e (3)
4

(2)

min’

Lemma C.1(i) and 1);2) =0= v:(f). In case that the eigenspace of A

), is invertible since v (2) #0# v by
(2) odd

The reshaped eigenvector v namely matgxg(vgi)n

min 18 contained in E95°,

then by Lemma C.1(ii) there may also be chosen an eigenvector vgi)n such that matgxg(vgi)n)
is invertible.

(2) is related to v(3) This information is

The matrix M contains information on how v, ;| nin-

now used to construct a vector v(9 € R2" which corresponds to d = 4. We map the two

blocks
# 0
(8) wa (3)
* 0
of Vgi)n by M and then compose the two resulting vectors of length 8 into one vector v(4) e
R16. In other words,

v = (1 o MV

()

and we call this a prolongation of the eigenvector v,/ . This may be interpreted as treating

the two blocks of Vﬁm)n as ground states in d = 2 and applying on them the particular rule

expressed by M that maps a ground state in d = 2 to a ground state in d = 3.

Omitting the assumption Vgl)n € &%" and vfgl)n

€ &5%5", the sparsity structure of the

vector v(*) in the general case depends on that of me)n and me)n

A=1,B=A =0, h =1 which corresponds to the Ising model, we have that vi3 e &ggn

( )

min

If we take for example
EOdd Then, due to the resulting sparsity pattern of

and v

—1
N = mat4xg(v$i)n) (matQXQ(Vgi)n))

0 —0.1229 » 0 0.1239
~0.1229 0 01222 0 _|-10061 0
0.0298 0 0 —0.9925) T 02439 0 |7
0 0.9843 0 —0.9918

we obtain v(%) e Ef5" in agreement with the exact eigenvector V( ) . We come back to this
issue in Theorem 5.3.

In the same way interesting is the quality of the prolongated vector v(4) in the sense that
) After normalizing (it is |[v(* || ~ 1.000039) we get

it approximates v i .

~2.0-1073.

mln

[ /1199 -
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5. Construction of an initial guess

Considering instead the Rayleigh quotient (it is AW —2.0942) we even obtain

min

SONTET S
GO HED 0 71106
(v Tv(®) min
The matrix M may now be used to create approximations to the “minimal” eigenvector also
for larger values of d. With the help of M, we just prolongate the approximation v(* to
a vector v € R32 which corresponds to d = 5. Again, the idea is to map the (now four)
blocks of length four of ¥(*) by M and to compose the resulting vectors of length eight into
one vector v(®) € R32. That means

) = (Ie @ M)¥W = (I © M)(I, @ M)v'®)

min*

After normalizing (it is ||v(®)|| ~ 1.000080) we get

9O /IR = VL[| ~ 3.5 1072,

min

Considering instead the Rayleigh quotient (it is AB) —2.6260) we obtain

min

(\7(5))TH5\~,(5) 5 .
W—Ammwzo-m :

In principle, this prolongation strategy may be used to construct approximations v(@) of

eigenvectors Vgi)n for arbitrary d via

d—3
v = (H Iy @ M)) Vi

i=1

but in practice d is limited by the available memory. The matrices I,; ® M do not have to be
stored explicitly, but even this cannot avoid the exponential growth in d of v(@ . Nevertheless,
still considering as an example A =1, B=A =0, h = 1, we get for d = 16 as the absolute

error in the Rayleigh quotient (with )\( 0 ~ —8.4755)

min

(6(16))—'—1‘116%(16) (16) _ 4
GOy TR~ Amin 18107 (5.2)

For d = 22 resp. d = 23 which is actually the largest even resp. odd d tractable for us when
storing Hy as a sparse matrix, we obtain (with A%~ 1., 6661, A~ 12, 1979)

(6(22))TH22;,(22) ) »
FED)Ty@) Pmin 27010 (5.3)
respectively
(¥239) TH,3v(29) ) )
FETy@) | wmin ¥ 28 107 (5.4)

This is quite remarkable since we constructed v(9) with this high approximation quality for
d =22 or d = 23 only with knowledge that we extracted from the cases d =2 and d = 3.
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5.1. Full vector format

For the difference between the smallest and the second smallest eigenvalue it holds

0.5150, d =16
AD D~ 205085, d=22,
0.5078, d =23

which as an example for d € {16,22,23} implies that

() (v(d))THdv(d) (@)

Amin < TSy Ty@ <M

min
So, when starting an iteration where descent in the Rayleigh quotient in each step is guar-
anteed with v(9 as initial guess, there is no danger that the iteration gets stuck in a local
minimum larger than the smallest eigenvalue, at least in the current example case.

(d)

Remark 5.1. In each scenario considered in this thesis, the minimal eigenvalue A is nega-
tive with absolute value roughly around d, cf. Proposition 2.11(iv)-(v) and Proposition 2.19
for the special cases as well as the concrete values and the figures in the present section.

Indeed, A@

i 18 scaled by the dominant value of A, B, A, h, but this value is around 1 in our

tests. Hence ijﬁn
the corresponding absolute error are quite similar when considering them logarithmically in
a usual range between 1 and the machine epsilon. Therefore we document in the sequel only
absolute errors, especially in Chapter 6 about the various numerical tests.

The described prolongation strategy may also be built up of vfgilrz and Vfgfn) for di < da

larger than 2 or 3 when information about both of them is still easily available. In case
(d1,ds) = (2,4), the matrix M = I, ® N € R16*4 with

—v®

= Vnin

] is approximately of order 10!, so a relative error with respect to A9 and

min

Mv @

min

is defined by, with example values for A=1, B=A =0, h=1,

-1
N := matgxg(vr(ﬁi)n) (matgxg(vr(ii)n)) (5.5)
0.0155 0 0.1265 0
0 —0.1238 0 0.1247
0 0.0304 . 0 —0.0307
| —0.1220 0 0.1222 0 | —0.9985 0
- 0 —0.1220 0 -09925) 0 0.1229
0.0304 0 0.2490 0
—0.0091 0 —0.0746 0
0 0.9761 0 —0.9835
So we may construct approximations V(4 of eigenvectors Vfgi)n for arbitrary even d via
d—4
2
v = H (Ip2: ® M) Vr(ﬁi)n
i=1

as d is increased by 2 in each prolongation step. Determining v(30) and ¥v(22) this way, we
obtain
(\~7(16))TH16\~7(16) )\(16)

~ . -5
(v(16)) T5(16) min ~ 8.3 10

(5.6)
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5. Construction of an initial guess

and

(v#2) THgpv®) 3(22)
(\7(22) )T;,(22) min

~1.3-107%, (5.7)

which is a bit smaller than the respective Rayleigh quotient errors (5.2) and (5.3) resulting
from (di,d2) = (2,3). Still with d; = 2, for arbitrary dy the definition (5.5) of N reads

d 2) \\ !
N 1= matys 1,5 (Vi) (mats.a(vin,))
and successive prolongation steps ¢ = 1,2,3, ... governed by the application of

12(d2—2)i ® (IQ ® N) (5.8)

increase d in each step by do — 2.
For both dy > d; arbitrary with d; even which is necessary to obtain a quadratic invertible

matricization matya, /2, 94 /g(vr(flliln), we generalize the definition of N via
N = Mty o,/ 2 (Vi) (Mt o, 2V ) (5.9)
and set
M =15, ®N (5.10)
which yields
My = vi®), (5.11)

Provided d — ds is divisible by do — dq, we may then construct a prolongated vector

(d—dz2)/(d2—d1) 4
I (oweay @M) | v (5.12)

=1

v =

and we notice that the prolongation technique (5.12) is not restricted to even d; once a
matrix M satisfying (5.11) is given.

If we choose di = 3 we have to adjust the definition of M slightly as d; is odd and a
3)

quadratic matricization of v is not possible. In order that

My, = Vinid:
the idea is not to impose M = I,; ® N for some j but instead to split the problem in two
subproblems resembling the case di = 2. Therefore we make the ansatz to map the upper
resp. lower half part of vg'i)n to the upper resp. lower half part of vggiz. Hence, exploiting
that the sparsity patterns also occur in the subproblems and assuming invertibility of the

relevant matricizations, we set

I, o NO 0
M:( 0 I &N | (5.13a)

—1
NG = mat 2,05 (Vi) 102-1) (mataea(Vig)1a)) (5.13b)
-1
N = mat2d2*2x2((Vfgfrz)zdrlﬂadﬁ (mat2x2((vgi)n)5:8)) : (5.13¢)
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5.1. Full vector format

We may then construct v(49) via (5.12) setting d; = 3, provided d — ds is divisible by dy — 3.
In the test case A =1, B=A =0, h =1 with dy = 4 this yields

(v(16)) TH, 53(16) e 5
(VI Tv(16) Amin ~ 8.1-107
and
(V) TH,,v(22) ) »
FEy Ty Amin & 12107

which is again a bit smaller than the respective Rayleigh quotient errors (5.6) and (5.7)
resulting from d; = 2, ds = 4. Also

(‘~,(23))TH23‘~,(23) (23) N 3
GO A ¥ 13 104 (5.14)

in turn is smaller than (5.4).
If dy = 4 is even we may apply (5.9)-(5.12) and with do = 5 we obtain

(\7(23))TH23\~/(23) (23) .
e~ Awin 31107 (5.15)

Instead we could use the idea from the case d; = 3 and split the vectors Vfﬁl)n and meg
contrast to dy = 3 we split both vectors in four parts of equal size since now d; — 2 is even.

Hence

In

I, ® NO 0 0 0
M 0 I, ® N(D 0 0
' 0 0 I, @ NUD 0 ’
0 0 0 I, ® NIV)

-1
N = matys, 5, m 1:242-2) (mat2x2(("$i)n)1:4)) g

(Vi)

N .= matyd, -39 (( m1n)2d2*2+1:2d2*1) (mat?w((vfﬁi)nk'ég))_l ’

NI . matod, 3.4 (( m13)2d2*1+1:2d2*1+2d2*2) (mat2X2 mln Jo:12 )
(Vi

4 ~1
NV = mabydy -39 n)2d2_1+2d2_2+1:2d2) (mat2x2(( Sm)n)13-16)) :

With this M and v(9) defined by (5.12) for dy = 5, we obtain

(\7(23))TH23\~/(23) (23) _ »
GO TeE A2~ 221074 (5.16)

In fact this error in the Rayleigh quotient is larger than (5.15), so it appears advantageous
to construct the matrix M governing the prolongation by regarding the exact eigenvectors
as a whole rather than to utilize relations between the corresponding blocks of a splitted
vector. Additionally we note that (5.16) is larger than

(VENTHHv) (93 _
CERED B o 79.1070
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5. Construction of an initial guess

100 F e R e abs. RQ error, d=8
r — — —abs. RQ error, d=16

abs. RQ error, d=22

fffff -lambdamin8

— — —-lambdamin16

-lambdamin22

10°

10.1(_) 1 1 1 1 1 1 1 1 1

Figure 5.1.: Approximation quality of prolongated vector for 2-Ising model with varying
h € [~5,—0.01] U [0.01, 5], value of —\\%)

min*

if v(3) is constructed based on (di,ds) = (3,5) using (5.13) and (5.12), and even slightly
larger than (5.14) obtained from (di,d2) = (3,4).

So far, to demonstrate the quality of the prolongation technique, we considered as an
example the quantum Ising model (A = 1, B = A = 0) with h = 1. In Figure 5.1 the
absolute error in the Rayleigh quotient

(F D) TH () @
(¥(d) T3(d) min

is depicted for d € {8,16,22} and h € [—5,—0.01] U [0.01,5]. We see that this error gets
(d)

min

with changed
(d)

min

small when h is close to 0. Additionally we plot the respective value of A
sign in order to match the logarithmic axis. As stated in Remark 5.1, the size of [A,; | is
around 10%. If h = 0, the minimal eigenvalue of Hy is )\Egi)n = —%(d — 1) by Proposition

2.11(iv) and has multiplicity 2. The eigenspace is spanned by the two vectors

() (o () (o) ()
(o) () () () )

where each Kronecker product has d factors. The matrices matgxg(V(Q)

@)
min,l) and mat2x2(vmin,2)
are singular, but for example

mat2x2(ani)n,1 + vfni)n,2) = (0 _2) :

Therefore we may set

1 0

0 1

(4) (4) @) @ ) iy

N := matsx2(Vipin 1 + Vinin2) (mat2><2(vmin,1 + Vmin,Q)) = 01
-1 0

0 -1
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5.1. Full vector format

d 2 1 6 8 10 12 14

cond (V7)) 8149103 2.1-10% [ 5.7-10" | ~ 107 | ~ 10'7 | ~ 108
rank (Vi) 1076) | 2 4 6 6 6 6 6
rank (Vi3 10712) | 2 4 8 13 17 20 20
rank (V)5 10719) | 2 4 8 16 22 27 30

Table 5.1.: Condition number and e-rank of the matricized “minimal” eigenvector
v math/gwd/g(vfgi)n) forA=h=1 B=A=0.

min

By this choice of N, and setting M := I ® N, we obtain

d—4
2
4 4 d d
H (IQQi ® M) (vfni)n,l + vgni)n,2) = vfni)n,l + Vﬁni)n,27
i=1

so the prolongation strategy yields an exact eigenvector for problem size d if h = 0.

One may ask whether the quality of the approximation obtained via the prolongation

might be improved further if one constructs M based on exact eigenvectors vfgilg and vfjfn) ,

where d; and dy are getting still larger than considered so far. Concentrating on the case
ds = di + 2 and even dq, the construction of N and M might be carried out analogously to
(5.5) via

dy)

di+2 -1
s )) (mat2d1/2x2d1/2(vfnin)) ;o M:=1Iy,,2 @N.

N = maty(d, +4)/2 y9d; /2 (Vmin (5.17)
In fact, math/QXQd/z(vI(i)n) quickly gets ill-conditioned for growing d, see Table 5.1, noticing
values in the order of or larger than the reciprocal of the machine precision have to be

regarded as approximative. Moreover, the value of the e-rank
rank (matgd/gwd/g(vfgi)n); 5) = max {1 <j< 21/2 . oj > 5},

a/

where {0} }? * are the singular values of math/QXQd/Q(V(d) is for several of the considered

(d)

d and € only a portion of 2¢/2, so we encounter some form of low-rank property of Vinin-
In view of the existence of very small singular values, we propose to replace the inverse

(d1)

of the matricization of v,/
USW ' = matyi, /2,9, /2 (V(dl)

min

= min)’

To be precise, let
) be an SVD and let j. := rank (matZdl/QXle/Q (V(dl)); a) for

in (5.17) by a truncated pseudoinverse.

min

a given € > 0. Then the truncated pseudoinverse with respect to a tolerance ¢ is given by

d

pinv (mathl/QXle/z (meln)) ; 5) =W, 1. (U:,1:jg)T . (5.18)

—1
st

It is pinv(A; 0) = AT with the usual pseudoinverse A" of some A € R"™*" see [GVL13,
Sect. 5.5.2]. So, if we test what effect it has on the approximation property of the prolongated
vectors when the prolongation is based on (dy,d2), do = di + 2, d1 € {2,4,6,8,10,12, 14},
we set

(d1+2)

N := maty(d, +4)/2 9d; /2 (Vmin for dy € {2, 4,6, 8}

) (mat2d1/2 x2d1/2 (Vfgllrz)) )
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5. Construction of an initial guess

and

. d142 . di)y. 1,—6
N := maty(a, +4)/2,9d1 /2 (vr(nin )) - pinv (mat2d1/2X2d1/2 (men) ; 10 )

for di € {6,8,10,12,14}. In the cases d; € {6,8}, where the matricized eigenvector is
actually invertible, both scenarios using inverse and truncated pseudoinverse are tested in
order to check whether rank (mat2d1/2><2d1/2 (Vglln)) : 10—6) < 241/2 has some influence. Figure

5.2 depicts the values of

(v(d))TH d{,(d) (d)

W min*

We observe that in each of the two different situations distinguished by the construction of
N via classical or pseudoinverse, the larger the “starting point” of the prolongation gets, the
more exact the approximation property measured in the Rayleigh quotient becomes. For
di; = 6, the solid and the dashed yellow line are identical. However, when the pseudoinverse
is employed for dy € {8,10,12,14}, the resulting absolute error in the Rayleigh quotient is
larger than for d; = 8 with classical inverse, but still in a satisfactory range.

Ising (A=h=1, B=Delta=0), q=2

100

), inv
), inv
)i

,inv
), pinv

)

2,4
4,6
6,8
6,8
8

12,14), pinv
14,16), pinv

abs. error in RQ
~ \

10-15 1 1 1 1 1 1 1
6 8 10 12 14 16 18 20 22

Figure 5.2.: Approximation quality of prolongated vector for 2-Ising model with varying
(d1,d2) and classical inverse or truncated pseudoinverse.

5.1.2. 3-XYZ model, A # B

Next we consider the ¢-XYZ model (2.1) for ¢ = 3 and write in this subsection Hy := Hiﬁgz.
Due to Corollary 2.10 and assuming like in the previous subsection A # B, the eigenvector

()

v,.i, has a maximal nonzero pattern

-
either (* 0 0 x 0 % 0 *) €& (5.19a)

-
or (0 x 0 %« 0 % 0 = 0) 655%(1. (5.19b)
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5.1. Full vector format

For mats 3(v(2) ) to be regular it is necessary that vr(ii)n belongs to the first case since

min

S *x O
* O *
O *x O

Hlat3x3<(0 * 0 % 0 % 0 =x O)T):

for sure is singular.

For this condition to be sufficient we need further information about the different entries
of vgi)n. Define P(13579) € R?%5 as the matrix having a one in the entries (1,1), (3,2),
(5,3), (7,4), (9,5) and zeros elsewhere. Let further

1,3,5,7,9
H =P g570HoPs570) € RTP (5.20)
be the projection of Hs onto its rows and columns 1,3,5,7,9. Let analogously H§2’4’6’8) €

R**4 be the projection of Hy onto its rows and columns 2,4,6,8. We have to show that
1,3,5,7,9 2,4,6,8
)\min(Hg )) < )\min(Hg ))

in order to conclude that v2) has the sparsity (5.19a). At least in the case A # 0 # h,

min

B = A =0, we are able to do that. By Lemma C.2 it is

A2 | A%

Al(H;L?nS,?,Q)) _ _ 5 +2h2 + T + 4h4, (5.21a)
A2 A

Ao(HG Ty = —\[ 2o 2h2 — [T 4 dnt, (5.21b)

As(HH0) =0, (5.21c)

A2 Al

A(HSAPTY) = 4 2k =T A, (5.21d)
A2 At

As(BLG 2 T) = 4\ T 202 4 [ T 44, (5.21e)

A2 Al

A (HSPPEE) = TR AR, (5.22a)
A2 A

Ao (HEO8)) = TR [ AR, (5.22b)
A2 | A4

As(HPO8)) = 4 TR AR (5.22¢)
A2 | A4

A (HPO)) = 4 T TR AR (5.22d)
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5. Construction of an initial guess

We have ATQ +h%— \/%4 + A%h? > 0 since )\2(H§2’4’6’8)) € R, as H§2 468) i3 symmetric. This
yields

A? A A? A4
(Al(Hgl,3,5,7,9)))2 _ ()\1 (H52747678))) 2 + 2h2 I + 4h4 7 _ h2 o I + A2h2
A? A4 A? Al
= — 4+ 4h4 h% — | = + A2p2
o\ A .

Since A (HS**79) < 0 and Ay (HE*%Y) < 0, we obtain A (H** ") < A @HE). So
Vgi)n:(* 0 « 0 = 0 % O *)T
As stated in Lemma C.3,
V:<w10w20w30w40w5)—r:<ﬁ0%010%0ﬁ)j—
is an eigenvector especially associated with A = A\pin(Hgo) = Al(Hgl’3’5’7’9)) # 0. This implies

w1 0 w2

det (matgxg(vfﬁi)n)) =det | 0 w3y 0 | =ws(wiws—wd)
w2 0 Ws
oA L O S (L o B LN
©16h% —4X2 4)2 4(4h% — N2)\2 ~(4h2 — N2)\2

and hence the invertibility of matgys(v fli)n)

To investigate the sparsity pattern of v( ) for arbitrary A # B, A, h, we choose the

four parameters randomly and check whether Vgi)n € &5 or me)n € EOdd. We repeat this

fm)n € Sg%d, noticing that this
value might differ slightly when the test is carried out once again. Each time if me)n € Sg,%d,
there is a marker in the 100 x 100 array traversed row-wise on the left of Figure 5.3. The

right plot depicts cond (Hlat3><3( I(m)n)) for the 8951 fold occurence of v\2) € &5, where

min

procedure 10,000 times, and 1049 times thereof we obtain v

the single condition numbers are sorted for better readability. It is

1981 102
192 , @) 10
16 times that cond (ma‘cgX 3(Vmin)) > 106
1 108

Also in the case ¢ = 3 it is possible to construct an approximation ¥(#) of the eigenvector
fm)n associated with the minimal eigenvalue )\fgi)n
between vfin) and vr(nm) for small do > dy. The strategy is analogous to the situation ¢ = 2

but one has to take into account that now all the sizes of the involved objects are related to

based on information about the relation
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5.1. Full vector format

1014 . . . .
Ors .'.."';.: RS 12 [ 4
':. e 0 ;. .:o';o- ‘% o "kﬁ’.‘..'c nl. 10
AN X o : LIRS LI,
L o 0, P O ® L% ° 0% %
20 ..:."-:.-{..‘.:.'"': <. .:.':-..' ‘}'q. -_:‘: ‘ 1010 E :
o T ettage S i SRR
‘0 0T :.o..'.' ee o ° « ..' oo ° o e u =
° ° e e %o 0 e
R A T - A [ ST |
° 00 % @ o o oo O .
S b ":o o"..'.:.‘.o'.o oo A §
® o0 % o o o0 & » o.:'n oM =
.f'{ .... c..'. .o :' N . :%:.. :.:...%. .’.i.... : ‘a 6
60 --t'.'s.".:".'-"".f.:'u::'"i sy ¢ %] E 10°¢ 3
oo ° .}"'". :... :oo.. ° .. ¢ .-.... - :. .. ‘ -g
a.-.' ORI AR, ST L S I 8
80 r :.~ '.': :.o :o". ®e ...c :. ‘oo .: °. .‘ 104 3 3
K -.. .o :.c:.: o .: PRI A, ::..? c..
"o'.: .oo‘.o:. ‘..’o' E..”c v o’ ©
‘.'.:'.. 005\ - "o o.;.'-.o o.= ..i:."t. o ® y 102 - -
100 £ ° we, oo ° o ©® e%% ° % ° °d
0 20 40 60 80 100
nz = 1049 100

0 2000 4000 6000 8000 10000
test run

Figure 5.3.: Sparsity pattern of vgi)n for 3-XYZ model with 10,000 times randomly chosen
A# B, A, h.

Left: blue marker if v(2)

min € Eé’%d, no marker if vr(n2i)][1 €&
Right: Condition number of matsys v® Y in case v\¥ € £ (sorted in as-
g min min 2,3

cending order).

a power of 3 instead of 2. Concentrating on the case di = 2 and assuming that vr(n2i)][1 € &yt

is such that matgxg(vr(ii)n) is invertible, we set
-1
N := mat3d2_1X3(vI(nd§3) (matgxg(vgi)n)> (5.23)
as well as
M:=I;®N (5.24)

in order that

My® (@)

min min *

The prolongation to d, where d — dy is divisible by ds — 2, may be performed like in (5.8) via

(d—d2)/(d2—-2) p
@ = [ (o oM) | v\ (5.25)
=1

In Figure 5.4 the approximation quality of ¥(9) is visualized with do =4 in case A =1, B =

A = 0, the analog to the Ising model. For h € [-5,—0.01] U [0.01, 5], the value of —)\fgi)n as
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5. Construction of an initial guess

well as the absolute error concerning the Rayleigh quotient

(v(d))THdv(d) (d)
W — Anin (5.26)

is depicted for d = 10 and d = 14 which is actually the largest d tractable exactly (compare
314 = 4,782,969 with 2?2 = 4,194,304). This error gets small when h is close to 0, an
observation we already made for the Ising model with ¢ = 2, cf. Figure 5.1.

Ising (A=1, B=Delta=0), q=3, (d1,d2)=(2,4)

100 - .

10°°

10-10 L — — —abs. RQ error, d=10 -
- abs. RQ error, d=14 1
— — — -lambdamin10
I -lambdamini4
10 -15 | | | | | | | | |
-5 -4 -3 -2 -1 0 1 2 3 4 5
h

Figure 5.4.: Approximation quality of prolongated vector for 3-Ising model with varying
h € [-5,—0.01] U [0.01, 5], value of A

min*

If Vgi)n € Eg%d, the construction (5.23) of N is not directly possible since matgxg(vgi)n) is
not invertible. We might employ instead the pseudoinverse -1, hence
d 2) \\ T
N := mat3d2_1x3(vini2n)) (matgxg(vfni)n)) . (5.27)

As an alternative, we observe that each time vfﬁi)n € Eé’%d, then Vg2) € &5%", where Vg2)
denotes an eigenvector associated with the second smallest eigenvalue, so in this situation
we might utilize ng) to set up N. We have to decide whether N should be constructed in

order that M = I3 ® N maps v§2) to ngn) or to vgdz), which means
-1 -1
N = mat3d2_1X3(vr(gfn)) (matgxg(vg))) or N:= mat3d2—1x3(vgd2)) (matgxg(vg))) .
(5.28)

(d2) (d2)
2

Furthermore, both choices of N may be employed to prolongate either v, or v
(5.25) to some v(?. In the left part of Figure 5.5 we compare the resulting absolute errors in
the Rayleigh quotient (5.26) with do = 3 and d = 12, where N is set up via the pseudoinverse
(5.27) or via v§2) (5.28). In the latter case, the legend entry (a,b) for a,b € {min, 2} has to
be understood as

via

(12-3)/(3-2)

-1
N := matgz,3(vid)) (matgxg(vg))) , v12 = ( H (Iys-2i ® (I3 ® N))) Vl()3).
i=1
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5.1. Full vector format

We sort the results due to their magnitude in the pseudoinverse case. We randomly choose
100 times parameters A, B, A, h that yield v ¢ 5°dd and keep these parameters fixed for

min
the five scenarios in one repetition. For the rlght part of Figure 5.5 we take 100 randomly

chosen parameter sets that yield Vr(m)n €&, s

min’
=1

(d-3)/(3-2)
-1
N := mat3zx3(vr(§i)n) (matgxg(vr(gi)n)) G ( H (Iys-2i ® (I3 ® N))) v

evaluate (5.26) for d € {8,12}, and plot these absolute errors, sorted due to their magnitude

in case d = 8. Additionally we plot in both pictures the respective current value of )\I(m)n

We observe that in case me)n € 55’ , the definition of N via the pseudoinverse by (5.27)
yields in average a slightly better approximation. Also the size of the error is comparable

with that in case vr(m)n SESE N

3-XYZ, g=1 2, (d1,d2)=(2,3), vmin2 odd 3-X%Z, (d1,d2)=(2,3), vmin2 even
10 T 10 T

_/r"\fl'\‘\/\ AA'\,J‘/\//\\/\ )ﬂ%ﬁ,
g 1000 ﬂ \% i 1g 10°
£ / / <
o , o
= pseudoinv. =
‘D. (min,min) | GJ. 5
8 — — —(min,2) &8 10 d=8
© (2,min) © d=12
22 (! 1 A= -lambdamin8
————— -lambdamini2 —-—-—-lambdamini2
10710 : 10710 :
50 100 0 50 100
test run test run
Figure 5.5.: Left: Approximation quality of prolongated vector constructed via
+ -1
(matgxg(vfﬁi)n)) or (matgxg(vg))) in case me)n € SOdd.

Right: For reference, approximation quality in case Vim)n SRS

5.1.3. 3-Potts model

Now we turn towards the 3-Potts model. As it is relevant for the construction of the pro-
longation operator, we discuss again the 1nvert1b1hty of the matricization of vr(m)n Following
example B.2, the possible shape of v

min

either (*0000*0*0) 652[]
or (0*0*0000*)652”

or (00*0*0*00)652[2].
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5. Construction of an initial guess

We justify that vr(ii)n has the first shape and indeed each * is nonzero. This implies the
invertibility of

* 0 0

matgxg(vr(ﬁi)n) =10 0 =

0 = 0

For this purpose, it is sufficient to consider a via A = 1 “normalized” Hamilton operator
HE 9" of the Potts model from (2.6) which we denote in this subsection by

H; = - df ()@@ + (05) O (1)) — zdj ((2)9 +(923)@) .
i=1 =1

We focus on the case h # 0 since otherwise the minimal eigenvalue of H; and an associated
eigenvector would already be known by Proposition 2.19(ii). Defining Py, i, k;) € R9%3 as
the matrix having a one in the entries (k1,1), (k2,2), (k3,3) and zeros elsewhere, we set

4h 1 1
1,6,8
H ™ = Pl g HoPgg = — | 1 —2h 1|,
1 -}
h 1 1
2,4,9
HY " = Pl g HoPoggy = — 1 b 1 |,
1 1 —2h
A 1 1
3,5,7
1 1 h
Since
100 100
> = o o 1|HZ |0 0 1], (5.29)
010 010

the eigenvalues of Hg2’4’9) and Hg3’5’7) are identical due to [HJ13, Cor. 1.3.4]. For one

component of an eigenvector associated with, say, )\k(Hgl’G’S)), k € {1,2,3}, to be zero, it is
necessary that there exists a principal 2 x 2 submatrix Hgl’G), Hgl’g), or H§6’8), respectively,

of H;1’6’8) (formed by deleting the respectively third, second, or first row and column, cf.

[HJ13, Sect. 0.7.1]) which has an eigenvalue equal to )\k(Hg’G’S)). This can be inferred from
Proposition C.4, see also Corollary C.5.

The characteristic polynomial of H§1’6’8) is
A+ 4h 1 1
X0 = det (M~ HY™®Y) =det | 1 A-2n 1
1 1 A—2h
= X3 — 3(4h% + D)X +2(8h% +1).
For the 2 x 2 submatrices
10\ 10 10\ 10 w1
HY Y =HY = o 1| B o 1|=]0 o B [0 of =- < | _2h>
0 0 00 0 1 0 1
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5.1. Full vector format

and
.
0 0 0 0
HSY .= |1 o mMY |1 of = <_12 " —12h>
01 0 1
of H{"* it holds
AMHEE)) = —h— Von2 +1 =\ EDY),
Mo (HYY) = —h 4 VORZ 1= Ap(HESY),
M(HSY) = 2 — 1,
A (HEY) = 2h 41
It is
(1,6,8) (Al(H(l 6) ) 24+ 2V9n2 1> 4, (5.30a)
0 ,h#0
XS (Mo (HE)) = 2 - 2V0m2 1 {f 0 f 0 (5.30b)
(1,6,8) (Al(H(6 8))) 4, (5.30¢)
(1,6,8) (}\Q(H(678))) = 0. (530d)

Motivated by (5.30d) we calculate

XEDO) = (A= (20 +1)) (A2 + (2h + DA — 2(4h? = 2h + 1))

— (A= (2h+1) (A— (— (’”%)‘3 <h_é>2+§>>
(= (- (o) 23 +3)).

1 1\%2 2 1 1\%2 2
oh—1<2h+1, —(h+=)— h— = Z<—(h+= h—Z= =
< 2h +1, <+2> 3< 6) +9< <+2)+3< 6> +9,

and the eigenvalue interlacing property
Ai(A) < Ai(B) < Aii(A),

where B € C"~1*"~! ig a principal submatrix of a Hermitian matrix A € C"*", cf. [HJ13,
Thm. 4.3.28 & Cor. 1.3.4], we obtain

1\%2 2
Amin (S <h > <h - —) .
( ) = + 5) T9

’ )

Hence we conclude from (5.30) that no eigenvalue of any principal 2 x 2 submatrix of Hgl’ﬁ 8

equals )\min(Hgl’G’S)).
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5. Construction of an initial guess

An analogous argumentation may be carried out for H§2’4’9), and thanks to (5.29), the

results also apply to H;3’5’7). It is

A+ h 1 1
X(2’4’9)()\) — det ()\13 _ H§2’4’9)) — det 1 A+ h 1
1 1 A—2h

=N = 3R+ DN+ 2(=h3 +1)

and for the 2 x 2 submatrices Hg2’4), HgQ’g), Hg479) of H;2’4’9) resp. H;S’E’), H;3’7), H;5’7) of

H>" it holds

MEFY) = —h— 1=\ HP),
Mo (HPY) = —h+ 1= A(HPT),
1
MEE?) = 5 (b= VIR L) = () = 0 (HED) = X (BE)

1
)\Z(Hg279)) = 5 (h + \/m) = )‘Q(Hgl’g)) _ )\Q(Hg&S)) _ )\Q(H;S”?)).

Now
X(2,4,9) (}\1 (H(2’4))) — 4’ (531&)
(249) ()\Q(HgZA))) — 0, (5.31b)
(249) (Al(H§6’8))) — 21 V9R2 +4>4, (5.31c)
0 h+#0
X(274,9) ()\Z(H(&S))) —92_\/9n2+4 {f 0 ’ ) f 0’ (5.31d)

and therefore

X2 = (A= (~h+1)) (A + (=h+ DA = 2(h% + h + 1))

== (-h+1)) (A—% (—(—h+1)—3 (h+%)2+§))
: (A—% (—(—h+1)+3 (h+%)2+§))_

1 1\? 8
)\min(H§27479)) = 5 (_(_h + 1) -3 <h + g) + §) )

So we obtain

and we conclude from (5.31) that no eigenvalue of any principal 2 x 2 submatrix of H§2’4’9)

equals )\min(HgQ’A"g)). Finally we set

K990
X— (2h+ 1)

[ (0o 0 5) [ (e s 0-5))

LB () = = A2 4 (2h + 1)\ — 2(4h® — 2h + 1)
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5.1. Full vector format

and Lemma C.6 verifies

0 ,h#0
Q68 (A (HEA) <Y o . 5.32
R () 07 7 T (5:32)

Since Y18 is a polynomial function of degree two with positive leading coefficient and the
smaller one of its two zeros equals )\min(Hgl’G’S)), (5.32) implies

)\min(HgL&S)) < )\min(HgA’g)) if A 7& 0.

To summarize,

)\min(HZ) == )\min(H§17678))7 V(Q) € 52[?}7

min
and due to the inequality of both eigenvalues of each principal 2 x 2 submatrix of Hgl’ﬁ’g)

(2)

to )\min(HS’&S)), the three potential nonzero elements of v,/

Corollary C.5. This shows the invertibility of

are indeed all nonzero by

(2)

0
matsx3(Vyoi,) = 0
*

S O *
O x O

The construction (5.23)-(5.25) of an initial guess for the 3-XYZ model may be performed
in the same manner for the 3-Potts model. Figure 5.6 presents the absolute error concerning
the Rayleigh quotient

({,(d))Tqu,(d) (@)
(v(d)Ty(@ — “min
in case of the 3-Potts model with A = 1, h € [-5,—-0.01] U [0.01,5] for d € {10,14} and
(d1,d2) = (2,4) and in addition the respective value of —)\gfi)n. As for the 3-XYZ model, cf.
Figure 5.4, the error gets small when h is close to 0.

Potts (A=1), q=3, (d1,d2)=(2,4)

1o°_— ]

— — —abs. RQ error, d=10

107 L abs. RQ error, d=14
— — —-lambdamin10
-lambdamin14
10_10 I 1 1 1 1 1 1 1 1 1
- -4 -3 -2 -1 0 1 2 3 4 5

Figure 5.6.: Approximation quality of prolongated vector for 3-Potts model with varying
h € [-5,—0.01] U [0.01, 5], value of Al

min*

We conclude Section 5.1 with a statement that the described construction of an initial guess
yields a vector that has a sparsity pattern suitable for eigenvectors of the Hamilton operators
considered so far. We formulate this statement in the context of the spaces Ec(lkq), 0<k<
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5. Construction of an initial guess

(¢—1)d, but it is easily translated to Ee"en or EOdd respectively &€ a[l ], 0 <k <g—1. Therefore
we employ for generality in the construction of the matrix M cf. (5.9) and (5.10), the
pseudoinverse which coincides with the classical inverse in case of an invertible matrix. As
a preparation, we show that the sparsity pattern of potential nonzero entries is identical for
the quadratic matricization of an eigenvector and its pseudoinverse.

Lemma 5.2. Ford > 2 even, ¢ > 2, and 0 < k < (q¢—1)d, let vid ¢ Eékq) and let -+ denote
the pseudoinverse. Then

+
vec <<matqd/2><qd/2 (V(d))) ) € EC(lfi])

Proof. Since v(® e 5(2, it is

q—1 q—1
A = matqd/gqu/g(v(d)) = Z Z Aoy ..oy |ad/2+1 cooag){ag ... ad/2|,
a1=0 adZO

where aq, ..o, 7 0 only if a; + ... 4+ ag = k. So, for a column A. ; with 1 < j < qd/2 such
that the sum of digits of the g-ary representation of j — 1 equals k € K := {max{0,k —

(g — 1)d/2},...,min{(¢ — 1)d/2,k}}, it is A, € gc(l];Z “) For an analogously characterized

row A;. it is (A;.)" € 551;2_;), likewise. Hence the sparsity pattern of mat asz, a2 (v(d) is
symmetric with respect to the main diagonal. We notice that the set K contains all possible
sums of d/2 numbers each between 0 and g — 1 that are additionally a subset of d numbers
each between 0 and ¢ — 1 whose sum equals k. Remembering ¢(-,-,-) from (2.3), let

P(H) = (eil ) e qu/2Xt(d/27Q7H)’

Cit(a/2,9,1)

where i1 —1,...,iy(4/2,4,x) — 1 are the t(d/2, ¢, k) numbers between 0 and ¢%¥? —1 which have
a g-ary representation whose sum of digits is k. We define

A(n) — (P(n))TAP(kf/i) c Rt(d/Q,q,li)Xt(d/2,q,k7K/).

For each x € K, there exists a thin SVD, cf. [GVL13, Sect. 2.4.3], A" = U s (W) T
with quadratic £ € R™E)>*m(8) (k) := min{t(d/2,q, k), t(d/2,q,k — k)}, and U") and
W) both have m(k) columns. Due to the sparsity pattern of A, it is

A= Z P n) (k) TAP(k /@)(P(k /@))
reEK

= Z P A ) (pl—r)y T

KEK

= Z p(r () (W T (ple=ry T
reEK

reK
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5.1. Full vector format

Since the spaces Ec(l’;;) and 55/2) are orthogonal for k1 # ko, with M := 3, m(k) and

U= (P(min(K))U(min(K)) p(max(K>>U<max<K>>) € RI*XM
> (min(K))
D . € RMxM
3 (max(K))
W — (Pw—min(m)w(mm(m) P(k—maX(K))W(maX(K))) c RIV*XM

a thin SVD of A is given by A = UXW ', where we notice that the columns of U and
W have to be rearranged so that the diagonal entries of ¥ are sorted in decreasing order.
Thus, for each 1 < ¢ < M, it isw; := U,; € Sc(l';é ") for some k(i) € K and additionally
w;, =W, € 55;2 #0)  Ag by [GVL13, Sect. 5.5.2]
+ LI
A. — Z _qu’l 5
1<i<M: 0;20 71
the result follows. O
Next we show that the prolongation procedure, when set up with vectors satisfying a
specific sparsity pattern, yields a result again with a particular sparsity pattern which in
turn can be determined by the provided formula.

Theorem 5.3. Ford > do > di > 2 and q > 2 with di even and d — ds divisible by dy — d,
let v(d1) ¢ gc(llf,lq) and v(®2) Sc(ll;fq). Let

Jr
M = Iqdl/2 ® Hlatqﬂl2—ffl1/2><qal1/2 (V(dQ)) (matqd1/2><qd1/2 (V(dl))) )

where -+ denotes the pseudoinverse, and let

(d—d2)/(d2—d1)
Vi@ = I @i M) | w2 (5.33)

i=1
with wd2) Ec(l ;). Then ¥4 ¢ 5( ), where

=K+

g k). (5.34)

Proof. By Lemma 5.2, the sparsity patterns of potential nonzero entries of mat gh1/2 % g /2 (V(dl))

Jr
and (matqdl/zqul/Q (v(dl))) are identical. So

(matqdl/z d1/2 ) Z Z aal, 7C¥d1’a1 ad1/2 <Oéd1/2+1 cee Oy,

a1=0 g, =0

where aah,,,,adl #0only if oy +... + g, = k1. Just as well

rna“tqu*dI/2><qdl/2 (2) Z Z B1,.. ,ﬁdQ}ﬁdl/Q-i—l .- 5d2><51 5d1/2|5
p1=0  Bay=0
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5. Construction of an initial guess

where bgl,___75d2 # 0 only if 81 + ...+ B4, = k2. Furthermore

q—1 q—1

Lo = Z Z Mo Va2 (- Va2l

71=0  74;/2=0
q—1

q—1
qu2—d1 = Z Z ’(51 5d27d1><51 5d27d1‘7

61=0 5d2—d1 =0

and

q—1 q—1
W(d2) — Z Z m‘ul’___,#@’pl ,lld2>,

p1=0  pg,=0

where Moy, # 0 only if p1 + ... + pg, = Ko. Hence the result of the first prolongation

step, ¢ = 1 in (5.33), is

vl 'Z-ZZ ZZ D30 3D 3 o 5

=0 ddy—d;=0M=0 74y /2=0p1= Bay=001=0  ag =0p1=0  p4,=0
bﬁl,...,5d2aa1,...,ad1mm,...,udQ 01 v Ody—dy 1 -+ Varj2 Bay 21 -+ By)
(Br .. Bayzloa - gy y2)
(01« Odpdy V1 -+ V)2 Qdyj241 -+ Qg |11 -+ Hdy)-
In order that }51 cov Ody—dy M -+ Vdij2 Bayjee1 - Ba,) contributes to yldatda—d1) ¢ ig

necessary that
(Br - Bayploa oo gy o) =1
and
(01 - Ody—dy M1 --- Ydij2 Cdy J241 -+ - g, [pr - pay) =1,
which is equivalent to
(Brs vy Bayye) = (e, -, gy 2)
and

(517 ey 5d27d17 Y15 - e 7d1/2) (Mh teey /’Ldgfdl/?)a
(ad1/2+1’ RN Oédl) = (MdQ—dl/Z—f—l’ sy :U’dg)‘

We obtain that the sum of the indices for those }61 cor Ody—dy Y1 - Vdy/2 Bay 241 -

which contribute to the result of the first prolongation step equals

01+ oA Odyds F 11+ a2+ By jrrr F -+ Bay
=p+ .t ldy—dyj2 T Bayjer1 + -+ Bay

=1+ ldy—gy 2t R — (B4 + By 2)

=p1+ .ot fdy—g 2 R — (1 + ..+ g, 2)

=p1+ ot fdy—ay 2 k2 — (k1 — (ag, 241 + -+ qy))
=p1F ot fdy—di 2 + Hdy—dy 241+ Hdy + R —
= Ko+ ko — k.
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5.2. Linear HT format

In each subsequent prolongation step i = 2,...,(d—ds)/(d2—d1), there is analogously added
ko — k1 to the sum of digits of the g-ary representation of the contributing indices. O

Remark 5.4. (i) In the case of coupling parameters A # B for the Hamilton operator

(i)

(iii)

5.2.

Hiﬁl{z, the eigenvectors associated with simple eigenvalues are elements of Sj‘flen or Egc}ld,

see Corollary 2.10. With adapted suppositions in the formulation of Lemma 5.2 and
Theorem 5.3, the corresponding proofs may be carried out analogously. To evaluate
the formula in (5.34), one has to apply the calculation rules “even + even = even”,
“odd + odd = even”, “even + odd = odd”.

Concerning the applicability of Lemma 5.2 and Theorem 5.3 to the ¢-Potts model,
where eigenvectors associated with simple eigenvalues of HP(;“S are elements of Ec[lk;,
see Corollary 2.18, we notice that it causes no problems to regard the relevant quantities

describing the sum of digits in the proofs modulo q.

The formula in (5.34) also applies to the situation of odd values of d; where the matrix
M governing the prolongation is set up block-wise, cf. (5.13). In that case, the effective
values of d; and ds are both reduced by 1 and the argumentation may also be carried
out block-wise. With the convention that 5 ( ) for k < 0 contains only the zero vector

in R, we have that if v(®) € E(kl) and V(dQ) € 5(]”) then for 1 < n < ¢ it is

(d1) (k1—m)
(V )(n—l)qdl_l-i-l:nqdl‘l € gdl—l,q

and

(d2) (k2—n)
(V )(n—l)qd2_1+1:nqd ng 1,q°

since the first digit in the g-ary representation of an index (n — 1)¢% ' +1,...,n¢% ",
after a subtraction of 1, equals 1. Thus, as (ko —n) — (k1 — 1) = ko — ki, the relevant
quantity ke — k1 in (5.34) does not change when we consider appropriate blocks in
vectors.

Linear HT format

In Section 5.1 we described the construction of an initial guess in the full matrix/vector
format. Now we transfer this procedure to the HT format. We first focus on the case ¢ = 2

and assume the prolongation to be based on eigenvectors v\ and v\%) for (di,d2) = (2,4).

As

With

min min
in (5.5), set

4 2) \\ 1
N = () 1<i<s, 1<j<2 = Matsx2(Vi,) (mat2x2(vfm)n)) € R

ni1 MNs1
1 0 0 O
. | Mar me1 | . 0010
N = nia mss = reshgyo | reshyy4(IN) 010 0 )
00 01
N2 N2
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5. Construction of an initial guess

consider the SVD
N 7(0) 51(0) O\ T ~(0)  ~(0) U§O) 0 (0) (0) T
N=U"EY (W) = (111 U, ) 0 (0) (w1 Wy ) :

where ﬁgo) € RS, wgo) € R2 i € {1,2}. Setting
ul(-o) := reshyyo (ﬁgo)) ,
it is

0)

N = e @ ul” + 6wl @ ul®. (5.35)

In the same manner we may further decompose ul(-o). With

10 0

o

reshyys | reshoys (ul(-o)) 8 :fj(i)g(i)(w(i))'r
0

O = O
OO =
= o O

for i € {1,2}, and by setting
ug»i) ;= reshoyo ( gl))
for j € {1,2}, we obtain
N — ag )wgo) ® ( (1) (1) ® ug ) (1)
+ aéo) 0) g ( (2) (2) ® u(2) + 0(2)

(0) (1),(2) € R2¥1, 527(2) c R2%2.

) oul)

(5.36)
"o u),

wil
W2
(2
W2

where wy

() (4)

Due to the specific sparsity pattern of N caused by that of v/ and v, ; , we may for the
decomposition (5.36) as well choose
WO _ <1> WO _ (0> | (5:37)
0 1
ny1 N2 Nns1 N52
0 _ ||| n21 n22 © _ ||| ™61 76,2
o1 = y O3 = ’
n3i1 nN32 nr1 Nr2
N4l 42 ng,1  Ng2
(1) ny1r N2 (0) (1) ni1 N2 (0) _(1)
o = g 5 u - g ’
(1) ng1 132 (0) (1) _ [M3,1 732 (0) (1)
g = g 5 u - g ’
N [ s R s P
(2) n51 152 (0) (2) n51 15,2 0) _(2)
oy’ = oy |, uy’ = oy 01"),
1 (n&l n672> /o3 1 <n6 ) n6’2> /(o3 077)
(2) nr1 N72 (0) 2) nr1 N72 0) _(2)
g = g , = a. ag 3
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5.2. Linear HT format

(4) (@) (4) (@)

where w;’ and ws’ respectively u;” and uy’ are also orthonormal for each fixed i € {0,1,2}
respectively ¢ € {1,2}. The corresponding HT representative is given by

NDyN) = [7'7 (Bt)ten (1) (Ut)tel:(T)}

with
{1,2,3}
T = VAN
{1,2} {3}
/N
OB {1} {2}
B{1,2,3}Z<0 a§0)>’
09) 0 0 0
(1) 0
0 o
(Bi1,2)): 0 (2) ;o (Bpugy)i2 Uf) E
0 0 0 o

U{l}:(vec(ul ) Vec(ugl)) vec(uf)) Vec(ugz))),

1 0 1 0
U{Q}:<0 1)’ U{3}:<0 1)

and ¥(-) from (3.2), so in the present case W(N) € R4*2x2,

Concerning the visualization of the prolongation, hence the product of some I ® M with
some vector v, as a contraction of tensors, it is advantageous to draw the leaves of the HT
representative of (M) or W(N) not as matrices as it is inherent in the HT format, but
rather to regard the r; single columns at a leave t = {j} € L(7) as r; matrices of size
m; x nj. This way, there are two dangling legs at each leaf in the tensor network depicting
Ny (), one of which may be joined/contracted with the corresponding dangling leg of an
HT representative of tens(v) for some v to be prolongated. With o and u from (5.37) and
the convention that the slices (By)..1,..., (By)..,, of a transfer tensor for t € N(T) and the
matricized columns of Uy, t € L(T), are stacked or written side by side at a node t € T and
perhaps are surrounded by additional brackets, we obtain the tensor network

0'50) 0
0 aéo)

1

0 (oo \
0 oy 1Y(0
o o o g (5) (1)
0 0 o)

(ugl) ugl) u§2) ug))
| | , (5.38)
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5. Construction of an initial guess

the upwards pointing legs of the leaves visualizing the action of @y, cf. (4.3). In order to
keep the terminology simple, we call a tensor network like (5.38) with two dangling legs at
each leaf node again an HT representative of ¥(N). Now, it follows that for M = I, ® N an
HT representative of ¥(M) is given by

(1)
0 \
ap 0 I,
0 aéo)
ng) 0 0 0 |
(1) 0 0
0 oy 1Y(0
o o MO (5) (1)
0 0 0 o

(ugl) ugl) ug2) ug2))
| | . (5.39)

So, the additional Kronecker factor I, is appended at the top of the representative (5.38) of
U (N).

If, instead of (di,d2) = (2,4), the prolongation is based on (dy,ds) = (2,3) and N € R*x?2
is defined by (5.1), already the decomposition (5.35) yields an HT representation of ¥(M) €
R*>*2*4 M = I, ® N, with smallest possible mode size since wg € R2xL, ug% € R2x2,
Hence, in this case, for ¥(M) we may choose the representative

(1)
-0 0/ \
(b i
-/ N
(WO W) )

” ugo> _ <n1,1 n1,2> /U§0)’

ny1 N2
n21 N22 N1 N22

0 n31 N32 0 n3i1 N32 0
Ué ) _ 3, 3, : u; ) _ [ 73, 3, /Ué )
n41 Nq2 N4l N42

As another example where the HT representation of W(M) is just read off the single entries
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5.2. Linear HT format

of M, we consider the case (di,d2) = (3,4) and, remembering (5.13), write

and obtain as a representative

0
0
)
0 0 a0 L
0 0 oV
| / \
(u? uf i) () (D)
| | , (5.40)

I I I I

o) <n§f)1 ”%}2) ull = (ngl,)l nﬁ}) /oD
ngy ni) ngy n)
I I I I

o _ | (nsh nid o _ (n51 ns2)

P (0 @l Y2 =1 O 1 /o3,
g1 My2 g1 MNy2

a _ [ (n{y ni3 a _ (o D)

o = an  dn |- W =\ dn  dn fo1
No1 MNgo2 Ng1 MNa2

a _[|(n5) 75 a _ (n5) w83\ an

g2 = a @ ||> Y2 = | d) (@) /o3
g1 M42 g1 Mapo

For general (di,ds), the tensorization W(M) € R™™MXXMdaMdy of the matrix M €
R22x2% ith Mvr(fllilrz = vfjfn) may also be represented in HT format according to its block
structure and just using the single entries. Thereby m; = 2 for all 1 < 5 < d, but as
M is not quadratic, the actual value of n; € {1,2} depends on the particular construction
of M. For example in the case di even and M = Ly, 2 @ N, N € R27274/2x20/2 i
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5. Construction of an initial guess

L= ...=Ng /2 =2, Ngyj241 = -+ = Ny j24(ds—d1) = Ls Ndp—dy /241 = - -- = Ng, = 2. In the
most simple case, the underlying dimension tree 7 is such that each transfer tensor including
the root node has at most only one, say always the left, child which is itself a transfer tensor,
the other (right) child being a leaf. This yields the linear tree, see Definition 3.6(ii).

Given the HT representation of W(M), the tensorizations of the matrices (Iy,—ap): ®
M), 1 <i<(d—ds)/(da —dy), cf. (5.12), needed to prolongate to the desired problem size
d, are represented by appending at the top of the tensor tree (dy — dj)i identity matrices I
as leaves and an appropriate number of transfer tensors of size 1 x 1 x 1 with entry 1.

Returning to the example (di,d2) = (2,4), in order to perform the first prolongation
step from ds to da + (d2 — dy) = 4+ 2 = 6 in HT format via an application of (5.39),
we need to represent the tensorization tensy,x..xng (V(4)

)
min
and ny = ng = 1, with the same linear dimension tree 7 like W(M). The perhaps most

obvious way would be to set the root transfer tensor Boot = tens,,..nsxng (VI(IA]‘i)n

where n1 = ngy = ns = ng = 2

), the leaves
Uy = 1,;, and the remaining transfer tensors as appropriately tensorized identity matrices
of suitable size, so to consider

(4)

g tensgx2 (Vi)
© 2>
4 E;» 2
Egl% 2 I
2 )
9 2,1
<2>/ o 2
Esi (1)
2 1\ ‘1
I (1)
2‘ ‘1
(5.41)
where

10 0 O 0 O 0 0

ool |1 o] [oo] |oo

00 0 0 10 0 0

0 O 0 0 0 0 1 0

Ef% := reshyyxoxs(Iz) = c R4X2%8

0 1 0 0 0 0 0 0
00| [o1 00| (oo
00 0 0 01 00
0 0 0 0 0 0 0 1

and

Eg% = resh2X2X4 I4

O =
o O
~_—
VRN
—= o
o O
~_
VR
o O
O =
~_
R
o O
—_ O
~

Egi reshgx 1><2 IQ

|
.
b

O =
~_—
A
\_/
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5.2. Linear HT format

But, since

4
= tenS4x2x2(ani)n) 03 I,

Ef% Bk ten88X2(v(4) = tenS4><2><2(V§41i)n)

min )

as a result reducing T{1,..5} from 8 to 2, we choose for teDSQ><1><1><2><2><2(V(4) the represen-

min)
tative

20

2
E I,
2 2,2
E)) ? o h
2 b
Ej (1)
5 1N 1
I (1)
2| 1 _
(5.42)
Now, the first prolongation step
Py (tens v )
(I,@M) 2x1x1x2x2x2\ Vmin
is realized by connecting the respective dangling legs which yields
@ AN ;
A tensaxax2 (Vi) 2
-
E, I,

L m U E
o) ) I,
2 ; o\ 2
o027 | B )
TR 2
u:2) () (M)
2| 2

(5.43)
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5. Construction of an initial guess

where we abbreviate

(0) 7 o
o0 . (1 (()o) et | 0 ot ?2) 0 7
0 oy 0 0 o’ 0
0 0 0 o
u(1,2)::(ug1) al) u® ug))7

and write the mode sizes at the dangling legs as well as the HT ranks at the connecting legs.
Remembering Subsection 3.3.4 on arithmetical operations with HT tensors, a representative
of (5.43) is given by

" AN .
A tensaxax2 (Vi) 2
R o AN 2
| 2 i
: ©0) o 72 ‘ 2\ I 2
! 4 i ® E2’1 : ‘2
I — \ \ 2
| o1.2) g Ef{ 2 T,
IR 2 7, |
1 2 ;
(5.44)
noticing
0'51) 0 0 0
(1) 0 0 1 0
(1,2) @2 _1 0 oy
7 @By 0 0 0'§2) 0 ® 0 1
0 0 0 o
AR 0 0 0 0 0 0
0 0 AR 0 0 0 0
0 051) 0 0 0 0 0 0
(1) 0 0 0 0
_1 0 0 0 o5 ER 0 0 | € RB*2x4
0 0 0 0 o &
0 0 0 0 0 0 o’ 0
0 0 0 0 0 o 0 0
0 0 0 0 0 0 0 o
and
0
0 w@ (o) 0 1\ (o Ué) 8 0?0) 8
0 1 1 4AX2X2
o/ QEST = ® = eR .
“ ( 0 oé‘”) <0> <1> 0 o] |0 0
0 0 0 ol
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5.2. Linear HT format

Let us investigate in detail the content of the dashed box in (5.44). Since

(5.45)

as well as

and by analogous computations for the coefficients in the other three slices of o(12) @ E;Qi,

we may, setting

—
—
~—

(1) (1) o 0
(@), () )
1)
(1) (1) o 0
(@, 69,7 o))
S(172) pp— (2) 2 c ]:R2><2><47 (547)
<<u§2)) (ugz)) > o 0
01 01 0 0.52)
(2)
©) 2) o 0
(@), 6,7 o))
replace
2
4 o @ Eg
—
o2 g EgQ) 2\ I,
- 2
w12 8 2 "
2| 2

93



5. Construction of an initial guess

in (5.44) by

4 :
— AN
§(1.2) 2y
NN P
L, 2 2L
2 2
and obtain the representative
.
) FaN
4 tenS4><2><2(Vmin) I,
/ \ ‘ 2
oo S
\ ‘ 2
A o) ® Eg?% 2 I
— AN 2
g(1.2) 2y
LN 2
i I} 1o
of

VO = 0y g,0m (tensax 1 x1x2x2x2(Viay)) -
Now we comment on the benefit of this observation. If, for the next prolongation step to
problem size dy + 2(dy — dy) = 8, the representative (5.48) of V() is prepared via

2
/
(4) 2\1
tensaxax2(Vim) ‘2
yd NG 2
4
2/Egg -
2
o0 & ) 2\12
~ RN ‘2
, s02 4 2 T,
NN 9
EY) 271
9 2,1 2
(2)/ AN 2
Es} (1)
AN I
L 2 o
9] 1
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5.2. Linear HT format

in order to be contracted with the representative

of ¥(I14 ® M), yielding

2/ = \
2
4 tensyxax2(Vv él)n) I,
w— 2™

E I

2 2,2 2

N (1)

2/ s:2) 2 I W 1 1\ I ‘ 2
2
E() 2\ I 1 \ 2 |

2,1 2 2

AN (1) I
G U 2
&© . I,
2 PN 2
) 3
o\ P
(6)(9)
2
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5. Construction of an initial guess

which equals

R
2
4 teIlS4><2><Q(V[(§i)n) 12
(4)/ 2\ ‘2
2 E2,2 I
(2)/ AN P
4 U(O)®E2,1 I
,,,,,,,,,,,,,,,,,,,,, ‘ e \ ‘2
| 9 , §(1,2) 2 I,
1 / \ ‘
! I 2
| cOeEY 20y,
- otend “ T
: AN ‘2‘
L a2 8 2 7, |
o] 2 |

(5.49)

then the dashed box in (5.49) has the same content as the box in (5.44), and hence with
(5.45) and (5.46), we may represent

v©® .— Dy (1y55M) (V(©®)

by
2t
) 2\
A tenssxax2(Vinin) I
/ \ ‘2
5 _EY) 2L
— \ ‘2
c® o EY 2
A ,
_— NS [
) 2y,
(2)/ 2\ 9
A o0 @By} I,
_— \ ‘2
g(1.2) 21,
YN 2
I, I,
2| [

Iterating this procedure, a representative of

tensyxa (Tpi—1 @ M)(Ipa—s @ M) - - (I ® M)(I, @ M)v2) )

min

for arbitrary even d is obtained with all leaves Uyyy, ..., Uy equal to Iy and transfer tensors

Br g =l By 1) =tensiaxe(Vin), B o = ng;
2
B, a3 =Bp,..as5=---=Bp, 3= ¥ Eéi, (5.50)

Ba,..a4=Bp. a6 =---=Bpug = S(I’Q),

96



5.2. Linear HT format

so the HT ranks are given by

7"'{1} = ... :T{d} :2,
T{lv"'ad_l} = T{17,,,,d—3} == r{lv---vg} = 27 r{lv---vd_Q} = T{lv"'ad_4} == 7,1‘{172} = 4
The whole described procedure, with suitable modifications, translates to the case ¢ = 3.

We stay at the example (di,d2) = (2,4). It is M = I3 ® N with

—1
N = mat27><3(V(4-) ) (matgxg(V(Q? )) e R?7%3,

min min

If1<j7<3and

= [Nio.ll. 05" = INipas ||, 05" = [Nugarr,|
= HN3(j71)+1:3(j71)+3,:/Ug()) ) u§1) = N3(j71)+1:3(j71)+3,:/(Ug])o’](‘l))7
Uf) = HN3(j+2)+1:3(j+2)+3,:/0'50) ) u§2) = N3(j+2)+1:3(j+2)+3,:/(Uéo)%(?)),
U](?’) = }’N3(j+5)+1;3(j+5)+3,:/‘7:(3.0)} ; u§3) = N3(j+5)+1;3(j+5)+3,:/(Uéo)%(‘g))7

an HT representative of ¥(Iy ® M) is given by

/ \\3
/ \‘3 ‘3
/ \‘3 \3

3 / ~
9 1 0 0
wt2s o (0) (1) (1)
3 |3
where
A% 0 o
o0 = 0 aéo) 0 ,
0o 0o o
oV 0 0 0 0 0 0 0 0
L (N I S S I O
(1)
o o ol | 0 oo 0 o
o2=10 o 0 0 o) 0 0o o0 o
0O 0 0 0 0 P
3 o 0 0
0O 0 0 0 0 0 R
0 0 0 0 0 0 0 oy 0
0 0 0 0 0 0 0 0 oY
1,2,3) . 1 1 1 2 2 2 3 3 3
ul )__(up 0w @ u@ W@ u® WP ug))
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5. Construction of an initial guess

In order to realize the first prolongation step from ds =4 to dg + (d2 — dy) = 6 via

V(G) = Q\IJ(I{)@M) (teH83><1><1><3><3><3(Vg41i)n))’

the representative of teD83><1><1><3><3><3(Vr(§i)n) reads
3/ s \
3
o= 3 3
E I3
3 3,3
; _E) I,
3) / 1\ 3

E3 (1)

AN 1
3
3 1

where Eg?% := reshgxsx9(Ig) and Eg’{ := reshsx1x3(I3). Analogously to the discussion of the

content of the dashed box in (5.44) by means of (5.45)-(5.48), we observe exemplarily that
for the first of the 9 slices of (123 @ Eg’i € R273x9 it is

AV 0 o
0 0 0
0 0 0
0o oY o0
0 0 0
(29 eE®) —[o o o
0o 0 o
0 0 0
0 0 0
0 0 0
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5.2. Linear HT format

and we compute

SO —H oo+ OO —H

® ® @

— O O S —H O O O~
N~~~

— — —

™ ) ™

>\) — g
=) =] =]

e — J—— ~— ~— ~—

— ~—~
- i’ N A ~N ~ . = =
— SO —=H oo —H OO < — —»
\_U3 N~~~ © S
(u — — — IT l_l |T
2]

® = — — O =4O o O O - O

o o~ ~— N~ N~ & X X

S ST oHOo OO 1 — _

~  —  ~ ~—_ T 1 1

+ o~ ~ [

— ﬂ — — - ~ ~
— S \)2 \)2 ﬂxu.l Za Zm
N o SN S z 2 £

N . ~— ~— ~— ~— /_HA\Q /_HA\3
® + + + © © ©
e —— T+ + +

S \'“, Y ° ® X X
S = - -
+ S Z T Y
= — OO o0 oo -
— — ~ ~_ ~—— S~~~ —
- — = = =
~— I N~ ~N ~ ~ =~ mn/. moo
— O O S — O S O
X ~——— ~—  ~——__— ~— /M\ (u\
— O O ml mﬁ/. mno ml mnz \_h(/no
~ — S B S S b b
S ! " " ! " "
e}

as well as

Setting
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5. Construction of an initial guess

we obtain that a representative of VO is given by

5N

— NN '3
(9) 3 71
(0) (3) 3\ ‘ 3
g 79 Esi I3
— \ ‘ 3
g(1,2,3) 3 I
e 3
L~ 3 30,
3/ 3
By iterating this way, we arrive at the transfer tensors
4 9
Ba,...gy=13, Bp..a1= tensg w33 (Virn), B, a2 = E§3,,
3
B, .43 =Bp,..as5=---=Bp 3= ¥ Eé%,
Bi,..a-4y=Bp,.. a6 =-.. =B = 5(1’2’3)7
cf. (5.50), and the leaf matrices Uyyy = ... = Uygy = I3, constituting for arbitrary even d

an HT representative of
tensgxa (Tga—1 @ M)(Igas ® M) -+ Iy @ M)(I3 @ M)vi) ).

For other choices of (dy,ds) similar observations may be made. Having once determined
the transfer tensors in a representative of a prolongated V (d2tk(d2=d1)) for large enough k,
a representative of V(d2tn(d2=d1)) fop arbitrary n is obtained by repeating a suitable set of
do — dy consecutive transfer tensors.

Remark 5.5. We refrain from describing the construction procedure of the prolongated initial
guess in HT format with linear dimension tree for other (dy, d2) than (2,4) in detail. Instead
we provide a list with the HT ranks of the respective representatives. We mention those
(dy,dy) and d which are used in the numerical tests of Chapter 6. Due to U; = I, for ¢t €
L(T),itis r1y = ... = ryg = q in each scenario. So we list only r; for t € N(T)\{1,...,d},
supplemented for reasons of symmetry by ), and abbreviate

r@ .= (7“{1}77°{1,2}77"{1,2,3}7 e ,7’{1,...,(172}77”{1,...,d71}) .

In addition, we write down the matrices M governing the prolongation, cf. Section 5.1,
where submatrices of M which are not specified only contain zeros. Especially in case ¢ = 3,

(d1)

invertibility of the matricizations of v ;; or parts thereof might not be given and we refer

to the discussion in Subsection 5.1.2.
(1) q= 2a (dl’dQ) = (2’3):
-1
M=L mat4X2(vI(§i)n) (matgxg(vgi)n)) ,
r19 = (2,2,2,2,2,2,2,2,2,2,2,2,2,2,2),
r?) = (2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2,2).

) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )

100



5.2. Linear HT format

(ii) ¢ =2, (di,d2) = (2,4):

-1
M=L® matgxg(vr(ﬁi)n) (matgxg(vr(ﬁi)n)) ,

r10) = (2,4,2,4,2,4,2,4,2,4,2,4,2,4,2),
r(?2) = (2,4,2,4,2,4,2,4,2,4,2,4,2,4,2,4,2,4,2,4,2).

(iii) q = 2, (dl,dg) = (3,4)2

-1
Migia=L® mat4x2((V$§i)n)1:8) (matzxz((vgn)m)) )

1
My.1658 =2 ® mat4><2((vfﬁi)n)9:16) (mat2x2((vf§i)n)5:8)) ,

r10) = (2,4,8,8,8,8,8,8,8,8,8,8,8,4,2),
r?? = (2,4,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,8,4,2).

(iv) ¢ =2, (di,d2) = (2,9):

-1
M=I® mat256xg(vr(gi)n) (matgxg(vgi)n)) s
r10) = (2,4,8,16,16,8,4,2,4,8,16,16,8,4,2),
r®) = (2,4,8,16,16,8,4,2,4,8,16,16,8,4,2,4,8,16,16,8,4,2).

(v) ¢ =2, (d1,d2) = (8,9):

—1
M=1I® mat32xl6(vgfi)n) (matmx 16(V§§i)n)) )

r(1%) = (2,4,8,16,16, 16,16, 16, 16, 16, 16, 16,8, 4, 2),
r(®® = (2,4,8,16,16,16, 16, 16, 16, 16, 16, 16, 16, 16, 16, 16, 16, 16, 16, 8, 4, 2).

(vi) ¢ =3, (di,d2) = (2,3):

-1
M=I)® mat9><3(vr(l?i)n) (mat?’X?’(Vf(ii)n)) ’
r10 =(3,3,3,3,3,3,3,3,3),
r1Y = (3,3,3,3,3,3,3,3,3,3,3,3,3).

(vil) ¢ =3, (d1,d2) = (2,4):

1
M=1I® mat27X3(vr(§i)n) (matgxg(vgi)n)) ,

ri10 =(3,9,3,9,3,9,3,9,3),
I'(14) = (37973797379737973797 37 97 3)
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5. Construction of an initial guess

(viii) ¢ =3, (d1,d2) = (3,4):

~1
Mio71:9 =13 ® matgxg((Vfﬁi)n)m?) (mat?,x?,((Vgi)n)l:g)) ,

~1
Mog.54,10:18 = I3 ® matgxg((Vfﬁi)n)Q&m) (mat:&xs((Vgi)n)lO:lS)) ,

—1
M55:81,19:27 =I3® mat9><3((vr(§i)n)55:81) (mat3><3((vf(§i)n)19:27)) ’
r10 = (3,9,27,27,27,27,27,9,3),
r14) = (3,9,27,27,27,27,27,27,27,27,27,9, 3).

(ix) ¢ =3, (di,da) = (2,6):

—1
M=1I3® mat243x3(Vr(gi)n) (mat3><3(vr(§i)n)) )
r(19) = (3,9,27,9,3,9,27,9,3),
r14) = (3,9,27,9,3,9,27,9,3,9,27,9,3).

(x) ¢ =3, (d1,d2) = (5,6):

—1
Mo44.486,82:162 = Ig @ mat27x9( mm )244:486 (matgxg( ml)n)82 162)) )

1
Mug7.729,163:243 = L9 ® matarwg((v mm )a87:729 (matgxg( ml)n)163:243)) ,
r10) = (3,9,27,81,243,81,27,9,3),

r(1) = (3,9,27,81,243, 243, 243, 243, 243, 81, 27,9, 3).

—1
Mi.243.1:81 = Ig ® matarxo(( mm )1:243 (matgxg mm )1: 81)) )

5.3. Balanced HT format

We may convert the representative of V(@ based on a linear dimension tree into a representa-
tive based on a balanced tree via a sequence of contractions, reshapings, and factorizations,
or insertions of identities. Let as before exemplarily (dy,ds) = (2,4) and consider d = 22 in
case ¢ = 2. Writing for short

SO .— 50 g Eﬁ, \7(4-) = tenS4><2><2(V(4-) )

min min/’
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5.3. Balanced HT format

remembering S(2) from (5.47), and omitting any leaf matrix I for better readability, a

linear representative of V(22 is given by
I
2
/
4 ‘A’!(:l)n 2
j0IS 2\
9 2,2
AN
g(0) 2
4
/
5 s(1.2) 2
7N\
A O) 2
N
9 s(1.2) 2
AN
4 S(O) 2
7N\
9 S(l"2) 2
AN
4 S(O) 2
N
9 g(1.2) 2
7N\
A s 2
N
9 s(1.2) 2
AN
A s 2
N
5 s(L.2) 2
7N
4 s 2
N
9 g(1.2) 2
N
A s 2
N
9 s(1.2) 2
N
A 50 2
N
s(1.2) 2
4>

The first step is to fold the tree structure between Byy 143 = S(12) and By 15 = SO to
get at the right side of the new root a number of 8 = 23 modes. Writing

@ @

o 1 _ NG
min := Permy g (Vo L I) = permz,s,l(v )

in
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5. Construction of an initial guess

and indicating by * also the application of permy 5, to other transfer tensors, we obtain

I
4 4
VRN
9 S(1.2) §(0) 9
SN0 N
A g(0) 2 2 §(1.2) A
AN VAN
) g(1.2) 2 2 §) )
N /N
(0) 2 2 &(1,2)
4 8 S5 4
AN VRN
5 s(12) 2 2 S0 9
7\ AN
g 80 2By,
DN P
S(1,2) 2 2 ‘7(4)
2/ \ min
s(O) 2 2 2
4
AN
25(1,2) 2
N
4 S((J) 2
N
23(1‘2) 2
7N
4 S(O) 2
/N
s(1.2) 2
7

Next we contract groups of 2, 4, and 6 adjacent transfer tensors to collect the respective num-
ber of modes in subtrees. As an intermediate result, this yields a non-binary tree structure

Iy
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5.3. Balanced HT format

where
ABA = sl g(12),
A8 = g0 3 §(1:2) (41 §(0) 31 §(1.2),
A9 14} . g(0) Dzls s(1.2) Dzls s() Dé s(1.2) Dé s() Dzls S(172),
A58} Perm1,3,4,5,6,2(é(0) D% st2) D% S© B% é(l’z)),
A2} = perm1737472(g(0) (3 Egl%)

Now we reshape and factorize these higher-than-three-order tensors A® in order to get back
the binary and additionally the desired balanced structure. In general it depends on those

particular mode sizes of the contracted transfer tensors which are connected, hence on the
HT ranks

Trys (Ti)lgigﬁ = ({1, 2}, {1, ce ,4}, {1, ce ,8}, {1, ey 14}, {1, ce ,18}, {1, ce ,20}),

in the linear representative, whether it is advantageous to insert a suitably reshaped identity
at the right resp. left child node of

resh (AT¢+1\T¢)7 i1 =1,2,3 resp. resh (Anﬂ\n)’ i—45

rTi><2‘Ti+1\7i‘><7"Ti_’_1 2|Ti+1\7i‘><r7i+1><7"7i

or to propagate AT+1\Ti itself into its right resp. left child node and to insert an identity at
the vacant parent node. Since in the present case r;, =4 for all 1 <7 < 6 and so
Tl < Q‘THI\H‘

only for i = 3, hence for @ = 74\ 73 = {9, ..., 14}, we notice that A1%-14} should rather be

represented by
/ 4

reSh4><16><4 Perm1342 (reshaxaxaxa( IlG)))

LN

9,..,14
reshigxax16 Perm23456718(A{’ K })>

N

16
than by
e
reshyy gy (AL%14})
N
4
reshigxax64(L64)

o)
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5. Construction of an initial guess

and that the other A® for 8 = {5,...,8},{15,...,18} may remain and for 8 = {3, 4}, {19, 20}
should remain at their places in the tree structure. It is also possible to perform an SVD
of an appropriate matricization of A% to reveal inherent smaller ranks in the balanced
representation or to truncate the ranks due to some criterion. Summing up, and introducing

16
Ez(x,4) := reshyxax16(I16), we choose
rebh4><16><4 pernyy 3 42 rebh4><4><4><4 Ilb IeShIG><4><4 A{15,., 18}
reshyxgxa(A P8 Iesh16X4x16 permy 3 4567, 18(A{9 14}) E(“’) reshyyaxa(A {1920
e \ o\ / \ AN
16 16 4 (4) 4 4 )
A B Bl B ED ES B W
v \4 Y\ 2 VYA VYA VYA VRV VYA
£ £y) o) ) L L L L L L L L L I

-

l2 2l |2

z/\ ki Z/\ Z/\ 22/ \Ii 122/ \122 ol daal laal T2

2l l2 2l \2 ol 22l l2 ol 2ol o

2

as an HT representative of V22 with balanced dimension tree.

5.4. TT format

We expressed the MALS, Algorithm 4.3, in the tensor train format consistently with the
predominant part of the literature. Hence, also the initial guess has to be in TT format.
Since Uy =1, t € L(T), for the initial guess constructed in Section 5.2, we may set the core
tensors GU), 2 < J < d, of a TT representative as the transfer tensors By; _;; of an HT

representative based on the linear dimension tree supplemented by G = Uy, cf. (3.11).
In the exemplarily discussed case (di,d2) = (2,4) with ¢ = 2 we obtain, due to (5.50),

GO =GgW = =gl =g12)
G =GP =...=G =5 gE}),
Gld=2) — Egg, Gl-1 — ten84X2X2(vg41i)n), G@ — Io,
and the TT ranks are given by
T1:T3...:Td_1:2, T2:T4:...:T‘d_2:4.

Concerning the TT ranks of the representatives of the prolongated initial guess for other
(di,ds) or q, we refer to Remark 5.5.

5.5. XYZ model, A=1B

The possibility to construct an initial guess via prolongation, as it is described in the previous

(d1)

sections of this chapter, relies on the invertibility of the quadratic matricization of v .

or,
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5.5. XYZ model, A= B

especially if dy is odd, all suitably sized blocks thereof. In the case of an XYZ model with
coupling parameters A = B, for a simple minimal eigenvalue )\Emrz it is Vgiln) Ec(llf)q
appropriate 0 < k < (¢ — 1)d; by Corollary 2.10(ii), and therefore these matricizations are
in general singular. One might pass to the pseudoinverse, but as will be discussed in Section

6.4, the behavior of such an initial guess in the LOCG method is not satisfactory.

for an

To propose an alternative in that situation, we consider as initial guess a vector iv/((f)zlst e R
)

which has the sparsity pattern of £; (k 4, for some k € {0,..., (¢ — 1)d} and all of its nonzero
entries are constant, calling it constant initial guess. Setting the value of these constant

nonzero entries equal to the reciprocal of the square root of the number of nonzero entries,
k) ; (@) o olk")

Veonst 18 normalized. If we choose k = k* such that v, i, € &, 7,

(k")

const

then we might expect that

may lead to faster convergence than a random initial guess would,

(d)

since it has the same sparsity pattern as the vector v, ; to be approximated. In general we
do not know the correct value of k*. But, in case we can start several instances of the iterative
numerical method in parallel, we could start for each k € {0,...,(¢ — 1)d} an instance of

the method with vgozls
converges fastest.
The constant initial guess may be constructed in hierarchical Tucker format with ranks

(k)

scaling linearly in d. Let e(®%*) be that element of &, q with all potential nonzero entries

the initial guess v
¢ € 5(k) and pick in the course of the iteration that instance which

equal to 1, thus e(®%*) is the non-normalized constant initial guess and normalization may
be done by dividing the entries in the resulting transfer tensor at t = root by ||e(®4*)||. We
find it convenient to employ in the description of the construction the bra-ket notation, see
Appendix A, and start with the case of the linear dimension tree 7. It is

elak) = N i G, gieeja €{0,..,q— 1}
jit..+ja=k

Hence, if d = 2, a representative of tensqxq(e@’q’k)) = tensyxq (Zj1+j2:k |71 j2>) is given by

2,4,k
B{1%y

with

(B@’q”“)) _ L (11—1)+(i2—1)=k.
1.2} )i s 0, otherwise

(2,30 _ (100 (2,31) _ (010 (232 _ (001
BSy = (000). BOS = (100). BER =(010).
(2,33) _ (000 (2,34) _ (000

B = (900). BYS = (890).

If d = 3, a representative of

tensqquq(e(B’q’k)) = tenSgxgxq Z lJ1 J2 J3) | = tensgxgxq Z |j1) Z |j2 J3)
Jitje+iz=k Ji+l=k Ja+jz=l
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5. Construction of an initial guess

is given by
BYE
A R
S
ql g
with

(3,0.%) _ pal
(B{172} ):,:,l+1 - B{I,Q} ’ 0 S l S 2q — 2,

(B(37Q7k)) _ 17 (Zl — 1) + (22 - 1) = k .
{12,341 o 0, otherwise

As an illustration we notice

1

3,3,0) 0
B( Pl — 0
{1,2,3} 0
0

0

0

0

0

1

For general d, let m € R% m; := i(qg — 1) + 1, and observe that ms = ms_; + ¢ — 1 for
2 < < dis a recursion for the number of different anti-diagonals of a ms_1 X ¢ matrix with
m1 = q. Then a representative of tensqxd(e(d7Q7k)) is

d,q.k
7. B ) enir), Upyy = .. = Uggy =1 (5.51)
with
B e Rms-xems 9 <5 <d -1,
(B(d’q’k) ) _ 1, (il — 1) -+ (ig — 1) =i3—1 (5-52)
(L0 ) i g i3 0, otherwise ’
hence
1 1 1
1 1
. /
(dyq,k) _
B{1,(_1__,5}* I 11 ,
/
1 1
1 1 1

where void entries are 0, and furthermore

L (i=D+(-1)=k

0, otherwise

(d.q:k) ma_ (d.q.k) _
B{l,(.]..,d} € R™Ma-1x4, (B{l,(.]..,d})im-z = { (5.53)
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5.5. XYZ model, A= B

In the case that tensqxd(e(d7Q7k)) is represented based on the balanced dimension tree 7T, also
U; =1, t € L(T), and for the transfer tensors B; € R™*" " 't € N(T)\ {1,...,d}, it is
in turn 7, = ry, + 174, — 1 as well as

1, (i1—1)+(’i2—1):’i3—1
(Bt)il,imis = .
0, otherwise

and

(B ) _ 1, (’il—l)—}—(ig—l):k

Lo} ) 0, otherwise '
A TT representative [G(l), G, ..., G(d)} of tensqxd(e(d’q’k)) is directly obtained from the
HT representative (5.51)-(5.53) based on the linear dimension tree, cf. (3.11), by

G =ugy =1, GY =B

..y 2si=d

The ranks may be significantly reduced by removing those slices of the transfer tensors and
columns of the leaf matrices which are not addressed by a nonzero coefficient in the respective
parent transfer tensor. This way we obtain, focusing for simplicity on the linear dimension
tree,
= 7”?1?..4}
=min{k+1,(¢—1)d—k+1,(¢g—1)j+1,(g—1)(d—-j)+1}, 1<j<d-1.

Hence, in each situation considered in the present section, the maximal rank scales linearly
in d.
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6. Numerical tests

Our main objective in this chapter is to investigate the usefulness of the initial guess con-
structed by prolongation in comparison with a random initial guess when employed in an
iterative numerical method. All tests are performed in a tensor format whose type will be
clear from the settings of the respective test. We focus on the same types of Hamilton op-
erators we considered so far, namely the 2-XYZ model, the 3-XYZ model, and the 3-Potts
model. In each of these three classes, there are further parameters to be chosen:

1. The method itself and the underlying tensor format. In Sections 6.2 and 6.4 we mainly
test the HT variant of LOCG from Algorithm 4.2 and only to a minor extent gradient
descent which is obtained by omitting all Py, in Algorithm 4.2, therefore reducing the size
of the generalized eigenvalue problem to be solved in each iteration step from 3 x 3 to
2 x 2. The MALS formulated in TT format is considered in Sections 6.3 and 6.5.

(d)

2. The problem sizes d for which we actually compute v,/ and (di,d2) wherefrom in-
formation about the exact eigenvectors associated with Anin is utilized to set up the
prolongation. For ¢ = 2 we consider d € {16,22} with (di,d2) € {(2,3),(2,4),(3,4)}
and additionally d € {16,23} with (di,d2) € {(2,9),(8,9)}. For ¢ = 3 we consider
d € {10,14} with (d1,ds) € {(2,3),(2,4),(3,4),(2,6),(5,6)}. Notice that 2'6 = 65,536
and 319 = 59,049 as well as 222 = 4,194,304 and 3™ = 4,782,969 have a similar size.

3. The type of the dimension tree, linear or balanced, cf. Definition 3.6 and Example 3.7.
This distinction applies only to LOCG in HT format.

4. The coupling parameters A, B, A, h for the XYZ model respectively A, h for the Potts
model. In Sections 6.2 and 6.3 we deal with the case A # B where prolongation based on
problem sizes (di, dz) is feasible. The performance of the constant initial guess proposed
for A = B is discussed in Sections 6.4 and 6.5.

5. The parameters for the truncation of the ranks during the iteration. Although the precise
meaning of this term is different for LOCG in HT and MALS in TT, in both cases we
have the possibility to impose a relative error bound and an upper bound of the rank
when truncating the respective set of singular values. In Section 6.1 we discuss suitable
choices in case of LOCG in HT and we apply our findings also in the subsequent tests
with MALS/TT, due to the similarity of HT with linear dimension tree to TT.

We do not examine all possible combinations of these parameters but rather choose a
set of various exemplary showcases. “Exact” eigenvectors folliln) and follfn), utilized to set up
the prolongation, are computed in full vector format by the function eig in MATLAB for

(d1,d2) mentioned in Point 2 in the above list. As needed for reference, the “exact” minimal
eigenvalue AD ford e {16,22,23} if ¢ = 2 respectively d € {10, 14} if ¢ = 3 is obtained from

min
the MATLAB function eigs with opts.tol=1e-15 storing Hy as a sparse matrix. Likewise,
this holds in a few scenarios for some larger eigenvalues of H; or associated eigenvectors.

Representatives of random initial guesses are set up with the help of randn.
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Figure 6.1.: 2-XYZ, d € {16,22}, (A, B,A,h) = (1.9,0.4,—1.1,0.2), (d1,ds) = (2,4),
LOCG, lin. tree, mmax = 100, left: ere1 = 1073, right: £, = 1076

The computations with tensors in hierarchical Tucker format are based on the MATLAB
toolbox htucker [KT14]. When computing with tensor trains, we employ the TT-Toolbox
[ODK™"12], also written for MATLAB. In addition, we use ncon.m [PESV15] that implements
the contraction of tensors.

All numerical experiments are performed in MATLAB R2017a (9.2.0.556344) 64-bit. The
computer is equipped with an Intel Xeon E5-1620 CPU (4 cores, 3.6 GHz), 64 GB RAM,
and Debian GNU/Linux 9.

6.1. Truncation parameters
Concerning Point 5 in the above list, as a first step of the numerical tests, we perform a

short parameter study in order to investigate how large the hierarchical ranks respectively
the relative error in each truncation step should be chosen. Due to [Tob12, Remk. 3.6], when
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Figure 6.2.: 2-XYZ, d € {16,22}, (A, B,A,h) = (1.9,04,—-1.1,0.2), (dy,d2) = (2,4),
LOCG, lin. tree, left: rmax = 100, erel = 1072, right: rmax = qd, €rel = 10712

requiring
IT T < el T (6.1)

for a truncated tensor T € H-Tucker ((r¢)ie7), we may choose 7; such that

5 o) < 2T
7 —=
i=r¢+1 2d -3

for all t € T\ {root, ¢}, ¢ one child of root. Confer also (3.8). Those functions in the toolbox
htucker which implement truncation procedures, allow to specify an upper bound 7.5 of
the HT rank that is certainly not exceeded for any ¢t € T, and additionally the relative error
bound &,¢ which, due to the precedence of .y, is probably not fulfilled in each iteration
step.

(6.2)
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Figure 6.3.: 2-XYZ, d € {16,22}, (A, B,A,h) = (1.9,0.4,-1.1,0.2), (dy,d2) = (2,4),
LOCG, bal. tree, rmax = 100, left: erel = 1073, right: e.q = 1076

We start with LOCG for an XYZ model with ¢ =2,set A=19, B=04, A=-1.1, h=
0.2 as well as (dy,d2) = (2,4), d € {16,22} and consider the linear dimension tree. Fur-
thermore it is rmax = 100 and we compare the behavior of the method, executed with the
prolongated initial guess, for the values e, € {1072,1076,107°} in the first three columns
of Figure 6.1 together with Figure 6.2 which have to be regarded as one composite graphic
just spread on two pages. In the first row we plot the absolute error

(Vi, @u (Vi) = AL

min

(6.3)

in the Rayleigh quotient, also called “RQ error” in the sequel, further noticing ||V| = 1

at the end of an iteration step. We consider here the absolute value since in practice )\fgi)n
is, as a result of eigs in MATLAB, itself only an approximation with an absolute error near
the machine epsilon, and the difference in (6.3) might become negative not being visible in
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Figure 6.4.: 2-XYZ, d € {16,22}, (A, B,A,h) = (1.9,0.4,—-1.1,0.2), (dy,d2) = (2,4),
LOCG, bal. tree, left: rmax = 100, el = 1072, right: rmax = qd, €rel = 10712

a semilogarithmic plot. The second row depicts the residual norm

[®u(Vi) = (Vi, 2a(Vi)) Vi, (6.4)

and the third row the maximal hierarchical rank of Vj as a result of the truncation in
Line 13 in Algorithm 4.2. The rightmost column contains the same three quantities in case
Tmax = qd, SO Tmax € {32,44}, and e, = 10712 to cut off singular values near the machine
epsilon. To avoid confusion, we emphasize that one has to distinguish between the parameter
rmax Which is an upper bound on each single HT rank r; for all ¢ € 7 during the truncation
procedure, and the actual maximal value max{r;: ¢ € T} of the HT ranks of the iterate
which is indicated by the y-axis of the plot in the third row.

We observe for rmpax = 100, €pq € {10_3, 1076, 10_9} that the ranks increase at the begin-
ning of the iteration and around the point where the RQ error stops to improve, the ranks

(dverel)

again decrease and stabilize at a specific value g’ 1“’. This final maximal rank becomes the
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Figure 6.5.: 2-XYZ, d € {16,22}, (A, B,A,h) = (1.9,0.4,-1.1,0.2), (dy,d2) = (2,4),
grad. desc., lin. tree, rmax = 100, left: era = 1072, right: €16 = 1076

larger and occurs at a larger number of steps, the smaller e, gets. That goes also along
with a smaller final RQ error and a smaller residual norm. For d = 16, the convergence is
slightly faster and the RQ error as well as the ranks are slightly smaller. The behavior in
the case rmax = qd and £,;¢ = 1072 is comparable with the behavior in the case rmax = 100
and ey = 1077,

We repeat the same test for a balanced dimension tree and depict the results in Figures

6.3 and 6.4. For each ¢, € {10_3, 1076, 10_9} with rmax = 100, it is again r(d’erel) < Tmax-

final
. dierel) ¢ .
Compared to the case of a linear tree, rén’; o) is in some cases larger for fixed d, especially

for ere1 = 1076 and d = 22. The RQ error and the residual norm have the same magnitudes

as for the linear tree. Regarding the case Tmax = 44, a0 = 10712, so for d = 22, we
-3 —6
observe réﬁ’llo ) <44 < réﬁ’llo ) and hence the final RQ error as well as the residual norm

stabilize between these respective values for e, € {10_3, 10_6} at a level around 10~8 which
is larger than for the linear dimension tree. In the case d = 16 we observe this effect with
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Figure 6.6.: 2-XYZ, d € {16,22}, (A, B,A,h) =(1.9,04,-1.1,0.2), (dy,d2) = (2,4),
grad. desc., lin. tree, left: rmax = 100, erel = 1072, right: rmax = qd, erel = 10712

16,1076 16,1079 .
rlgina’l ) <32 < réna’l ), but nevertheless we recover the convergence behavior of RQ error

and residual norm like for the linear tree.

The next test employs gradient descent instead of LOCG, now again for the linear dimen-
sion tree. As we read off from Figures 6.5 and 6.6, the convergence is much slower. We reach
similar final values as with LOCG, but we need approximately five up to ten times as many
iteration steps.
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Figure 6.7.: 3-XYZ, d € {10,14}, (A, B,A,h) = (1,0,0,—0.7), (d1,d2) = (2,4),
LOCG, bal. tree, rmax = 100, left: erel = 1073, right: e.q = 1076

For yet another test based on the balanced dimension tree, we consider an XYZ model
for ¢ = 3 with A =1, B = A =0, h = —0.7, more precisely an Ising model. We set
d € {10,14} and still (dy,d2) = (2,4), employ LOCG, and compare again the parameters
Erel € {10_3,10_6,10_9}, Tmax = 100 with e, = 1072, 7pax = gd. The results visible
in Figures 6.7 and 6.8 concerning final RQ error and residual norm resemble those from
the other test with balanced tree when we compare ¢ = 3,d = 10 with ¢ = 2, d = 16
and ¢ = 3,d = 14 with ¢ = 2, d = 22, noticing the proximity of gd in both cases. To
name a difference, for the present Ising model we need in general less iteration steps as for
the situation in Figures 6.3 and 6.4, and the final ranks rﬁi’j{el) are smaller, except in case
erel = 1079, d € {14,22}. We observe further that for d = 14, the value rya, = qd = 42 is a
bit too small so that the RQ error could reach the otherwise minimal possible level between
10~ and 107, cf. a similar behavior in Figure 6.4.

As a last test concerning the truncation parameters, we examine a 3-Potts model with
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Figure 6.8.: 3-XYZ, d € {10,14}, (A, B,A,h) = (1,0,0,—-0.7), (d1,d2) = (2,4),
LOCG, bal. tree, left: rmax = 100, el = 1072, right: rmax = qd, el = 10712

A=16,h=-03,d e {10,14},(dy,d2) = (2,4), LOCG, and linear dimension tree. We
collect the results in Figures 6.9 and 6.10. Compared to the XYZ models discussed so far,
convergence is faster and already for £, = 1076 and with récfl’;f) R 15, an RQ error around
1071 is realized. e;q = 107 yields a larger final rank and for d = 14 a smaller residual
norm. The only advantage we observe for the choice ry.x = ¢d is that the residual norm is
also in the order of 10~ or 10713,

To sum up, in each of the test cases above, the choice rmax = 100 and e, = 107 is
appropriate in the sense that the error in the Rayleigh quotient converges down to the
observed minimal possible order of 10713, The maximal rank récfl’;lo =) of the final iterates
is bounded by a value between 60 and 80, for the investigated 3-Potts model only around
30. A prescribed value of rpax = gd turned out also to be sufficient in the case of a linear
dimension tree, being however a bit too small in some settings with a balanced tree and a

bit too large for the Potts model with ¢ = 3,d = 14. Hence we decide to utilize for the

119



6. Numerical tests

100 , , , 100
— — —d=10
e} d=14 e
€ 10 T 10°
£ £
S S
B 1010 e o 1010
[%2] [%2] \
QO Ko}
A\ My \MATH DAV AVAN wy A Y
10_15 ‘ | ‘ 10_15 A \‘\ n \/\‘ v‘ \ W
0 50 100 150 200 0 50 100 150 200
100 10°
E 1075 € 10°
o] o) \
c e e e S S S c A\
© © W oom ]
S (10 B 010 ’
10 210 \
o o
10715 - - - 10715 - - -
0 50 100 150 200 0 50 100 150 200
100 r T T T 1 100 r
o) I Q L
~§ 80 § 80
(0] [0)
= 60t = 60t
o o
£ 40t € 40t
o s
% 20 | % 20 1|
© ©
1S 1S
0 1 1 1 0 1 1 1
0 50 100 150 200 0 50 100 150 200
iteration step iteration step

Figure 6.9.: 3-Potts, d € {10, 14}, (A, h) = (1.6, —0.3), (d1,d2) = (2,4),
LOCG, lin. tree, rmax = 100, left: erel = 1073, right: o1 = 1076

various tests to be performed in the rest of this chapter rmax = 100 and e, = 1079 as the
parameters governing the truncations.

These parameters are also applied in the tests with MALS formulated in TT format. For
a given tensor T € R™* X" recall the quasi-best approximation property from [Osell,
Sect. 2],

d—1 min{n1~~~nj,nj+1~~~nd}

~ 2
IT—T| < Z Z 0 (reShnl---nj><nj+1"'nd(T)) < \/d_—lHT — Thest |,

j=1 i=r;+1
where T is represented in TT format with T'T ranks rji, 1 < j <d-—1, as a result of the

truncation procedure [Osell, Alg. 1], and Thest is a minimizer of || T — S|| among all tensors
S represented with TT ranks r;. Similar to (6.1) and (6.2), the rank update r,(j ) in Line 13

120



residual norm abs. error in RQ

max. rank of iterate

100 ¢
80 f
60 f

40 ¢

20

v MRV AN

— — —d=10
d=14

YA BN N VWMV A L LA
h .

50

100

150

200

50

100

150

200

L

L

50

100
iteration step

150

200

abs. error in RQ

residual norm

10718

100 ¢

20

max. rank of iterate

6.1. Truncation parameters

ARV LY A7 A WA BRI (W WSV IR
Vvt g \ W VL

100 150 200

10-10 b

TN A A A N A N

50 100 150 200

80 f

60

40 ¢

100
iteration step

150 200

Figure 6.10.: 3-Potts, d € {10, 14}, (A4, h) = (1.6, —-0.3), (d1,d2) = (2,4),
LOCG, lin. tree, left: rmax = 100, erel = 1077, right: rmax = qd, el = 10712

or 23 in Algorithm 4.3 is chosen such that

Yo (D))" <

i>r 41

2 61rel||2(j)||

d—1
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Figure 6.11.: 2-XYZ, (4, B, A, h) = (1.9,0.4,—1.1,0.2), (d1,d2) = (2,3),
LOCG, linear tree, left: d = 16, right: d = 22

6.2. HT format, A # B

CPU time [s]

Like in Section 6.1 and in the remainder of this chapter, the presentation of the tests is
organized in such a way that the three plots in one of the two columns in a figure belong

to one specific scenario which is described by the respective caption.

The three plotted

quantities are the absolute error in the Rayleigh quotient (6.3), the residual norm (6.4),
and the maximal rank of the representative of the current iterate, where the upper bound
on the ranks in the truncation equals the largest number labeling the y-axis, mostly 100,
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Figure 6.12.: 22XYZ, (A, B, A, h) = (1.9,0.4,—1.1,0.2), (d1,ds) = (2,4),

LOCG, linear tree, left: d = 16, right: d = 22

unless otherwise stated. In a number of test cases, we additionally report on the CPU time
consumed by the numerical method. The two columns in one figure usually differ only by
one different parameter of the problem setting, for example the value of d, the shape of
the dimension tree, or the used algorithm. Typically, several consecutive figures belong to
the same value of coupling parameters A, B, A, h respectively A, h and differ by the value of
(d1,d2). In a single plot, the blue line, or in some situations two blue lines, belong to the case
when the initial guess is constructed by prolongation based on problem sizes (dy, ds2) and the,
mostly three, red lines result from the performance of a random initial guess. These random
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initial guesses are set up with ranks equal to those of the prolongated initial guess which in
turn depend on the particular construction with exact representation in the tensor format,
hence on (di,d2) and g, see Section 5.2, especially Remark 5.5. If present, and indicated
by the y-axis at the right edge, the green solid line in the plot in the third row visualizes
the CPU time for the prolongated initial guess, and the yellow dashed and dotted lines the
respective value for the random initial guesses.

We start in Figures 6.11 up to 6.15 with a 2-XYZ model for A = 1.9, B = 04, A =
—1.1, h = 0.2. Concerning the five different values of (d,d3), we observe that for fixed d;
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Figure 6.14.: 22XYZ, (A, B, A, h) = (1.9,0.4,—1.1,0.2), (d1,ds) = (2,9),

LOCG, linear tree, left: d = 16, right: d =23
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a larger ds and vice versa yields a faster convergence with the exception that for (3,4) the
convergence is a bit slower than for (2,4). Convergence of the maximal rank sets in shortly
before the residual norm has reached its final value. So, besides the stagnation of the residual
norm, this drop of the maximal HT rank, existent if 7, was chosen sufficiently large, may
be used as a stopping criterion for the algorithm. In each situation, the prolongated initial
guess yields faster convergence than the random initial guess. At least twice up to more
than ten times as many iteration steps are needed. This also leads to a smaller CPU time
until reaching a low error level for the prolongated initial guess. Moreover, we observe that
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Figure 6.15.: 22XYZ, (A, B, A, h) = (1.9,0.4,-1.1,0.2), (d1,ds) = (8,9),
LOCG, linear tree, left: d =16, right: d = 23

the CPU time per iteration step, hence the slope of the green and yellow lines, depends on
the maximal rank of the current iterate.

We continue in Figures 6.16 to 6.18 with a 2-XYZ model for A = —0.9, B = 1.6, A =
1.7, h = 1.2. If (dy,ds) = (2,3) and if the prolongated initial guess ¥(¥) is based on vid)

(d2) min

and v, ., we face the problem that for both d € {16,22} the iterates converge, measured in

(16) ~31.10°4

min

~ 1.2-10°. This is due to v} € Sggd, but ¥4 ¢ Egs" and during the

the Rayleigh quotient, to the second smallest eigenvalue )\gd) since )\516) —A
(22) (22)
and Ay — A

min min
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Figure 6.16.: 2-XYZ, (4, B, A, h) = (—0.9,1.6,1.7,1.2), (dy,ds) = (2,3),
LOCG, balanced tree, left: d = 16, right: d = 22

iteration, the iterates remain to represent vectors from this set. As a remedy we may choose
d g d
v = (H(Izi ® M)) v e g9 (6.5)
i=1

as an initial guess having the same sparsity pattern like v\@  where vng) is a normalized

min?
eigenvector associated with )\gb), and still

in

1
M= mat4x2(vr(§’i)n) (matQXQ(VI(ﬁ) )) )
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Figure 6.17.: 2-XYZ, (4, B, A, h) = (—0.9,1.6,1.7,1.2), (dy,d2) = (2,4),
LOCG, balanced tree, left: d = 16, right: d = 22

cf. (5.1). The construction of a representative in a tensor format of the tensorization of

(6.5) is completely analogous to that described in Section 5.2. As illustrated by the dashed
(d)

blue line, we observe that v, yields convergence in the Rayleigh quotient to AD T s

min*

again much faster than for the random initial guess. The final maximal ranks of the HT
gi)n and véd) are practically equal. Just as well, the decrease of the
error in RQ and of the residual norm until convergence is almost equal. Regarding Figure

6.17, for (dy,dy) = (2,4) the initial guess v(10) ¢ 5{’&% has the correct sparsity pattern

representatives of both v
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Figure 6.18.: 2-XYZ, (4, B, A, h) = (—0.9,1.6,1.7,1.2), (dy,d2) = (3,4),
LOCG, balanced tree, left: d = 16, right: d = 22

and the RQ converges to )\&62. However, v(?2) ¢ £55%" has the wrong pattern and, like for

(d1,d2) = (2,3), convergence is to )\522). The alternative choice ng), defined analogously
to (6.5), in turn behaves well and leads to slightly faster convergence than in the case
(di,d3) = (2,3). In the situation (di,d2) = (3,4) of Figure 6.18, v(4 ¢ Eggd for both
d € {16,22} has the correct sparsity pattern and we need approximately the same number
of iteration steps until convergence as for (dy,ds) = (2,4).

129



6. Numerical tests

AR
100+ S prol. init. guess
Y — — —rand. init. guess
g Weoeeefernn [ m e — rand. init. guess g
S -
< 107 N 7 rand. init. guess =
5 5
® o
% %
Q QO
© [
50 100 150 200
E E
o - o
c N c
K 4 @
> >
e} e}
(%] (%]
e e
10 -15 L L L
50 100 150 200
100 | — = ——— {500
W |
o 80 r ~1400
© e
2 60 2L 1300
© Z
g 40 = 1200
s 20 : 1100
IS
0 £ 1 1 1 O
50 100 150 200
iteration step
Figure 6.19.:

1071°

100 f—

80

40

20

60 f

50 100 150 200
N
N2 AN
NN AY P \ 1
T X ]
50 100 150 200
time prol. init. guess
time rand. init. guess
T time rand. init. guess  [] 500
time rand. init. guess
T 0400
{300
s 1200
== {100
1 1 1 O
50 100 150 200

iteration step

CPU time [s]

3-XYZ, d =10, (A,B,A,h) = (1.6,-0.3,2.9,—-0.8), (d1,d2) = (2,4), LOCG,
left: linear tree, right: balanced tree

We move on to the next test case, now ¢ = 3, an XYZ model with A =1.6, B=-0.3, A =
2.9, h = —0.8. Besides the comparison between prolongated and random initial guess, we
investigate whether or not the shape of the dimension tree, linear or balanced, has an effect
on the convergence behavior. The left resp. right column in Figures 6.19 and 6.20 correspond
to the linear resp. balanced tree. In the case d = 10, (di,d2) = (2,4), the evolution of RQ
error and residual norm is very similar, only the final rank as well as the consumed CPU
time is a bit smaller for the balanced tree. For d = 14, (dy,d2) = (2,6) we observe practical
equality of RQ error, residual norm, and maximal rank. However, the CPU time is twice as
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large for the balanced dimension tree. Also in an analogous test, Figure 6.21, with coupling
parameters A = 2.6, B = 0.7, A = —1.9, h = —0.3 and d = 14, (d;,d2) = (5,6), there is
a similar difference of the CPU time while the other three traced quantities do not deviate
with respect to the shape of the dimension tree. Again we observe that a larger rank yields
a larger CPU time per iteration step. Notice that the upper bound of the maximal rank is
set to 150 in this single test. In each case, a clear benefit of the prolongated initial guess is

visible.
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Figure 6.23.: 3-Potts, d = 10, (A, h) = (1.3,0.9), (d1,d2) = (2,3), linear tree,
left: LOCG, right: gradient descent

The last class of Hamilton operators we discuss in this section is a 3-Potts model with A =
1.3, h = 0.9. In Figure 6.22 we compare two different choices (dy,ds) € {(2,3),(5,6)} and
get a reduction of the necessary number of iteration steps by about one fourth. A test with
respect to the used numerical method is depicted in Figures 6.23 and 6.24. For both scenarios
d =10, (dy,d2) = (2,3) and d = 14, (d1,d2) = (3,4) we observe that about seven times as
many iteration steps are needed when employing gradient descent instead of LOCG. Again
the prolongated initial guess is beneficial. Especially with gradient descent, the random
initial guesses yield stagnation concerning the Rayleigh quotient at some value different
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Figure 6.24.: 3-Potts, d = 14, (A, h) = (1.3,0.9), (d1,d2) = (3
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from an eigenvalue, in fact between A
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and )\gd), which is also illustrated by a relatively

large residual norm. The consumed time for 200 iteration steps is slightly smaller for gradient
descent, but due to the much less iteration steps to be performed until convergence, LOCG

should be preferred.

135



6. Numerical tests

~. [ ‘ ‘ prol. init. guess
100 ° | ‘ I|— — —rand. init. guess
™ A ‘ rand. init. guess
g [ T NS T | I )
e . - rand. i. g. rmax
E 10 | |
2 N
[0} L
81070 1
© |
| o
10715 [
0 20 40 60 80 100
£ |
5 [N ERN
c |
§ | \
kel | .
n
o \ \ \ \ \ \
| \ \ \ \ \
| \ \ \ \ \
10-15 [ il [ |
0 20 40 60 80 100
100 —F- 1 X time prol. init. guess | 40
byl O  timerand. i. g. rmax
(0] 80 r ! I ‘ I T T T {32
ol [y \ \ \ \
[ I \ \ \
2 60t | " : SR R P
5 \
€ 40t
= \
s 201 f
E \

o

micro iteration step

abs. error in RQ

residual norm

-
o
&

-

o
L
o

-

o
L
o

100

80

60

40 t

20 f

0

150

150

f
[
\
\
\
\

¥
|

1200

1160

1120

180

140

0 50 100
vertical dashed lines mark end of a half sweep

Figure 6.25.: 2-XYZ, (4, B, A, h) = (1.9,0.4,—1.1,0.2), (dy,d2) = (2,3), MALS,
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6.3. TT format, A # B
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In this section we repeat many but not all tests from Section 6.2, now with the MALS,
Algorithm 4.3, in the TT format. The graphical presentation of the results is similar as
for LOCG with the difference that the z-axis indicates the micro iteration steps, hence the
single steps in the for-loop from Lines 9 to 15 respectively Lines 19 to 25 in Algorithm 4.3.
After d — 2 micro iteration steps, one half sweep is completed which is marked by the vertical
dashed lines in the plots. As the comparison concerning the shape of the dimension tree and
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the utilized numerical method, performed at some places in Section 6.2, does not apply in
the present setting, the left and right column in a single figure differ just by the problem
size d, with one exception in Figure 6.31 where additionally (d;, ds) differs.

Following the implementation in [ODK ' 12], the eigenvalue problem in each micro iteration
step, cf. Lines 11 and 21 in Algorithm 4.3, is solved by an iterative method, namely again
LOCG, if rj_1njnjt17j+1 > 50, which holds already for n; =nj 1 =¢=2and r;_1,rj41 >
4. We notice that in [OD12, Sect. 4.1] it is recommended to solve the micro step eigenvalue
problem up to a size of around r;_1njn;jy 1741 = 1000 exactly, hence via eig in MATLAB,
but in practice we did not observe any advantage, neither in execution time nor in the
amount of iteration steps. Due to [HRS12, Sect. 3.2], as an initial guess for this inner LOCG
method there is chosen

. . T i1
Vec<(2(ﬂ 1))1#](:71),1:“(571) ((Z(J 1)):71”’(371)) reSthxnj+l7'j+1(V](€']+ )))

in case of a left-to-right half sweep, with »0-1 and ZU-D just from the previous micro
iteration step at sites (j — 1,7), cf. Line 12 of Algorithm 4.3, and the core tensor V,(CJH)
updated in the previous half sweep. For a right-to-left half sweep, this applies analogously
with YU and 20) from Line 22 of Algorithm 4.3 and V,(gj ). The size of the eigenvalue
problem in the micro iteration step equals r;_1n;jn; 1741 X 1j_1njN;11741, s0 it scales
quadratically with n; = n;;1 = ¢ and the current TT ranks r. Especially if ¢ = 3 and
r > 81, which is in the range of ranks detected in Section 6.1, it is ¢*r2 > 319 which
is in turn the size of the overall eigenvalue problem for d = 10. Due to the matrix-free
implementation of LOCG in [ODK™12], this comparatively large size causes no technical
problems. And as our main concern is the comparison of different initial guesses rather than
the determination of optimal ranks, we do not attach too much importance to this otherwise
somewhat questionable fact that the “micro” problem might be larger or at least is of the
same order of magnitude as the overall problem. For d = 14 this inconsistency does not
occur anyway.

We start in Figures 6.25 to 6.27 with a 2-XYZ model for A=19, B=04, A=—-1.1, h=
0.2 and focus at first on the solid blue resp. dashed or dotted red lines which represent the
prolongated resp. random initial guess with TT ranks equal to the prolongated one like in
Section 6.2. In case of (di,ds) = (2,3) in Figure 6.25, although there is a small gap between
the error in the Rayleigh quotient or the residual norm for the prolongated and the random
initial guess during the iteration, we reach the final level of convergence of these values after
the same number of micro iteration steps. We observe further that the maximal TT rank of
the iterates is doubled in each of the first few half sweeps and that the jump of the blue and
red graphs during one half sweep occurs the later the larger the maximal rank already is.
Additionally, the significant decrease of RQ error and residual norm during one half sweep
occurs in each of the successive half sweeps a bit earlier. When the maximal rank stops to
increase, the residual norm stops to decrease, and this occurs one half sweep after the RQ
error has reached its final value, again simultaneously for prolongated and random initial
guess. Hence the stagnation of the residual norm or of the maximal TT rank, provided
rmax Was chosen sufficiently large, may be used as a stopping criterion for the method. It
seems that the convergence behavior of RQ error and residual norm does not depend on
the particular initial guess, but is rather related to the current value of the ranks of the
iterate. The doubling of the ranks occurs since, cf. Lines 10-13 or 20-23 in Algorithm 4.3,
the micro iteration step eigenvalue problem leads to a truncated SVD of a matrix of size
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Tj—1Mj X 1741 with nj = nj1 = ¢ = 2, and if actually no truncation takes place when all
singular values are above the truncation threshold, r; is updated by min{r;_in;,nj1rj41}
which at least for some j equals n;r; = 2r;. The described shift towards the middle of
the whole half sweep of the specific micro iteration step when the maximal rank increases
respectively the error quantities significantly decrease may be explained by the fact that
also the theoretical upper bounds of the value of the single TT ranks r; of an iterate grow
towards the middle of the T'T representative, namely

rp < @Ml 0 << d (6.6)

We also refer to the corresponding discussion for HT ranks at the end of Subsection 3.3.2.
So, max{r;: 0 < j < d} can jump from ¢’ to ¢/*! at the earliest in the (j + 1)-th micro
iteration step of a half sweep and at the latest in the (d — (j + 1))-th micro iteration step.
Having said this, we conclude that the RQ error and the residual norm decrease most at
that particular time during a half sweep when all TT ranks allowed to be increased have
been updated.

In order to examine the relation of increase of rank and decrease of error further, we
additionally consider a random initial guess which is set up with TT ranks equal to

(rla r2,...,Td—2, Td*l) - (27 47 o 72L10g2(rmaX)J s "maxy - - » Tmax 2L10g2(rmaX)J PRI 747 2)

with the parameter 7y, originally introduced and discussed in Section 6.1 as the upper
bound for the TT ranks in the truncation. The ranks smaller than r,, follow the exponen-
tially growing theoretical upper bound (6.6). We choose, as before, rpnax = 100 and depict
the convergence behavior of this “ry.x-random initial guess” by the dash-dotted green line.
To avoid confusion, we emphasize the difference between the global parameter ry,,x and the
actual maximal value of the single TT ranks of an iterate in the course of the iteration visu-
alized in the plots in the third row. We observe that during the first half sweep, the RQ error
and the residual norm already decrease rapidly, and during the second half sweep they reach
their final level, which equals the corresponding level for the other two types of initial guess.
At the same time, the maximal rank of the iterate decreases to its final value, which also
equals that value reached when employing the prolongated or random initial guess sharing
the same much smaller ranks at the beginning of the iteration. We notice that the final value
of the ranks is consistent with the result for the linear HT format in Figure 6.11.

As another step in the discussion of the rya.-random initial guess, we compare the CPU
time consumed by the MALS when started with this particular random initial guess or the
prolongated initial guess. We depict the respective values in the plots in the third row of
Figure 6.25 with a marker at the end of each half sweep and indicate them by the y-axis
at the right edge of the plots. Due to the much larger TT ranks at the beginning of the
iteration, the two half sweeps with the rp.c-random initial guess necessary for convergence
take two to three times as much total CPU time than the five (d = 16) or six (d = 22) half
sweeps with the prolongated initial guess. One may argue the particular value of ryax = 100
was quite arbitrarily chosen and is unnecessarily large, but in general the correct value of
the TT ranks of the tensorization of the eigenvector is unknown a priori, so it is not feasible
to expect being able to set up an initial guess with ranks very close to the correct ranks.

Moreover, we observe that the CPU time consumed by the five or six half sweeps of MALS
until convergence with the prolongated initial guess amounts for both d € {16,22} only to
about five percent of the CPU time used by the approximately 50 or 75 iteration steps of
LOCG for the equivalent setting recorded by Figure 6.11. With regard to the comparability
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Figure 6.26.: 2-XYZ, (4, B, A, h) = (1.9,0.4,—1.1,0.2), (dy,ds) = (2,9), MALS,
left: d = 16, right: d = 23

of the time consumptions and possibilities for improvement, we notice that the respective
implementations of the algorithms rely on two different toolboxes [KT14] and [ODK*12].
The next test case, Figure 6.26, with (dy,d2) = (2,9) shows similar behavior. The ranks
increase in most of the half sweeps, however a precise doubling is only observable during the
first half sweep. The maximal rank of the prolongated initial guess is by construction larger
than for (dy,d2) = (2,3), see Remark 5.5, and reaches the level necessary for convergence
of RQ error and residual norm after the same number of half sweeps. We notice that for
d = 16, in the second half sweep no increase of the maximal rank occurs. Again, the ryax-
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Figure 6.27.: 2-XYZ, (4, B, A, h) = (1.9,0.4,—1.1,0.2), (dy,d2) = (8,9), MALS,
left: d =16, right: d =23

random initial guess yields convergence after two half sweeps, but the total CPU time until
convergence is larger than for the prolongated initial guess.

For (dy,d2) = (8,9), Figure 6.27, the prolongated initial guess now leads to convergence
itself only after two half sweeps, and the RQ error and the residual norm are during the
iteration smaller than for the two types of random initial guess. The maximal rank of the
iterates start, like in Figure 6.26, at a value of 16, but especially in the second half sweep it
is almost doubled and hence the final value is reached rather quickly.

In Figure 6.28 we repeat the test with a 2-XYZ model for A = —0.9, B=1.6, A=1.7, h=
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Figure 6.28.: 2-XYZ, (4, B, A, h) = (=0.9,1.6,1.7,1.2), (dy,ds) = (2,3), MALS,
left: d =16, right: d = 22

1.2 and (d1,d2) = (2,3) which was characterized by the fact that for both d € {16, 22}, the
(d)

min*

prolongated initial guess v(@ has not the same sparsity pattern as v As opposed to

Figure 6.16, the alternative initial guess ng) which is constructed by prolongating vng) to

problem size d, see (6.5), also yields convergence measured in RQ to )\gd). For the two types

of random initial guess, the iterates converge to )\Egi)n with a similar behavior like in the
test visualized by Figure 6.25 which was also based on (di,d2) = (2,3) but for different

A, B,A,h.
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Figure 6.29.: 2-XYZ, (4, B, A, h) = (—0.9,1.6,1.7,1.2), (dy, d2) = (2,4), MALS,
left: d =16, right: d = 22

If we choose instead (di,d2) = (2,4), in Figure 6.29, then for d = 16 and with the
prolongated initial guess v(?) which has the correct sparsity pattern anyway, the iterates
converge, just as for the random initial guess, in six half sweeps to )\I(f]li)n. Taking the 7max-
random initial guess, we need again only two half sweeps. In the more interesting case
d = 22 we observe, in contrast to Figure 6.28, that the alternative prolongated initial guess

(d) @ and depicted by the dashed blue line,

v, set up with the same sparsity pattern as v, ;,
(d)

@ while ¥(@ with sparsity pattern equal to v, results in

leads to convergence in RQ to A7,
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Figure 6.30.: 2-XYZ, (4, B, A, h) = (=0.9,1.6,1.7,1.2), (dy,ds) = (3,4), MALS,
left: d =16, right: d = 22

(d)

convergence to Ay .

The last test for the current parameters A, B, A, h is with (dy, d2) = (3,4) in Figure 6.30.
Here, as doubling of the maximal rank, equal to 8 at the beginning, occurs in each half
sweep, we need four half sweeps until convergence of both RQ error and residual norm, while
we need again two half sweeps with the ry,c-random initial guess.

In Figure 6.31 we consider a 3-XYZ model for A = 1.6, B = —-0.3, A = 2.9, h = —0.8.
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Figure 6.31.: 3-XYZ, (4, B,A,h) = (1.6,—0.3,2.9, —0.8), MALS,

left: d= 10, (dl,dg) = (2,4), T'ight.‘ d= 14, (dl,dz) = (2,6)

Due to ¢ = 3, the ryax-random initial guess is set up with TT ranks

1 max )t max
(rlaTQ,"‘aTd—QaTd—l) = (3,9"”,3L0g3(7’ )J,rmaxa"'aTmaxa?)LogB(r )J7

80

0
100

:9,3)

CPU time [s]

consistently with (6.6). In the left column, representing d = 10 and (d;,d2) = (2,4), with
the prolongated initial guess essentially one half sweep more is necessary than for the ryax-
random initial guess, and one half sweep less than for the random initial guess set up with the
same ranks as the prolongated one. The CPU time until convergence is for the ryax-random
initial guess about twice as much as for the prolongated initial guess. A similar behavior is
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Figure 6.32.: 3-XYZ, (A, B, A, h) = (2.6,0.7, 1.9, —0.3), (d1,ds2) = (5,6), MALS,
left: d =10, right: d = 14

given in case of d = 14, (dy,ds2) = (2,6) depicted in the right column of Figure 6.31 with the
specific observation that the RQ error stagnates for the duration of two to three half sweeps
at a level equal to )\gd) - )\I(ffi)n before decreasing near machine epsilon.

In the next test, Figure 6.32, for a 3-XYZ model with A =26, B=0.7, A=-19, h =
—0.3, and (di,d2) = (5,6), each of the initial guesses leads to convergence already after at
most two half sweeps, the prolongated initial guess even for both d € {10, 14} after only one
half sweep. We attribute this to the large maximal rank equal to 243, see Remark 5.5, of

the prolongated initial guess at the beginning of the iteration which is in fact larger than
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Figure 6.33.: 3-Potts, (A, h) = (1.3,0.9), (d1,d2) = (2,3), MALS, left: d = 10, right: d = 14

the final rank and also larger than the value of ry,c = 150. Despite that large rank of the
prolongated initial guess, the CPU time in case d = 10 for the first half sweep is a bit smaller
than for the rp.x-random initial guess since the maximal value of the ranks of the current
iterate drops down to the final level slightly above 100 already during the first half sweep
while the maximal rank in case of the ry,x-random initial guess remains equal to 150 until
the middle of the second half sweep. In case of d = 14, one half sweep necessary to converge
to )\fgi)n when employing the prolongated initial guess requires less time than two half sweeps
necessary with the random initial guess set up with maximal rank 150.

The tests for a 3-Potts model with A = 1.3, h = 0.9, whose results are contained in
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Figure 6.34.: 3-Potts, (A4, h) = (1.3,0.9), (d1,d2) = (3,4), MALS, left: d = 10, right: d = 14

Figures 6.33 and 6.34, are going along with the findings so far. The prolongated initial guess
performs at least as well as the random initial guess set up with the same TT ranks. The
iteration started with the rya-random initial guess needs in each scenario two half sweeps
to converge. Again, the larger ranks of the prolongated initial guess in case (di,d2) = (3,4)
lead to a faster convergence compared to (dy,ds) = (2,3).

We conclude this section with two tests for values of d much larger than considered so far,
namely d € {100,300}. For these d it is no longer possible to determine an “exact” value

of )\I(f]li)n via the MATLAB function eigs applied to a sparse matrix. So the reference value
for )\Egi)n is now the Rayleigh quotient of the last iterate in the iteration with prolongated
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Figure 6.35.: 2-XYZ, (4, B, A, h) = (1.9,0.4,—1.1,0.2), (dy,d2) = (2,4), MALS,
left: d = 100, right: d = 300

initial guess with the additional requirement that the residual norm should be small for the
duration of some half sweeps. The first test, Figure 6.35, is the already considered 2-XYZ
model with A = 1.9, B = 04, A = —1.1, h = 0.2, now for (di,d2) = (2,4).
d = 300 the prolongated initial guess yields only a slightly better performance during the
iteration, in case d = 100 all three instances of the random initial guess stagnate for three
half sweeps concerning the error in the Rayleigh quotient at a level of 107 before decreasing
in the next half sweep to approximately machine epsilon. As the maximal rank grows faster
for the prolongated initial guess in case d = 100, also the CPU time is larger, beginning
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Figure 6.36.: 3-XYZ, (A, B, A, h) = (1.6,—-0.3,2.9, —0.8), (d1,d2) = (2,4), MALS,
left: d = 100, right: d = 300

with the fifth half sweep. But, since one half sweep less is necessary in this scenario, the
consumed time until convergence is smaller than for the random initial guess. The second
test, Figure 6.36, deals with the 3-XYZ model for A = 1.6, B= —-0.3, A =2.9, h = —0.8,
again with (dy,dy) = (2,4). Here, for both d € {100,300}, convergence in RQ to the reference
eigenvalue is reached after two half sweeps for both types of initial guess simultaneously and
the residual norm attains its final value around 108 after one more half sweep and stays
there for remainder of the iteration. The CPU times for prolongated and random initial
guess are practically equal.

149



6. Numerical tests

g g
o o
£ £
S S
) o
%) 17
o) o)
© ©
\ .
R S
10-15 ] Y ] :
0 50 100 150 200

E £

<] S

c c
© ©

> >
S S

7] 7]

o o

10°15 ] | | 10°15 | | |
0 50 100 150 200 50 100 150 200
100 [ ' : — 100 | ' ' —
[ ! —

o 80 fi Lol o 80

‘é [ ‘@ ,

2 60| L\ 2 60}

© ©

x x

S 40 S 40r prol. init. guess

= = — — —rand. init. guess

c>t<$ 20 + é 2+ /|7 rand. init. guess

IS S rand. init. guess

0 1 1 1 0 1 1 1
0 50 100 150 200 50 100 150 200

iteration step

iteration step

Figure 6.37.: 2-XYZ, (A, B,A,h) = (1,1,-0.2,0.3), (d1,d2) = (3
left: d =16, right: d = 22

,4), LOCG, balanced tree,

6.4. HT format, A =B

Until now we performed various tests for different types of Hamilton operators, but the
common feature of all tests was that in case of an XYZ model, the coupling parameters
satisfied A # B, so we were able to apply the prolongation strategy discussed in Sections
5.1-5.4 to construct an initial guess. In contrast, the present and the next section is devoted

to the case A = B where this prolongation strategy is not directly feasible, since in general
(d1)

the quadratic matricization of v, ;  or blocks thereof are not invertible as they contain too
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many zeros. A possible adaption of the prolongation strategy to this non-invertible scenario
is to replace the classical inverse by the pseudoinverse in the construction of the matrix N
governing the prolongation. To test this, we consider a 2-XYZ model with A=B =1, A =
—0.2, h = 0.3. Remembering (5.12) and (5.13) for a first test with (d;,ds) = (3,4) and the
definition of the truncated pseudoinverse pinv(A;e) around (5.18), we set

(I, NO 0
M = ( O :[2 ® N(H) 9

NO .= mat4X2((vr(§i)n)1;8) - pinv (matgxg((vgi)n)l:4); 10_6) ,
N = matywo (Vi )o:16) - piny (mat2x2((Vf§i)n)5:8); 1076) ;

and

d—4
V@ = (H(Izi ® M)) v
i=1

In the present case it is v e 5§?2), thus

min

0 0 0
matgxg((vr(gi)n)lA) = (0 *> s matQXQ((Vr(gi)n)EJ:S) = <* ;) .

Concerning the construction of such an initial guess in HT format, we notice that some
of the o from (5.40) as norms of submatrices of N or NID may be zero, hence we set

Ugl) ) _ O_gn) 1)

= O'g = O'é :=1and

(
I II
u(II) ,_ (”5,1) ”g,z)> u(H) o <n3
1= @ DU E 2 =
n 4

when we actually construct the HT representative.

Figure 6.37 shows the performance of this prolongated initial guess for d € {16,22} and
a balanced dimension tree. We observe that the error in the Rayleigh quotient decreases
more slowly than for all three instances of a random initial guess set up with the same ranks
as the prolongated one. The residual norm decreases at the beginning for some iteration
steps rather quickly but the RQ error stagnates, which indicates that in this stage the
iterates approximate an eigenvector associated with an eigenvalue larger than )\r(gi)n. A closer
investigation in case d = 16 shows that up to iteration step [ = 30, the modified RQ error

’(Vz, P (Vi) — )\:%)’

with respect to the 343-th smallest, simple eigenvalue )\&? decreases to the order of 10714,
The choice (di,ds) = (3,4) yields for the current A = B = 1, A = —0.2, h = 0.3 that
v® ¢ 53522) and v\ € 55’2), so v10) ¢ 51((1352) by Theorem 5.3. In addition, )\&? is the

min min
. . . 1 . 1 1
smallest eigenvalue such that an associated eigenvector vgg) satisfies vgg) € 51(6?2), hence
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6. Numerical tests

has the same sparsity pattern as the prolongated initial guess. Thus, up to around iteration
step [ = 30, the iterates remain to approximately represent the tensorization of a vector
in 51((1552) This also explains why the maximal HT rank of the iterates between iteration
step 13 and 27 equals 2, reflecting the statement in exact arithmetics that tensyxis(w) with
w € 51((15?2) having (}g) = 16 nonzero entries wi,...,wig may be represented for a balanced

dimension tree by the leaf matrices Ugyy = ... = Uyy = Iy and the transfer tensors

0 W16+1—(2i—1)
W164+1—2i 0 1<i<8

00 oo
0 1

Byi3,..4i = By1,..8 = Byo,...16) =

0 1
Broot = (1 0) .

In the further course of the iteration, the usual RQ error from (6.3) measuring the distance
to ALY

min
tial guesses. Similar observations are made for d = 22, thus the prolongated initial guess
constructed by the pseudoinverse seems to be unsuitable.

A second test, Figure 6.38, with the prolongated initial guess based on the pseudoinverse

is carried out for (dy,dz2) = (8,9) with linear dimension tree, so we set

Boi_12i) =

o O = O

decreases for the prolongated initial guess more slowly than for the random ini-

M:=1Ii® [mat25X24 (vioh) - piny (mat24x24 (Vi) 1076)} )

d—9
@ = (H(Iy ® M)) v (6.7)

i=1

(8)

noticing for the present setting v ; € Eé?z) and rank (mat24x24 (V(S) )) = 8. We observe

min
again, in fact more than once, a stagnation of the RQ error at the beginning of the iteration

while the residual norm decreases. If we take a closer look in case d = 16, we find that
for (di,d2) = (8,9), besides Vr(fi)n € ESZ) it is vr(gi)n € 555762), which implies v(16) ¢ 51((1;?2) by
Theorem 5.3. Up to iteration step | = 40, the Rayleigh quotient of the iterates is close to the

25-th smallest, simple eigenvalue )\956)

(13)

, which in turn is the smallest eigenvalue such that an

associated eigenvector belongs to &5 just like the prolongated initial guess. The second,
more narrow plateau of the RQ error occurs since the Rayleigh quotient of the iterates

)

around iteration step [ = 60 approximates the second smallest eigenvalue )\516
(16) (16)
2

min

up to order

1075, The sparsity pattern of an eigenvector associated with A resp. A also differs as

(11) (16) (10)

Vglﬁ) € &16,2 TESP. Vi € Eigo- Similar to the previous test, the overall performance of the
prolongated initial guess compared with the random ones is not satisfactory.
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Figure 6.38.: 2-XYZ, (A, B,A,h) = (1,1,-0.2,0.3), (d1,d2) = (8,9), LOCG, linear tree,
left: d = 16, right: d = 23

In Section 5.5 we proposed as an alternative in the case A = B the “constant initial guess”.
This term stands for a vector ng)zlst ¥ C(lkq) with 0 < k < (¢ —1)d all of whose nonzero entries

are equal and may be chosen such that ||\7£l;215t || = 1. The construction of this constant initial
guess in a tensor format is also detailed in Section 5.5. Our main objective in the next tests
is to investigate whether a constant initial guess Vg’;n)st with &* such that v\¥) € Ec(lkq) is

min
advantageous compared to a constant initial guess i?ﬁ’gﬂlst for some k # k* or a random initial
guess. In the present situationofg =2, A=B =1, A=-0.2, h=0.3,itisk* =10ifd = 16
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Figure 6.39.: 2-XYZ, (A, B,A,h) = (1,1,-0.2,0.3), LOCG, linear tree,
left: d =16, right: d = 22

and k* = 14 if d = 22. For the tests whose results are displayed by Figures 6.39 and 6.40,
which are in turn distinguished by linear or balanced dimension tree, we executed the LOCG
method with initial guess Gg’gﬂlst for each 1 < k < d—1, supplemented by three instances of a

random initial guess set up with the same ranks as v¥)  The vectors v\ , = (1,0,...,0)"

const* const T
and vﬁﬁ@lst =(0,...,0,1)T are actually eigenvectors, see Remark 2.13(i), but associated with
an eigenvalue larger than )\I(gin. We depict the convergence behavior originating from those
< (k)

Veonst Where the error in the Rayleigh quotient decreases the fastest, the second fastest, and
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Figure 6.40.: 2-XYZ, (A, B,A,h) = (1,1,-0.2,0.3), LOCG, balanced tree,
left: d =16, right: d = 22

the slowest. In fact, the constant initial guess Vg’;nlt which has the same sparsity pattern as

vfgi)n yields the fastest convergence which is also at least two times faster than for the random
initial guess. The geometry of the dimension tree has practically no effect on the course of
the fastest iteration started with Vgﬁ;ét having the correct sparsity pattern. However, the
indices k for which we observe second fastest and slowest convergence deviate with respect

to the tree structure in three of four cases.
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Figure 6.41.: 3-XYZ, (A, B,A,h) = (2,2,1,1), LOCG, linear tree,
left: d =10, right: d =14

We perform the same test for a 3-XYZ model with A = B =2, A = h =1 and collect the
results in Figures 6.41 and 6.42. For these parameters it is vgﬁz € 51((1]232 and vgﬁz € 51(411?3),

and we observe again that the iteration started with Vgi)st respectively vﬁﬁf}st converges the

fastest compared to the other constant initial guesses and additionally much faster than
for the random initial guess. The influence of the two different dimension trees on the
convergence behavior is similar to the previous test.

156



100
g
o
c 10°
S
o
810710
©

_
o
'

(8]

residual norm

1071°

100 f

60

40

20

max. rank of iterate

6.4. HT format, A= B

—
o
&

abs. error in RQ
>
>

50

100

150

-

o
o
o

100

150

200

residual norm

80 i

Figure 6.42.: 3-XYZ, (A, B,A,h) = (2,2,1,1), LOCG, balanced tree,

left: d =10, right: d = 14

‘ : : 10715 ‘ : :
50 100 150 200 0 50 100 150 200
100 f ! ! T
l A
) © 80 7 It .
I | © M
Il o I |
‘f \i \! ‘ const. i. g. (k=12) % 601, \,I ! const. i. g. (k=16)
P = = —const.ii g. (k=15) S i — — —const. i. g. (k=14)
- const. i. g. (k=4) s 40 0 |- const. i.g. (k=25) | 1
! '/‘ — — —rand. init. guess = P — — —rand. init. guess
N E PR rand. init. guess s 208 | rand. init. guess 1
rand. init. guess S rand. init. guess
L L L O L L L
50 100 150 200 0 50 100 150 200
iteration step iteration step

157



6. Numerical tests

abs. error in RQ

abs. error in RQ

|

\

. \ |

£ | i £ \ |
5 | e 5 \ |
c | | c | | I
§ | \ g \ | |
he) | \ S \ | |
g \ \ ! g [ [ |
= [ | const. i. g. (k=10) = ‘ | const. i. g. (k=14)
| |~ — —const. i. g. (k=9) ‘ ||~ — —const. i.g. (k=10)

15 | | const. i. g. (k=14) 15 | [ const. i. g. (k=7)

10~ “—— — —rand. init. guess [ __ 10° — — —rand. init. guess

0 U - rand. init. guess 100 L — rand. init. guess 150

rand. init. guess rand. init. guess

10fF T T T 17 T 1 100 ‘ :

\ \ \ \ \ \ \ \

\ \ \ \ \ \ _ =

80 80 .

E ] o
2 [ 2 60 \ I
2 R 2 \ |

x ) X }

S \ [ S 40 | L \ \
= I — \ = 1 \ \ \
3 \ S 20 o
E T E gt I N

| 0 | [ | | |

0 50 100 150

micro iteration step vertical dashed lines mark end of a half sweep

Figure 6.43.: 2-XYZ, (A, B,A,h) = (1,1,-0.2,0.3), MALS, left: d = 16, right: d = 22

6.5. TT format, A =B

In this section we repeat the tests from Section 6.4 concerning the usefulness of the constant
initial guess, now for the MALS in the TT format. We remember the graphical presentation
of the results of this algorithm in Section 6.3 and consider in Figure 6.43 the 2-XYZ model
with A= B =1, A = 0.2, h = 0.3 where vis}, € & for k* = 10 if d = 16 and k* = 14 if

min
d = 22. In contrast to Section 6.4, we observe that the iteration started with the constant
(k)
const
all of which show very similar performance and are again set up with the same TT ranks

initial guess v needs more half sweeps to converge than with the random initial guesses
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Figure 6.44.: 3-XYZ, (A, B,A,h) = (2,2,1,1), MALS, left: d = 10, right: d = 14

Eﬁ;gt Additionally, we depict the behavior for that constant initial guess which leads to

the fastest resp. the slowest convergence by the dashed resp. dash-dotted blue line. Even for
the fastest constant initial guess, we need more half sweeps than for the random one. For
the 3-XYZ model with A = B =2, A = h = 1, Figure 6.44, we observe a similar behavior,
however the fastest constant initial guess shows a performance closer to the random initial
guess.

as v

Meanwhile, the prolongated initial guess based on the pseudoinverse performs much better
than for the LOCG method in HT format discussed in Section 6.4.
g=2,A=B=1,A=-02h =03, (d,ds) =

In the situation of
(8,9), d € {16,23}, depicted in Figure

159



6. Numerical tests

OY Ul Jous 'sqe

o
3
o

1051

—

oY Ul Jolle ‘sqe

150

100

50

60 80 100

40

20

wJou [enpisal

150

100

50

40 60 80 100

20

SSSS
T ————— £88 8
%uuu
5299
IR — . —
IIIIIII EEEEH
— T T T
mnnn
IIIIII [SRECCINCE I
B [
[
- ———— — - |1 =

[ee] © < 3\

100

a1eJa)l JO Yuel "Xew

o o o o o

150

100

vertical dashed lines mark end of a half sweep

80 100

60

20

micro iteration step

A k) =(1,1,-0.2,0.3), (d1,ds) = (8,9), MALS,

Figure 6.45.: 2-XYZ, (A, B,

23

left: d = 16, right: d

6.45, the convergence behavior for the TT representative of the prolongated initial guess v(%)

(3,4), d € {10,14}, we construct the

= h =1 and (dl,dg)

B =2,

from (6.7) is practically the same as for the random initial guess. Concerning the 3-XYZ

model with A

prolongated initial guess via
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3)

noticing for the present setting v i € 5§4§, thus

, 0 0 O
matgxg((vfni)n)lzg) =10 0 0],

0 0 =x

, 0 0 O
matsxg((me)n)mqs) =10 0 x{,

0 = O

, 0 0 =x

matsxg((me)n)wm) =10 % 0

* 0 0

As we read off from Figure 6.46, this prolongated initial guess also behaves practically equally
to the random initial guess.
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7. Conclusion

In this thesis we have been concerned with the computation of an eigenvector associated
with the minimal eigenvalue of a Hamilton operator modeling a quantum mechanical spin
system, in other words the ground state of the system. As the number of elements of the
eigenvector to be determined grows exponentially with the number of particles in the spin
system, we had to represent the involved objects in a format with an amount of parameters
that has much lower complexity. Formulating the large-scale eigenvalue problem in terms
of tensor networks has turned out to be very useful. A special focus has been laid on the
construction of an initial guess in order to accelerate the computations.

We summarize in this last chapter of the thesis our gain in knowledge and relate it to the
tasks phrased in Section 1.1. In addition, we name some directions in which further research
may be carried out.

7.1. Summary

We have considered two types of Hamilton operators Hy, € R g modeling the energy in

a one-dimensional quantum mechanical spin system with d particles, namely those of the ¢-

XYZ model and the g-Potts model. In Section 2.1, the main contribution was the statement

of Theorem 2.9 about the existence of an orthonormal basis of each eigenspace of Héﬁgz each
even

of whose basis elements obeys a certain sparsity pattern. We introduced these sets £3 . and

ngd respectively Sc(lkq), 0 < k < (g —1)d, of specifically structured vectors in Definition 2.6

by means of the sum of digits of g-ary representations of the indices of the vector entries
with the convention to start counting the indices at 0. It turned out that it depends on
the equality respectively inequality of the coupling parameters A and B in Higz whether

the eigenvectors belong to Eékq) respectively £57" or Sg?ld. For some special cases of the

coupling parameters A, B, A, and the parameter h corresponding to an external magnetic
field, we determined the minimal eigenvalue and associated eigenvectors in Proposition 2.11
analytically. Furthermore, a relation between eigenvalues for varying h if A = B was the
content of Theorem 2.12.

In Section 2.2, similar statements were proven for the Hamilton operator Hggfts of the
g-Potts model. The relevant sparsity patterns of the eigenvectors were characterized by the
spaces 552, 0 <k < ¢q—1, see Definition 2.15, in terms of considering modulo ¢ the sum of
digits of the g-ary representation of the indices. This led to Theorem 2.17 as a counterpart
of Theorem 2.9 for the Potts model. Proposition 2.19 contained the adaption of Proposition
2.11 to special cases of the parameters A and h in ngtts. The central tool in the proofs of
the theorems concerning the sparsity pattern of eigenvectors in Chapter 2 was the result of
Lemma 2.3, a statement about the relation between subspaces invariant with respect to a
matrix and eigenvectors of this matrix.

Chapter 3 was devoted to an overview of the terms in the context of tensors, tensor
networks, and tensor formats as an approach to overcome the exponential scaling of the
eigenvalue problem with increasing number of particles. Section 3.1 mentioned basic con-
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cepts for tensors like the vector space structure, inner product and norm, and reshaping
operations that relate tensors of different order, vectors, and matrices to each other. Section
3.2 introduced the notion of tensor networks which turned out to be a powerful instrument
to express tensors and their interplay via tensor contractions. In Section 3.3 respectively 3.4,
we explained the necessary details with regard to the hierarchical Tucker format respectively
the tensor train format as the particular tensor formats we dealt with in the thesis. We
pointed to the growth of rank which occurs by arithmetical operations with representatives
in these two tensor formats and the resulting need of truncating the ranks regularly when
working algorithmically with such representatives. Furthermore, we stated how to represent
the tensorized versions of the Hamilton operators of the XYZ model and the Potts model in
these tensor formats with an amount of parameters that scales only linearly in d, thereby
satisfying an assumption that was imposed in Section 1.1.

In Chapter 4 we described two numerical methods for the computation of an eigenvector
associated with the minimal eigenvalue of a symmetric matrix which we assumed throughout
this thesis to be simple. Since the Hamilton operator, regarded as a matrix, is symmetric,
the approach was to minimize the Rayleigh quotient. One method was the well-known
locally optimal preconditioned conjugate gradient method, but we argued not to consider
preconditioning and hence abbreviated the method by LOCG, see Algorithm 4.1. Instead
of computing with matrices and vectors, all constituents of the method like the Hamilton
operator, the current iterate, the gradient, and as a third search direction a combination of
gradients from previous iteration steps, were replaced by their respective representatives in
the HT format, due to the truncation of ranks in general only approximately. This method
was summarized in Algorithm 4.2.

The other method was the modified alternating linear scheme (MALS), also known in the
physics community as density matrix renormalization group (DMRG), usually formulated in
the tensor train format. We explained, and recapitulated in Algorithm 4.3, that this method
operates by updating repeatedly, in a so-called sweeping procedure, one after another the
single cores of the T'T representative of the iterate of the tensorized eigenvector. Adaptivity
of the TT ranks was incorporated by optimizing in each so-called micro iteration step the
contraction of two neighboring cores via solving a local eigenvalue problem and decomposing
the fourth-order tensorization of the resulting eigenvector by a truncated SVD.

Chapter 5 contributed the construction of an initial guess for an iterative numerical method
that computes an eigenvector associated with the minimal eigenvalue. This was formulated
in Section 1.1 as a main goal of this thesis and we named three properties (P1), (P2), (P3)
to be essential, now relating our findings to them. We proposed the construction of an initial
guess based on the relation of eigenvectors vi@) e Ra" and vi%2) € RI associated with the

min min
minimal eigenvalues of Hy, , respectively Hy, , defined by the same A, B, A, h or A,h like
H;,, where di < d2 < d. By means of matricizations of vr(flliln) and vr(fllfn), a linear mapping

was defined which we called a prolongation operator, with reference to a certain analogy of
our concept to the idea of multigrid methods. Via applying this prolongation operator in

(d2)

min?’
we were able to define a vector corresponding to problem size d, hence being an element of
R?if d = dy + (dy — dy)i for an i € N.
The feasibility of this construction procedure, whose result was then regarded as the
C(()ns;tructed initial guess, depended on the invertibility of the quadratic matricization of
dy

Vi, i1 case of even d; respectively of g blocks thereof for d; odd. In the situation of the g-
XYZ model, it turned out that, based on the results of Section 2.1 about the sparsity pattern

turn to v or possibly to an eigenvector associated with a larger eigenvalue related to do,
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of eigenvectors, the prolongation strategy is feasible only if it holds A # B for the coupling
parameters in the Hamilton operator. If ¢ = 2 and d; = 2, Lemma C.1, to which we referred
in Subsection 5.1.1, showed the invertibility of the matricization of Vfgiln) in case A # B. For
the 3-XYZ model and d; = 2, we stated in Subsection 5.1.2 for A # 0 # h, B=A =0
the invertibility of the matricization and conducted for other coupling parameters promising
numerical tests. An analogous result was obtained in Subsection 5.1.3 for the 3-Potts model
with d; = 2 in the general case of A # 0 # h not already addressed by Proposition 2.19.

Theorem 5.3 clarified that the prolongation procedure indeed yields a vector matching
the sparsity patterns that are admissible for an eigenvector related to problem size d and
stated a formula how to determine the actual sparsity of this prolongated vector. Together
with the comparison of the Rayleigh quotient of the prolongated vector with the exact
minimal eigenvalue in different test cases, this indicates that Property (P3) referring to the
approximation quality of the prolongated initial guess is satisfied at least in the situations
of an XYZ model with A # B and a Potts model summarized so far.

We continued in Section 5.2 with translating the construction of an initial guess by pro-
longation to the HT format based on a linear dimension tree. We pointed out that the
construction in linear HT format is possible in such a way that it yields a representative of
the prolongated initial guess with a maximal rank independent of the final problem size d
and collected the explicit ranks for some relevant cases in Remark 5.5. The conversion of
the representative of the initial guess from the HT format with linear dimension tree to that
with balanced tree was explained in Section 5.3 by means of straightforward manipulations
of the tensor network. We did not elaborate on the direct construction of the prolongated
initial guess in balanced HT format and the resulting behavior of the HT ranks. Since the
linear HT format is closely related to the T'T format, the representation of the prolongated
initial guess in the latter was mentioned in Section 5.4 quite briefly.

Section 5.5 picked up the problem that for an XYZ model with A = B, the prolonga-
tion strategy is not feasible in general as the eigenvectors contain too many zero entries.
This in fact finer classification of the structure of the eigenvectors gave rise to propose an
alternatively constructed initial guess, or rather a collection of (¢ — 1)d + 1 initial guesses,

one for each admissible sparsity pattern defined by 5( ) ,0 <k < (¢g—1)d. Since all the
nonzero entries were chosen to equal a constant value and to yield a normalized vector, we
called this the constant initial guess. The rationale for this strategy was that in a computing
environment suitable for the parallel execution of several instances of the eigensolver with
different initial guesses, it might be advantageous to start at least one instance with the same
sparsity as an exact solution, and pick in the course of the iteration that instance with the
best convergence behavior. We described the construction of a representative of the constant
initial guess in HT and TT format and stated that the maximal rank scales linearly in d.
From the expositions made so far, we infer that the prolongated just as the constant
initial guess matches very well a low-rank tensor format and hence satisfies Property (P2).

(d1)

As demonstrated for the linear HT and the TT format, once the exact eigenvectors v, ;-

(d2)

and v, are determined, the actual prolongation procedure up to problem size d does not

require any computational work at all, since the representatives in the tensor formats only
(1) and v!%) . Combined with the fact that the

contain information directly obtained from v, .’ i -

computation of vr(mn) and vr(mn)
respectively recognizing that the construction of the constant initial guess does not rely on
any computable quantity, Property (P1) concerning the comparably cheap accessibility of

an initial guess is also fulfilled.

up to machine precision is not expensive for small d; and do,
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7. Conclusion

As a last part of this summary, we comment on the results of the numerical tests in
Chapter 6. Since the numerical methods require parameters which control the truncation of
HT and TT ranks, we conducted some tests regarding this issue in Section 6.1. We decided
to choose the upper bound of the ranks as well as a specific relative error bound to be the
same for all subsequent tests and especially independent of d and g.

The LOCG method, as discussed in Section 6.2, profited in each situation clearly from the
prolongated initial guess compared to a random initial guess in the sense that the number
of iteration steps until reaching a small error level is at least halved or even reduced down
to one tenth. We observed that the iterates stay in the same set of sparsity pattern as
the initial guess and hence possibly approach an eigenvector associated with a non-minimal
eigenvalue. However, by applying the prolongation operator not to vfgfrz but instead to
another eigenvector related to problem size do with a different sparsity pattern, the sparsity

(d)
min
priori, but even executing the method two times for both an initial guess located in szen

of the initial guess may be altered. Of course, the correct sparsity of v,/ is not known a

and 53;11d is competitive to the performance of a random initial guess. We observed in some
situations that for di; and do getting larger, convergence to the minimal eigenvalue gets
faster. The geometry of the underlying dimension tree, whether linear or balanced, turned
out to have practically no effect on the convergence behavior. However, in some cases the
numerical method consumes more CPU time for the balanced tree.

For the MALS, see Section 6.3, which was generally much faster than the LOCG method
with respect to the CPU time, the influence of the prolongated initial guess on the necessary
number of half sweeps was less striking. An advantage occured in some situations, mainly
when the approximation error compared to the random initial guess differed rather much at
the beginning of the iteration. In one of four tests with comparably large three-digit d, the
prolongated initial guess was superior. For a setting where the prolongated initial guess has
the wrong sparsity pattern, altering this pattern by prolongating a vector different to vfgfrz
did not yield an improvement. Except this single event, the prolongated initial guess showed
an equivalent or slightly better performance than the random one.

The tests in Section 6.4 for the situation of coupling parameters A = B in an XYZ
model implied that for LOCG, the constant initial guess should be preferred instead of a
prolongated initial guess constructed via the pseudoinverse of a non-invertible matricization
I(ilg The constant initial guess with the correct sparsity pattern performs much better
than the random initial guess. Even if there is a priori no knowledge about that correct
pattern, starting in parallel many instances of the method for constant initial guesses with
the different admissible sparsity patterns appears as an acceptable approach.

of v

For the MALS in case A = B, see Section 6.5, we received a reversed impression. Even
with the constant initial guess having the correct sparsity pattern, it took more half sweeps

to converge as with the random initial guess, while the prolongated initial guess constructed
(d1)

via the pseudoinverse of the matricization of v, performed like the random initial guess.
Summing up, we have introduced specific notions of sparsity patterns of vectors and have
proven the existence of eigenvectors with these patterns for certain Hamilton operators.
Based on these findings, we have proposed strategies to construct an initial guess for nu-
merical methods that compute an eigenvector associated with the minimal eigenvalue. We
have demonstrated that these construction strategies match very well a low-rank tensor for-
mat. As a result of numerical tests, we have observed that the constructed initial guesses
substantially accelerate one particular type of numerical method, while for another type of

algorithm they have shown a performance at least equivalent to a random initial guess.
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7.2. Outlook

7.2. Outlook

To recommend in which directions further research should be done, we distinguish two
different objectives. On the one hand, there are topics which are summarized under the
term of “generalization and variation” while on the other hand, especially based on the
results of this thesis, issues exist where one should aim for “improvement”.

With regard to the former, we mention the possibility to consider other Hamilton oper-
ators, namely those stemming from the interactions of more than only directly neighbored
particles, cf. [BFSB14, Section II] or [BBF17, Section II], or the presence of more than one
external magnetic field, see [BBF19, Section II|. The construction of these Hamilton oper-
ators proceeds like for the models considered so far in this thesis. Each of the interactions
of several specific particles with each other enters the Hamilton operator as a summand
which is a Kronecker product containing the respective spin matrix as a factor exactly at
those positions which correspond to the location of the interacting particles. All remaining
Kronecker factors in each summand are identity matrices. Just as well, each interaction of a
particle with an external magnetic fields amounts to an additional summand with only one
factor being a spin matrix and not an identity.

Moreover, Hamilton operators modeling so-called long-range interactions, see [Can95] or
[SGLT20, Section IV], may be taken into account. This means that also distant particles are
regarded as interacting with each other. The strength of the interaction typically decreases
with increasing distance. In order to apply the developed ideas also to such scenarios, one
has to check whether the eigenvectors satisfy a similar type of sparsity pattern upon which
the prolongation scheme is built. Depending on these findings, the procedure of constructing
an initial guess has to be adapted to the particular structure of the eigenvectors.

Another type of variation arises from formulating the DMRG/MALS not only based on
the tensor train format, but instead to allow more general geometries of the tensor network
as done in [GSR*14] or [STG'19, Section 5|. The sweeping procedure is in principle not
limited to the linear arrangement of core tensors in the tensor train format. If one employs
a tree structure like in the hierarchical Tucker format as an ansatz for a representative
of a tensorized eigenvector, there is some freedom to choose the order in which the nodes
of the tensor network are optimized. Depending on this order, some nodes are visited
more frequently than other ones. Besides, a representative in the HT format contains more
individual tensors than a representative in the T'T format for fixed d. This may lead to larger
computational cost until having updated all of these tensors at least once which would be
seen as a half sweep in that case. Hence one has to discuss which order is the most efficient
one and whether there is a benefit compared to the TT format.

Concerning the objective of improving the strategies proposed in this thesis, we name the
situation of A = B in the XYZ model where the construction of an initial guess by the
developed type of prolongation does not work properly. One has to think about alternative
ways to relate information available for different small problem sizes. To this end, it might
be advantageous also to include information about the representation of the relevant eigen-
vectors vr(flliln) and vr(fllfn) in a tensor format instead of only relying on their structure in full
vector format when setting up the prolongation procedure. It has to be investigated how
the undoubtedly helpful knowledge of the various sparsity patterns in full vector format may
be combined with the properties of the eigenvectors or their tensorizations revealed by a
tensor decomposition. With respect to an improvement in efficiency for the constant initial

(d)

guess, a priori statements about the actual sparsity pattern of v, ! for different domains of

A, B, A, h are desirable.
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7. Conclusion

A further issue to address is the observation that the MALS profits only partially from
employing a constructed initial guess instead of a random one. While the LOCG method
seems to retain relevant properties of the initial guess like the sparsity pattern since it treats
the iterates as a whole and utilizes tensorization and representation in a tensor format rather
for auxiliary means, the procedure of optimizing only single nodes of the tensor network in
MALS has a different spirit. An exploration to what extent the construction of an initial
guess may be tailored better to the idea of MALS is very advisable.

In addition, a topic which was not discussed so far and might be examined is the con-
sideration of possible symmetries in the eigenvectors. If some vector entries can be inferred
from other ones, this reduces the number of quantities to compute. However, one has to
clarify how a symmetry in full vector format translates to the values of the parameters con-
stituting a representative in a tensor format. It has also to be argued in which particular
way a numerical method based on low-rank tensor representations can take symmetries into
account. Since for one-dimensional spin systems there is no specification at which end of
the chain particle 1 respectively particle d is located, one expects that the coefficients of
|71 72 -+ Ja—1 Ja) and |jq ja—1 ... Jo j1) stored in an eigenvector have at least the same
absolute value, cf. [Ball5, Section 2.4]. This is related to the concept of reverse symmetry
from [HWSH13b, Section 3.2.3] and, despite the difficulties to incorporate knowledge about
symmetries especially into the DMRG/MALS as mentioned in [HWSH13b, Section 3.2.8],
further investigations are recommendable.

As it was pursued by our proposed strategy of constructing an initial guess via prolon-
gation, we referred to the idea of utilizing cheaply obtained information to gain an insight
into situations being more complicated. Stepping back from the concrete subject matter of
quantum mechanical spin systems, it remains a quite general question to which other types
of problems this principle of concluding from the small to the large may be applied.
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A. Dirac bra-ket notation

In this thesis we employ the Dirac bra-ket notation, dating back to [Dir39], only in a quite
specific and limited way. The present section is intended to summarize the features most
important for our purposes. A more general introduction and overview may be found in
[Gril4, Chap. 3.

We denote by the ket |5), j € {0,...,q — 1}, the i-th standard basis vector

0

0
where the element 1 is at position ¢ = j + 1, beginning counting that position with 1.
This offset in counting by one is mainly due to the traditional notational convention for
the standard basis like in [HJ13, Sect. 0.1.7] on the one hand, and practical reasons when
working with the Dirac notation, see below, on the other hand. The value of ¢ is not referred

to in the notation and will be clear from the context.
A ket with more than one “entry” denotes the Kronecker product of the respective vectors,

1 J2 - Ja) = 1J1) ® |j2) @ -+ @ |ja) -

Such a ket is a unit vector in R?". The position i € {1,...,¢%} of the 1 in this unit vector
e; is determined as follows: Identifying each j,, n € {1,...,d}, with a digit in the g-ary
number system, we are given by (j1j2...Jq) the g-ary representation of a number ¢ in the
decimal system between 0 and g% — 1 to which we add +1 to obtain i = 1+ 1. As an example,
with ¢ = 3 and d = 5, consider (01202) = 012023 = 4719, s0 [0 1 2 0 2) = eyg € R*43.

By the bra (j|,j € {0,...,q — 1}, we denote the (conjugate) transposed unit vector
€4 = ejTH. Here as well

(1 jo - Jal == (1l @ (ol @ -+~ @ (Jal ,

with the same rule to determine the position of the 1 in that transposed unit vector.

As it simplifies some situations, we regard the entries in |-) modulo ¢, thus [j1 j2 ... ja)
with j, ¢ {0,...,q — 1} for some n equals |j; j2 ... jq) with j, € {0,...,q — 1} whenever
Jn = jn mod g for all n. To the entries in (-| this applies analogously.

By definition, [j) (I| denotes a ¢ x ¢ matrix whose (j + 1,1 + 1) element equals 1 while all
other elements are 0. There is the property

(I9yal) @ (1) =13 i,
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A. Dirac bra-ket notation

where the additional brackets () are unnecessary since multiplying in the order

b (@el)

gx1 1xq

axq

is not possible. Therefore we have

|j1 .. jd><l1 .. ld‘Q§|3i ... 32><Zi ... Zﬂ ::|j1 cee Jd ji . 32><l1 oy ZL ..

Yet another feature is

1, j=1

() = b0 = {0, o

noticing that a possible second bar | in the middle is typically left out.

170

.



B. Sparsity patterns of vectors

Ezample B.1. The vectors contained in £5%, £999, and 5(k), k € {0,...,(q — 1)d}, see
dyg d,q dyg

Definition 2.6, have the following structure. An entry x may also be 0.

(i) d=2,qg=2:
(+ 0 0 #) eegy (0« + 0) cesdl =g}
(+ 00 0)T65§°§
(000 *)Te<€§2§
(i) d=3,q=2
(*OO*O**O)E&?}’;D (O**O*OO*)65§%€1
(*ooooooo)Tes?fo (0« « 0000 e&f
(000« 0+« 0) el (0000000« e&

(+000000000000000) c&f
T e ec®
(000 0% %00 %0000 €&
T @
(000000000000000 ) &
T
(00 %0 % %00 % 0% 00 ) €&y
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B. Sparsity patterns of vectors
(iv) d =6, ¢ = 2:

(G 003

=)
—%
—%
o

The vectors with | = x if a = k and ] = 0 else constitute Séfg .

(v) d=2,q=3:

e T e T e e T
() * * o o o ja)
) o o * ) (] *
() * * @) @) o o
) o o * ) o *
* @) * ) o o o
o o o * o (] *
* (@) * @) @) o o
@) o o * @) * o

)
o
)
@)
@)
)
)
)
@)
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N ¥

N %

—%

W *

N

W *

W *

o o
NN
O* NO¥
o )
) o
NN
) )
NS
NS
o o

o
w ¥
— %
o
o
wo ¥
o
wx
w*
o

)

€ &5 (0«00 %0
c &) (00 «000
c & (00000 %0
e &



(vil) d =2, ¢ =4

.
= Eéoi

*

)
)
)
)
o
)
@)
)
)
)
)
)
)
)
@)

o
o
*

o
o
*

@)
o
*

@)
@)
@)
o
@)
o
o

€ 5§,4)

)
)
)
)
)
)
)
@)
@)
)
)
)
@)
)
)
*

/?/\/5\/—\/\
o o
* o
o ()]
o ()]
* o
o o
* *
* ()]
o o
* *
o o
o ()]
* *
o o
* o
N’ N N N N~
_‘
M
S

)
)
)
*

)
o
*

@)
@)
*

)
)
*

)
o
@)

?A/&\f\
o *
o o
o o
o *
o o
o o
o ()]
o ()]
o o
o o
* o
o ()]
o o
* o
NGOG
_‘
M
S

(viii) d =3, g =4

o vxr o Tox
% o o o
o N o N *
o ¥ (@) % o
NN O % )
o % (] DO *
o * o % (aw]
S o o N
(@) % o DO %
o ¥ o % o
S o o N
0 % o o * (@)
o ¥ o % (aw]
S o o NG
0 % o o * (@)
S oox O o
~
_‘

€ &

w ¥ o = % /a
S wx O ¥
[ (@} W% o
S ok O wx
S wx O %
(S5 S wx o
) (S ) W *
ENES (@) T )
S8 o W * o
S ok O wx
% (@) (S8 )
S % o o
S ok O wx
ENEY o (S5 (]
S % o o
Lx, S o
=

odd
€ 5374

(k)
4

)

The vectors with ; = * if a = k and |, = 0 else constitute &
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B. Sparsity patterns of vectors

)
)
*

)
)
)
*

)
)

@)
ja)
o
@)
*

@)
@)
o
*

@)
)
)
@)
)
)
o
)
)

Ah%\/\/\/\
o
o
o
o
o
o
o
o

*
[a)
*
(@)
*
[a)
*
[a)
*

@)
*
ja)
*
o
*
ja)
*
o

@)
*

o
@)
@)
*

o
o
@)

@)
)
)
@)
@)
)
)
@)
)

AA?AA
o
o
*
o
o
o
*
(aw]

o
@)
o
@)
o
o
o
@)
@)
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Ezample B.2. The vectors contained in Ec[lk;, k € {0,...,q— 1}, see Definition 2.15, have the
following structure. An entry * may also be 0.

(i) d=2,q=3:
.
(0000« 0 x0) ee
T
(0% 0 %0000+ e&f
T
(00«00«00 ecf
(ii) d=3,q=3

_
(0000 %0%000x%0x%0=%000%0=x0000x e&j

.
(00 %0 %0%000%0%x0000x%=x0000%0=x0) &

T gl
(+ 000000000000 &}
T el
(00 «00+000000=%00*0) e&f
T el
(00« 00+00=+0000003x €&
T el
(000 +00x%00%00=%000) &
(iv) d=2,q9=5
T gl
£ 00000000 %000=*000=x000=x000) e
T
(0 000%«00000000=%000%000=%00) &l
T
(0 0+000%000%00000000=%000=*0) €&
T
(0 00+000%000%000=+00000000 ) €&
T
(0 000+000+000=%000=%000=x%0000) €&l
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C. Invertibility of reshaped eigenvectors
for d =2

This appendix contains some statements referred to in Section 5.1.

Lemma C.1. Consider

HXYZ AS;2®8;0+BSy2®Syo+AS,20®8.0+N1(S.200I+1,®8, )
2+n 0 0 A
A A+B
v O
A9B N !
¥ 0 0 T-nh

assume A # B, and let \ be an eigenvalue of ng

(i) If the eigenspace of X\ is contained in &35, then an associated eigenvector is given by

-
v = (wl 0 0 wg)
with w1 =1 and wy = 7A 4h+4)‘ # 0.

(ii) If the eigenspace of X is contained in Eé’gd, then an associated eigenvector is given by

wy =1, wy =52 £0, A#-B

-
v:(O wy] W9 O) with
w1:w2:1, A=-B

Proof. Theorem 2.9 ensures the existence of eigenvectors with the sparsity pattern stated in
(i) resp. (ii). So it suffices to consider the submatrices of Hy := ng consisting of rows
and columns 1 and 4 resp. 2 and 3.

(i) Setting

10 10
A A-B
(1,4) 0 0 0 0 . _+h -
H2_00H200_—A;B%h’
0 1 0 1
it is
(1,4) )\—(%"‘h)
det (AL — HE™) = det (* 7 1 - é—h
4 4
A A2 2
=M= 2A — —h?-
X T 16
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C. Invertibility of reshaped eigenvectors for d = 2

with zeros

A A— B)?
Aa(Hy ) = 7+ p2q A5

For \ = )\172(H;1’4)) we obtain that

A A—B
1,4 S+h—A L= w 0
(5 )—)‘12)“’:(4 A-B é_z_)\> (w;>:<0>
4

has a solution
W = < A— 4h+4A>

Furthermore, —A — 4h + 4\ = —4h £ 4\/h? + _ég and

A - B)? / A - B)?
—4h—4 h2+£—7@—l~<—4h—4v%5§()§—4h+4v@§<:—4h+4 h2+£—iﬁrlﬂ

hence wy # 0.

(ii) Setting

0 0\ 0 0
23 ._ |10 1 0| (-4 AB
H, =10 1 H» 0 11~ A_Z% _4% ,
00 0 0
it is
A A+B 9 9
_pr(23)) _ A7 2 A A__M
det ()\12 H, ) = det <_ AIB At % A+ )\_|_ o =
with zeros
A A+B
MaHPY) = - £ 5=

For \ = )\1,2(H§2’3)) we obtain that
A A+B
-Z2-x &= w 0
( ) ATTB —% - A w2 0

has, if A # —B, a solution
1
W= <A+4)\> .
A+B

Furthermore, A + 4\ = +(A + B) # 0, hence wy # 0. If instead A = —B, then each
vector in R?, in particular w = (1,1)7, is a solution since A = —%.

O

Lemma C.2. The equations (5.21) and (5.22) hold.
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Proof. The characteristic polynomial of H§1’3’5’7’9) is

A—2h 0 —% 0 0
0 pY: S 0
det ()\15 - Hglv?’f’”’g)) —det| -4 -4 3 —4  _4
0 -4 0
0 —é 0 A+2h

—~ O O

- )\()\4 — (A% + 4h2) A2 4 2A2h2)
with zeros

A2 A2 2 A2 A4
i\l7+2h2i\/(7+2h2) — 2422 :iJ7+2h2i\/T+4h4

and 0. Ordering these zeros in an increasing manner yields (5.21). Furthermore,

A A
A—h -4 -4 0
3T
0 -4 -4 X+h

with zeros

A2 A2 2 A2 A4
iJ7+h2i\/(7+h2) —h4:iJ7+hQi\/T+A2h2

and ordering these zeros in an increasing manner yields (5.22). O

Lemma C.3. Let A\ = Ai(Hgl’3’5’7’9)), i€{l,...,5}, see (5.21), be an eigenvalue of Hy :=
H%(EZ € R in case A#0#h, B=A=0. Then an associated eigenvector is given by

V:(w1 0 we 0 wg 0 wy O w5)T

with wy = 1wy = —1,w; = w3 =ws =0 fori=3 and
A A _1q B A
T ) e T A3 Y

forie {1,2,4,5}.
Proof. Due to the construction (5.20) of H§1’3’5’7’9) motivated by Theorem 2.9, an eigenvector

v € RY of Hg{gz associated with \ = )\i(Hgl’?”S’?’g)), i €{1,...,5}, is an element of £5%",
i.e. has the sparsity structure

v:(*O*O*O*O*)T.
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C. Invertibility of reshaped eigenvectors for d = 2

Consider
2h 0 § 0 0 0
] 0 0 4 0 0 0
1,3,5,7,9
Hg u= P(T1,3,5,7,9)H2P(1,375,779)u = é % 0 % % u= |0},
0 0 § 0 0 0
0 0 2 0 —2h 0

where Py 3579y € R?%5 contains a one in the entries (1,1), (3,2), (5,3), (7,4), (9,5) and

zeros elsewhere. A solution is given by u = (0,1,0,—1,0)", so span{(0,1,0,—1,0)"} is the
eigenspace associated with the eigenvalue )\3(H§1’3’5’7’9)) = 0. This yields already wo = wy
for all w 1 u.

. 1,3,5,7,9
Let A be a nonzero eigenvalue of Hg

)

. By some steps of Gaussian elimination,

2h—X\ 0 % 0 0 0
0 -A 5 0 0 0
(U dmjw=| 44 a4 4w
0 0 § Y 0 0
0 0 4 0 —2h—-2) 0
is transformed into
2h—X\ 0 % 0 0 0
0 -X 4 0 0 0
0 0 0 0 0 w= |0
0 0 0 =X 2h+2\ 0
0 0 4 0 -2n-2A 0
Choosing w3 = 1 we infer
A A —A
Wy = ————, Wp=—="W W) = ———.
ST Ah o YT oo T P T ogn o

O

The following statement, which we cite from the literature without proof, and the resulting

corollary are employed in the discussion of the invertibility of the matricization of Vgi)n for

the 3-Potts model.

Proposition C.4 ([DPTZ22, Theorem 1]). Let A € C"*™ be Hermitian with eigenvalues
Ni(A), 1 <i<n. Let Mj € Cr—Ixn=1"1 < j < n, be that principal submatriz of A which
is formed by deleting the j-th row and column, with eigenvalues \y(M;), 1 <i <n —1. Let
v; ; be the j-th component of a normalized eigenvector v; associated with A\;(A). Then

n n—1
igl® TT (n(A) = a(A)) = T (A(A) = \(My)).
k=1; ki k=1
Corollary C.5. A consequence of Proposition C.4 is that if
Xi(A) # A (M;) for all §,k,

then
v;; # 0 for all j.
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Now we verify (5.32).

Lemma C.6. Let h € R. For

KOS (N) 1= A% + (2h + 1A — 2(4h% — 2h + 1)

:(A_(_@H;)_g @ﬁ)i;))(k(_(m;pg @g)i;))

and

1t 1s
0 ,h#0
68 () . F(249) < ) ‘
X ( (H; )) =0 ,h=0
Proof. If h =0, we have Y368 (X) = A2 + X\ — 2 and )‘min(H;27479)) = —2, hence

)2(1,6,8) (Amin(ngA’g))) —0.

So, let in the following h # 0. A straightforward calculation yields

1 1\2 8 9 9 9 1\? 8
LS (= [ —(=h+1)— <h —) || =-=r2+h—-2h <h —) -,
X (2( (“h+ D) =3\ {h+3) +3 sty *t3) Ty

We distinguish four cases.

e h>0: Itis

hence

9 9 9 9

9 9 9 1\? 8 1\? 8
—Zh* 4+ Zh—=h/(h+ = —<—h—-h/|(h+= — < -h—-h=0.
Sh+ 3 2<+>+9< <+>+9< 0

3 2 2 3 2 2

o h < —%: In this case we have

1\%2 8 2
h+= —=h2+Zh+1<h?
(+3) +3 +3hH <

which is equivalent to
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C. Invertibility of reshaped eigenvectors for d = 2

and implies

9 9 9 1\2 8 9 9 1\2 8
—Zh2 4+ Zh—=hy/(h+= — < ——h? - = <h —) —
gt <+3) T ST T3 *t3) Ty

9 1\%2 8
——ih(th (h+§) +§)

9 1\? 8
= |h||—|n h+ = -

2\!(H+ (+3) +9)

9
< S 1Bl (= 1Bl + IA]) =0,

° —% <h< —%: On the interval [—%, —%} , the function ¢ (h) := —h+1 is monotonically
decreasing with maximum ¢1(—3) = 3 and minimum ¢;(—3) = 2, just as the function

2
wa(h) = (h + %) +S is monotonically decreasing with maximum ¢o(—32) = 3 <

min{¢; (h)} and minimum ¢y(—2) = 1. Hence

apl(h)—m(h):—h+1_,/(h+§)2+§ >0

9 9 9 N2 8 9
—h? 4+ Zh—=h/(h+= —=_h|—=h+1—/(h
Sh+5h =3 <+ >+9 ( + <+

and thus

3 2

:—g|h| (—h+1— <h+

W~
N——
Wl = N
~ —+
[N}
©| oo
+ ~
©| oo
N————
A
e

) —%<h<0: Here it is

which implies
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