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Abstract

Strongly correlated systems are arguably one of the most studied systems in condensed matter
physics. Yet, the (strong) interaction of many particles with each other is most of the times a
strong limitation on practicable analytical methods, such that usually collective phenomenas
are studied. To overcome this limitation, numerical techniques become more and more inde-
spensable in the study of many-body systems. A fast growing field of numerical techniques
which relies on the notion of entanglement in strongly correlated systems thoroughly analyzed
in this thesis is usually referred to as Matrix Product States routines (in one dimension).

In the following we will present such different numerical Matrix Product State routines and
apply them to several interesting pehnomena in the field of condensed matter physics. Hereby,
the motivation is to verify the accuracy of the implemented routines by matching them with
well established results of interesting physical models. The algorithms will cover the exact
computation of ground states as well as the dynamics of strongly correlated systems. Further,
effort has been put in pointing out for which systems the routines work best and where pos-
sible limitations might occure. In this manner the with our routines studied physical models,
will complete the picture by giving some hands-on examples for systems worth studying with

Matrix Product State algorithms.
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1. Introduction

1.1. A Pinch of Quantum Information

Already during the times of the formulation and interpretation of quantum mechanics in the
early 20th century, entanglement was one of the most disputed consequences of the Copen-
hagen interpretation. This led many renowned physicists to believe in an incompleteness of
the proposed quantum theory. One of the most prominent examples is the EPR paradox
named after its authors Einstein, Podolsky and Rosen in 1935, who argued that the inclusion
of the possibility of entangled states in the formulation of quantum mechanics leads to the
possibility to violate classical locality. Consider for instance the decay of a neutral pi meson
7Y into an electron and positron with opposite momentum. Since the pion is initialized in a

singlet configuration
1

V2

the apart moving electron and positron are in an “entangled” state. Einstein proclaimed that

v) (M -+, (1)

the measurement of the spin configuration of the electron would lead to a collapse of the wave
function and instantly determine the outcome of a measurement on the positron. Since both
particles move with opposite momentum, this would also hold over very large length scales
which strikingly violates the limit imposed by the speed of light. Therefore, Einstein referred
to entanglement as "spooky action at a distance” and claimed that quantum mechanics is in
fact incomplete. Nevertheless, the introduction of new variables known as “hidden variables”
as proposed by Einstein, to solve the EPR pradox were proven to be wrong by Bell in 1965.
Moreover, the limit of speed of light is preserved by standard quantum theory, since even
though person A would have measured the spin of the electron as long as person B does not
know about the result, the measurement on the positron would still be indeterministic: person
B would still have a fifty-fifty chance to measure the positron in spin up or down unless person
A would send him a note about the result of the measurement on the electron. Thus, one
may say that entanglement is shared information between a pair of particles which interacted

or were generated in the past, such that none of them can be independently described.

1.2, Separability and Schmidt Decomposition

Much clearer, though more abstract, is the mathematical definition of entanglement. Suppose
we have two particles, A and B, with their corresponding Hilbert spaces, H4 and Hp. The
composite Hilbert space describing both particles A and B is given by the tensor product

between their individual Hilbert spaces,
H=Ha®Hp. (2)

In this new composite Hilbert space we now distinguish two types of states. One kind of

states that can be decomposed into a tensor product of pure states

W) =[Va) @ |¥B), (3)



Hp Hr

Figure 1: Bipartition: of a composite Hilbert space of 10 sites between site 3 and 4, red doted
line. A local Hilbert space is denoted by a black square, such that Hy, = H1 ® ... Hs
and Hr = Ha ® ... ® Hio

where |V 4) € Ha and |¥p) € Hp, and the other that cannot. The first type of states are the
so called productE] or separable states, while the latter are the entangled states. Entangled
states are precisely those that cannot be separated.

The simplest example of a composite Hilbert space are two spin 1/2 for which each lo-
cal Hilbert space is spanned by span (Ha ) = {|1),|{)} and thus the composite system,
span (Ha @ Hp) = {[11), [T4), 41), [44)}. As one can easily verify, the state

1
V2

cannot be decomposed into a product in the above described fashion. The state, therefore,

W) (N el - en) (4)

is an example of an entangled state. However entangled states still might be decomposed as

a sum of tensor products. For instance can equation be written as
1 1
V2 V2

which is an example of a Schmidt Decomposition. In general, the Schmidt decomposition

&) M@ D ()

of a pure normalized state in composite Hilbert spaces, Hig. . on = H1 ® ... ® Hy, can be

constructed as

0) =) Aal®[L],) @ [2[R],), (6)
a=1

where |® [L]
(referred to as left respectively right Schmidt vectors). Hereby, Hy and Hp are the compo-

o) and |® [R],) are vectors from an orthonormal set of H, and Hp respectively
sition of all Hilbert spaces to the left respectively right of an arbitrary chosen bipartition of
Hig..on (see figure . Due to normalization of the state |¥), the Schmidt coefficients A,
are constrained to fulfill Y7 A% = 1. The number of non-vanishing Schmidt coefficients is
called the Schmidt rank y and can at most take the value x = min (dim (Hr),dim (HRr)).

If a state is separable, the Schmidt rank x is exactly one. An entangled state, on the other

hand, will have a Schmidt rank strictly greater than one, as the above example suggests.

1.3. Quantitative Measure of Entanglement

Beyond the qualitative information above, the Schmidt rank allows us to give a quantitative

measure of entanglement. Since entanglement is the occurrence of a certain phenomenon in

!Disclaimer: equivalence of product and separable state just applies for pure states



an experimental set-up rather than an actual measurable property (e.g the spin of a particle),
it is a involved task defining a meaningful quantitative measure. This is an important detail
which is left out in this work but can be found in [1.[2].

One possible realization of measuring entanglement of pure states is by the entanglement

entropy, the von Neumann entropy of the reduced density operator of a pure state
Sun (pa) = =Tr[pa log (pa)l, pa=Trs[p]. (7)

Hereby, p = |¥) (¥] is the density operator of the state. Having the Schmidt Decomposition

in mind @, the connection to the Schmidt coefficients,
Sun (pa) = =) A% log (A2) . (8)
«

gets immediately obvious by tracing out the right Schmidt vectors. Separable states thus have
a vanishing entanglement entropy since the Schmidt rank, and the corresponding Schmidt
coefficient, is one. On the other hand, all non-separable (entangled) states are strictly bigger
than zero. The maximum of S,y is reached if the state is maximally entangled, a state where
2\ = i while x is the full rank.

After tracing out one subsystem, an entangled bipartite pure state becomes a mixed state
in the remaining other half of the system. For instance, |¥) = 1/v/2 - (|talg) — [4aTB))
would lead to pa = 1/2-(|T4) (Ta| — [4a) ({a]). It is important to understand that by tracing
out one part of the system, all information contained in it and its correlations with the
remaining subsystem are lost. Therefore, the fact that tracing out part of the system leads to
a mixed state, reveals the incompleteness of the information compared to the original state.
This non-locality of entangled state is the defining property of entanglement. Since the von
Neumann entropy measures the uncertainty of a system, we have a good quantitative measure
of entanglement at handﬂ Furthermore, note that tracing out the left Schmidt vectors would
lead to exactly the same entanglement entropy and therefore, S,n(p4) = Sun(PB).

An upper bound of the amount of entanglement can be defined by the logarithm of the
Schmidt rank, F, = log(x). As desired, it vanishes for y = 1 and since the Schmidt
coefficients have to fulfill Y-, A2 =1, S,n cannot exceed E, and x > eSvN

It is important to note that the entanglement entropy, as well as the Schmidt rank, can
differ for different bipartition as not all parts of the composite system have to be equally

codependent (in the above sense).

2Further: Since a mixed state would have uncertainty from beginning the von Neumann entropy would dilute

the measurement of the entanglement.



Figure 2: Tensor: graphical representation of a rank 3 Aijr and rank 2 tensor B;; contracted
by connecting legs of the same corresponding indices. In the following we will always

depict tensors with rank < 2 as circles while tensors with rank > 3 as squares.

2. Theoretical Backbone

2.1. Preliminaries

The concept of tensors is fundamental throughout this thesis. A tensor is a multi-linear scalar
valued function
T:VixVox..xVy—C. (9)

The rank of a tensor is the number of vector spaces which the tensor 7' takes as argument.
Usually the tensor is represented such that 7" becomes an array. For instance one can denote
a rank 3 tensor as Tj;;, where the indices ijk label the basis states of each vector space V,;
n € {1,2,3}. The rank can be seen as the dimensionality of such an array to represent the
tensor. A vector is therefore represented by a tensor of rank one while a matrix is of rank
two.

The meaning of a contraction of tensors is the summation over one or more pair of indices.
For instance, a contraction between a rank three tensor A;;; and a rank two tensor B;; over

the indices ¢j is a rank one tensor:

Cp =Y AyrBij. (10)

ij
Since carrying around indices in long terms of equations is a cumbersome task, it is convenient
to represent tensors as graphical objects as in figure [2l Hereby a contraction is depicted by
connecting legs of the graphical representation of two tensors, where each leg is associated to
an index of a tensor. Further note that if not stated otherwise sums may be left out in which

case Einstein summation holds. The sum above is then just written as

Ck = AijkBij- (11)

2.2. Matrix Product States (MPS)

Suppose we have a composition of N identical local Hilbert spaces H®N = H; @ ... @ Hn,
where each Hilbert space itself is of dimension dim (H;) = d. Each pure state living in the

composite Hilbert space can be written as a linear combination

d d
0) = Y oy 1) @ [52) @@ [sy) = > es[5) (12)
5182...8N 5
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Figure 3: Decomposition: Top line depicts the coefficients of a state [¥), a rank N tensor. At

the bottom line, this tensor is fully decomposed into a chain of tensors with smaller

rank. The second line corresponds to equation (|15]) in the main text as the third line

to equation

of the composite basis states. In this way, a general pure state is described by d complex
numbers cg,5,..5,. Lhese coefficients of the state can be seen as a tensor of rank N, mapping
the N basis states onto the according complex number (the coefficient). A Matrix Product
State (MPS) is nothing else than a decomposition of the cg,s,.. s, tensor of rank N into N

tensors of smaller rank in one dimensional systems

d
W= Y MUZME ., MIN =1, MINTY L 18). (13)

S o1..00N_1

To illustrate the concept, let us look at a specific decomposition of the coeflicients step by
step (see figure |3) as described in [3]. Consider the local Hilbert spaces laid out on a line (a
one dimensional system), as it would be the case for a spin chain for instance. First we form
a bipartition of the state |¥) by splitting the system between the first site and the rest. We
then write the Schmidt decomposition (see equation (6])):

d
[0) = > Aty [@[Uar) @ P2, -, Nay) (14)
=1
where A[1],, are the corresponding Schmidt coefficients. The attentive reader may claim that
the sum does not necessarily have to run up to d (the dimension of #,); the number of non
vanishing Schmidt coefficients depends on the amount of entanglement of site 1 with the rest
of the system. For the moment this is neglected (consider a completely entangled state), even

though these vanishing Schmidt coefficients in fact lead to the most notable advantage of
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Figure 4: obc MPS: MPS decomposition with open boundary conditions

MPS, as introduced in the later section Continuing the decomposition, the basis of site
1 is changed |®[1]a,) = >_,, T[1]3} [s1) into the local basis {|s1)}

NS U ALy [s1) B2 M) (15)
s1 a1
introducing a linear map 1“[1]311 from the local basis to the Schmidt basis. The remaining
Schmidt basis vector |®[2...N],,) is further expanded in the local basis of site 2

(2, s Nay) = D [s2) w3, ., Nass,) - (16)
52
Next we express the state |w[3...N]q,i,) by the x = d? right Schmidt vectors of a cut of the

system between site 2 and 3
|w[3, ..., Naysy) ZF a1a2 2]ay [P[3, s Nlay) - (17)

Inserting the expression above into equation (16)) and further into equation (15| gives us an

expression for |¥) decomposed with sites 1 and 2 in their local computational bases:

=3 > T AN T 2152 0, A 2as [s1) [52) [9[3..Nay) - (18)
5152 a1
The system can now be completely decomposed by iteratively applying equation and
. Note that hereby the upper bound of the sum in eq. will change according to
X = min (dim (H* @ ... ® H)  dim (H%+! @ ... ® H*N)), since as outlined beforehand,
the reduction of the Schmidt rank due to vanishing Schmidt coefficients. is neglected. Putting

the whole expression together, one arrives at

d
S T A, T2, A2, TBIE,, TN Isi.sy)  (19)
$182...SN O1..0n_1

where the rank N tensor cg,s,. sy (the coefficients) is decomposed into N tensors
{T'[1],...,T[N]} and N — 1 vectors {A[1],..., A\[IV]}. Consequently the decomposition reveals
that it is possible to describe any pure state of a composite Hilbert space in the depicted
manner, in other words the MPS representation is complete.
Before investigating the new obtained tensors I' and vectors A further, let us look at their
graphical representation (see figure . The I' tensor at each site 7, except of the boundaries,
is a rank 3 tensor, depicted by the 3 legs in the figure above. One leg marked s;, is the index
of the physical local Hilbert space and hence, has the dimension d = dim (H;). The legs to
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Figure 5: pbc MPS: MPS decomposition with periodic boundary conditions

the left ;1 and to the right a; are called bond indices (or auxiliary or virtual indices), which
are connecting the tensor at site ¢ with the previous tensor to the left and the next tensor to
the right. Their dimensionality, denoted as D,, for bond indices «;, varies in general since
at each cut we summed over x = min (dim (H*' ® ... @ H), dim (H%H @ ... @ HN)).
Throughout this thesis, bond indices are labeled with subscript Greek letters while physical
are given by upper Latin ones. The vector A\, of equation , obtained from the Schmidt
coefficients, is depicted in figure [4| as a rank 2 tensor. At the boundaries (site 1 and N) the
I' tensor is of rank 2 as there is no tensor to connect to at the left respectively right.

Revealing the origin of the name, the coefficients of a state |¥) to a certain basis state

|5) = |s1...8n) are obtained by

(190 = Y DL A0, D120, A 2lage, D8, - DIV 1y (20)
Q11

where the Schmidt coefficient vector A,, is rewritten into a diagonal matrix Ay,q,. This is
nothing else than a product of matrices: by considering the physical index of each tensor I'
as fixed, we have a contraction of rank 2 tensors, which can be expressed as matrices (where
the first and last site can be seen as row and column vectors).
In the case where the state is subjected to specific boundary conditions, enforced at the left
and right end of the one dimensional composite system. The system might be compared with
adding a new local Hilbert space with local dimension d = 1 (otherwise the boundary is not
fixed) at both ends of the chain. A cut between the left boundary condition and the state in
this scenario would correspond to a Schmidt decomposition between site 1 and 2. Obviously
the first site of the actual state (site 2) now becomes a rank 3 tensor like the rest in the bulk,
since entanglement between the boundary and the actual system have to be incorporated.
One step further, periodic systems can be thought of as a connection between the last site
and the first (see fig. . This is natural, since tensors at site k and k + N Vk € {1,..., N}
should be equal and further should display possible entanglement at a cut between the first
and the last site. Hence, a periodic system with a unit cell of N sites may be described by N
rank 3 tensors, {I'}, and N vectors, {A}.
The above decomposition as introduced by Vidal [3], makes the connection to the Schmidt
decomposition and separation of systems in bipartite blocks, and hereby entanglement, imme-
diately accessible. For clarification of this matter, let us start with equation , which when
transforming site 1 back into its Schmidt basis [®[1]a,) = >, T'[1]3} [s1), can be reformulated
into

0) = 3 A, P12 0 A2l [@[1]a,) © [s52) © [[3...N]a) (21)

§20¢1 (X2
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Figure 6: Mapping of increased block: the block in Schmidt basis, build up of all sites to
the left of site i is increased by adding the local basis of site ¢ and projected (by A7)

to a new effective Schmidt basis of the by one site increased block.

After contraction and regrouping of A[l] and I'[2] into a new tensor which we define as

A2)32 , = M1, T[2]52,, the latter equation gives us a new expression
= A2l (Z A2 0z [2[Har) © \82>> ® |®[3...Nlay) - (22)
2 S1a1

Comparison with the Schmidt decomposition of the system between site 2 and 3, then directly
leads to the deduction that A[2] transforms |®[1],,) ® |s2) into the Schmidt vectors of an
enlarged block [®[1,2]a,) = D, o0, TS Aan (21524, [51) ® [s2). The reduced density
containing site 1 and 2 tracing out the right part of the system (site 3 to N), i.e. tracing over
|®[3...N]q,), then reads as

prza=y Z 1 A T[2122 0, Al2Jan A1, T12155 o AL, T [sis2) (s3]
S182 oy o
= mé (23)
- Z A a2 oc [1 2]Oé2> <(I)[172]a’2‘ )
Oé20é2

from which the direct access by the entries of the A tensor to the entanglement entropy, as

introduced previously, is
Sun(p1,2) ZP\ Jaz|* - log (’/\[ Ja | ) (24)

It is this direct access to the entanglement of a state in MPS form opposing the ,,encryption”
in coefficients which leads people to speak of the ,entanglement picture” |4

Note that this holds for any decomposition since |®[3...N]q,) in equation could be de-
composed with equation and (| such that an expression of the form is retrieved.
Consequently, identifying F[ 1 w1th A[ | s the whole MPS may be reformulated in terms

[0}

of the new tensors A[i]5. . = Al — 1o, T[i]&_ 4, as
Z T [A[]3, AR)2 0 AB) AN | s18m) (25)
$182...SN

Besides the fact that this new form looks similar to the general expression , it is also
a widely used notation in references as well as in this thesis. To motivate this rewriting,
consider building up the composite Hilbert space by adding one local Hilbert space after the
other to the previous set-up, going from the first to last site (see fig. . After adding a
site, the new Hilbert space is spanned by |®[i — 1]4, ,) ®|s;), where {|s;)} is the basis of the



local Hilbert space just added to the system. A general basis transformation
)= Alilayar s 12l = Uasy) @ Isi) (26)
Si Qi—1

is defined by the matrix A[i]q,(a,_,.s,)- In the case that {|®[i]s,)} and {|®[i — 1]a,_,)} are
sets of orthonormal basis vectors, the matrix A has to fulfill ATA = AAT = 1 (dim(1) =

dim(a;) x dim(c;)). Rewriting and transposing A into a tensor of rank 3

ZZA az 104 (1)7’-_1]01%1)@‘82‘% (27)

S; Qj—1

equation becomes just an iterative application of adding sites. The rank 3 tensor A

inherits hereby from the orthonormality the so called left canonical form

Z(A[Z}le_lal)TA[Z]ZZZ_laZ = 1(Do‘z XDai)7 (28)

Si

which straightforward leads for the decomposition defined by I and A
Z P alal 1 1]ZZ,1A[7’ - 1]041'—1F[i]gzii,1ai = 1(Dai><Dai)‘ (29)
Similarly, the process of adding sites could be run from the right to the left

@i = Hay 1) ZZB ait(as:) | Plila;) |si) (30)

which in equation (21)) would translate into a regrouping

= > A= ary [O[1i = Vo) @ (Bii_ o, ls) @ 0li+ 1N}, (31)

i1
with Bli] == Tli]a,_,a;Alila, and B[N] := T[N]
the tensor A[i], the tensor BJi] also fulfills the orthonormality condition

ZB al 1a1 ]all 1ai)T = 1(D%71><D%71)7 (32)

an_qa;- Following the same reasoning as for

referred to as right canonical form. For the associated Vidal decomposition this translates
into

ZF Oéz 1041 )\[Z]ZZF[Z]S’LZZ,1QZ = l(Dai71 XDO‘i—l). (33)

For decomposing actual coefficients of a state in implementation, one usually iteratively uses
Singular Value Decomposition (SVD)E| (see Appendix by which one obtains the above ten-
sors A or B directly. A step by step protocol, which besides an in general very strong review
on MPS (especially different algorithms and implementation details), is described in [5].

For completeness note that Matrix Product States are the one dimensional example of Ten-
sor Network statesﬁ There are no restrictions of decomposing higher dimensional states.
Nonetheless the question is rather if these decompositions are desirable, which is briefly an-

swered in the upcoming section.

3the Schmidt Decomposition is strongly connected to SVD see Appendix
4highly recommended is Orus review |4] for conceptual insights



2.3. Area Law

One major reason why many numerical techniques fail in many body Hilbert spaces is its
exponential growth. Consider, for example, a spin 1/2 system for which the Hilbert space
grows as 2V where N is the number of spins. This means that if all coefficients are stored
with double precision (real+complex part: 16 Byte), a state with N = 53 sites would fill
the storage of the currently largest memory of 120 petabyteﬂ Numerical techniques, such
as exact diagonalization of the Heisenberg model, are thus almost certain to break down at
around N = 40 sites even with exploiting as many symmetries as possible.

As mentioned, Matrix Product states are complete. Any pure state can be represented by
replacing the coefficients, a rank N tensor, by N rank 3 tensors and 2 rank 2 tensorsﬂ at
the boundaries of our system. But how may this help to overcome the restrictions of the vast
many body Hilbert spaces?

Other than the coefficients of a state, Matrix Product States reveal the amount of entangle-
ment immediately by their bond dimension. In equation and one sums over the
whole range of Schmidt vectors. For a not fully entangled state this is redundant since some
of the Schmidt coefficients will eventually vanish and the Schmidt rank y (an upper bound
for the entanglement entropy, see section will in general not have full rank. To illustrate
this let us have a look at a popular example from quantum information theory, the GHZ

state:
1

V2

a superposition of a state with all spins up and one with all spins down. Even though the

IGHZ) = — (]1,1,..,1) + 0,0, ...,0)), (34)

system size N might grow arbitrarily large, the GHZ state can be represented in the Hilbert
space by 4- D, +2- (D, x D,) with (D, = 2) parameters of the MPS representation (see eq.

13)

1 1
MT[l]:ﬁ-(O 1) M¢[1]:ﬁ-(1 0)
Mﬂz]:(ﬁ ?) MW]:(E} 8); ie{l,..,N -1} (35)

MWN]:(?) MHN]:(é).

To verify that the bond dimension D, = 2 is indeed sufficient, we look at the reduced density
matrix of an arbitrary cut in the system. Written in the Schmidt basis, the reduced density
operator will always have just two non zero contributions

Preduced = %(|1,...,1> (1,...,1] +10,...,0) (0, ...,0]). While this is a very special example, a
more general state might also exhibit vanishing Schmidt coefficients which would allow a
reduction of the parameters to describe it in MPS form. Apart from that, the example also

highlights strongly that the entanglement entropy, as the Schmidt rank y as its upper bound,

Ssee [6]
Sfor open boundary conditions

10
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Figure 7: Area law: Cut (red) of an D = 2 system in an inner and outer system. The reduced
density operator pin = pout agree with each other, leading to on an boundary B
dependent scaling behavior. Blue lines illustrate a next nearest neighbor interaction

across the boundary leaving the center site untouched.

is all about the quantitative measure of entanglement rather than the qualitative one, since
the GHZ state is correlated over the whole system.

It remains to clarify for which states the MPS form is desirable. Or better, to clarify what
properties a state should have in order to be efficiently representable in MPS form. A thorough
analysis of a periodic composite system of N identical local d dimensional Hilbert spaces (see
fig. |5)), shows that for a “standard” description with coefficients, d”¥ parameters are required,
while for Matrix Product States there are (d - x2) - N parameters. Consequently, describing
states in MPS form has a linear explicit system size dependency rather than an exponential
one. Unfortunately, the bond dimension Yy, respectively the entanglement entropy, S,n, is
not system size independent, such that in a generic case the number of parameters must grow
exponentially with the system size.

However, there are many systems in many-body theories, where interactions are local (for
instance next and next nearest neighbor interactions), such that correlations tend to establish
in finite ranges (correlation should drop off exponentially [7,8]). Considering a cut in a system,
it seems hence reasonable to assume that the entanglement entropy of low-energy eigenstates
will just depend on the amount of quantum correlations between finite layers across the
boundary of the cut, leading to a scaling of the entropy with the boundary (area) of the
cut (see fig. [7). Even though this seems to contradict the extensive property of entropy it
seems to agree with the observation that the entanglement entropy is the same regardless
of which part of the bipartite Hilbert space is traced out to receive the reduced density
operator: Syn = —T7 [pinlog (pin)] = =TT [Pout 10g (Pout)]. Consequently, it is reasonable
to assume that S,y will depend on a common property as the boundary [9]. Howsoever,
this boundary (area) scaling behavior may break down for gapless systems where corrections

have to be incorporated [10]. An example would be a critical system where the correlation

11



length diverges and the assumption of an interplay in a finite region across the boundary of
a cut breaks. On the contrary, for gapped local Hamiltonians the scaling behavior of the

entanglement entropy for the ground state
Sun ~ LP7H, (36)

can be proven to hold [7], where D is the real space dimension of the system and L its length
scale.

In light of equation , the entanglement of the ground state of a one dimensional D = 1
gapped system with local interactions therefore is constant and does not scale with the system
size at all. Ergo the Schmidt rank (respectively the bond dimension y > ¢%) will not depend
on LP~1 either and the MPS representation can be described by linearly with system size
increasing number of parameters.

Less desirable is the scaling in higher dimensional Tensor Networks which will not be topic of
this thesis. Though lowering ones sights by applying approximative methods, there have been
many successful applications in 2 dimensional tensor networks also referred to as Projected
Entangled Pair States (PEPS) [4}/11].

Accompanying the discussion up to this point we can approach from a slightly different
point of view. Consider a state |¥) in a composite Hilbert space H®Y which should be
approximated as closely as possible by another state \\T/> Both states are in this scenario

Schmidt decomposed at an arbitrary cut in the system
M N N
(0) =Y X |@[L]) B[R] with  |[W) = > Ay [@[L]a) [P[R]a), (37)

where N < M such that the approximated state is described by a smaller basis than the
original. Inserting the Schmidt decomposition of both states at this arbitrary cut and mini-
mizing the distance of the states in the two norm || |¥) — |¥)[|2 (see [12]), then boils down
to keeping the highest Schmidt coefficients while disregarding the M — N lowest. The error

of such an approximation is directly given by

N
11%) = [9) |I3 = e=1- A2, (38)

the sum of all disregarded Schmidt coefficients squared. In other words, regarding the reduced
density matrix of the state |¥) at an arbitrary cut, the approximation is a neglection of its
M — N smallest eigenvalues. Think of neglecting all those Schmidt states which contribute
to the state |¥) the least. How well a state can be approximated, obviously depends on
the distribution of the Schmidt coefficients. Most desirable the Schmidt coefficients A drop
off fast, perfectly exponentially, such that a state even in large systems might be faithfully
described by a much smaller basis. Accordingly for MPS it is possible to reduce the size of

tensor I" and A ( where A is assumed to be sorted in decreasing order) at an arbitrary cut

M N
Z )\aiflrzii_lai - Z Aai*lrzi,‘_lai’ (39)

ai—1 Ai—1
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Figure 8: density weight XXZ-model: the square of the Schmidt coefficients of the ground state
of a N = 98 site long XXZ-chain at an artificial cut at half chain length. [13]

such that after truncation at every cut (every \) the state can be represented by a MPS with
smaller bond dimension.

As one might expect, the systems for which this works best are the ones satisfying the area
law. Let us look for instance at the Schmidt coefficients of the exact ground state at half

length in a XXZ-model spin chain, which is known to be gapped for A > |1], see figure

2.4. The Valence Bond Picture

Other than motivating Matrix Product States as a technical decomposition of the coefficients
of a quantum state into tensors, the Valence Bond Picture (VBP) gives a more physically
intuitive motivation which eases the generalization to higher dimensions. Consider a one
dimensional system with N particles described by local Hilbert space with dimension dm In
the valence bond picture each particle is replaced by two virtual particles with dimension Y.

Each of the virtual particles is in a maximally entangled state with the respective neighboring
site (see fig. [9)
1 X
L) = —= D low);lai); (40)
i ﬂ 0;:1 Vg 1 441
In order to describe a state of the physical particles, we need to map from states on the
composite (local) Hilbert space of the virtual particles to the physical local Hilbert space
N—1

) =P ®.oPy[[®T). (41)

)

Each map P : CX ® CX — C? can here be depicted as

d X
1

=Y 30 M s e, ()

\/Xsizl Q10 1

"The generalization to particles with different local Hilbert space dimension is possible
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Figure 9: VBP: Valence Bond Picture of a Matrix Product State. P; maps the maximally

entangled states |Z), from the valence (auxiliary) into the physical space.
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Figure 10: PEPS: Projected Entangled Pair States the two dimensional analogon to MPS.

Note that the rank 3 tensors M5

Q-1

MPS . By this construction, it also seems more natural to impose periodic boundary

now correspond to the previous representation of the

conditions which eventually boils down to assigning a virtual, maximally entangled pair
between the last site and the first site, and thus automatically leads to the shared bond
index in the matrices. The abstraction to higher dimension corresponds to additional shared
maximally entangled virtual particle by one physical particles with neighboring sites. A two
dimensional system with physical particles in a square lattice can hence be represented as
depicted in figure and is called PEPS (Projected Entangled Pair States). For an example
of the construction of a MPS state in this valence bond picture see Appendix

2.5. Gauge Freedom and Canonical Forms

The Matrix Product State representation is not unique.This can be easily verified by inserting
an identity X [i] X [{] ! = 1 between each site of equation . The state is unchanged, but

the matrices M change according to a set of non singular matrices {X[i]} of size D,, X Dy,
M[i]* = X [i — 1] M [i]* X [i] (43)

Despite this arbitrariness the gauge freedom is actually highly of help and is one of the most
utilized property of MPS to overcome computational bottlenecks (see section [2.7). Part of

the gauge freedom can be eliminated by enforcing left or right orthonormality constraints on

14



the matrices

(eft) > MM [i]* =1 (44)
(right) Y M[i]*M[i]*T = 1. (45)

In the case of left orthonormality, we speak of a left canonical MPS and write their matrices
as already discussed in the end of section from this point on strictly with an A. On the
other hand right canonical MPS are written with matrices B. Unspecified matrices, which

do not obey any of the above canonical forms are written with a M.

2.6. Matrix Product Operators

This introduction in Matrix Product Operators (MPO) is quite brief since the generalization
from Matrix Product States is rather clear, for a discussion in depth consider [5]. The same
procedure decomposing the coefficients of a state can be used to decompose the entries of an

operator of a compost system
0= Z C(s1...5N)(8]-.-87) |§> <§,’ (46)
515,85 N 8] 508y
by a set of N — 2 rank 4 tensors and 2 rank 3 tensors at the boundaries (see figure
Onpo = SO WSS W |5) (5] (47)
51500y N8 5058y
Application of a MPO on a MPS is straight forward and leads to
OurolWyps = 3 (Wostwesb wonsv) (msiah. i) |s)

’
515-+9SN 5155

81,81 2 18 52,85 2 1St SN ,S" s
= > > (Wﬂll 1Moﬁ> (Wﬁf,ﬁiMa?aJ (WﬁgleMa%—l

81,0038 N 8150y QLN 1,81 BN 1

= Z Z N(Olélvﬁl)N(;laﬁl)»(OCQwBﬂ”'N(‘iVNflﬁNfl)’ )

815+8N a1...aN—1,81---BN_1

(48)

a new MPS with higher bond dimension which, in a generic case increases the computational
complexity for further calculations. Note that this has far-reaching consequences for time
evolution (see section . In principal it is not necessary to decompose operators. However,
applying operators directly has an undesirable consequence. Consider an operator acting on

g /
Si8i+15;8

two sites of the system O; 1= fu o C i+1 |55, 8i41) (8}, 81| while leaving all

$i,8i41,5;,5; 11

other sites untouched. Unlike the application of a MPO on a MPS, applying this operator at

site 2 and 3 for instance

! / ! /
A _ 81 cshs s $2838h8h A 1S SN s"N SN | =
Onl¥)= 3 N MG M 20, AN oy MY 5NN |5)

/ /
S15:43SN 3875y Sy XL AN -1

. (49)
= > MIEINZS M, MY |3),

81,0y SN Q1. QXN 1
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Figure 11: MPO: a) Matrix Product Operator representation b) Increase of bond dimension
due to application of an MPO on a state Dyjye = Drea + Dgreen-

changes the decomposition of the state. Instead of 2 rank 3 tensors for site 2 and 3, one is
now left with a new tensor N of rank 4, encoding both sites at once. Even though it is clear
how to decompose such a tensor back into MPS form, it is more convenient to directly work
in an environment leaving the form of the MPS unchanged.

The construction of MPO by decomposing its entries is in principal possible (see [5]). However,

it is much easier to construct them by sequential graphs (Markov chain) [14}/15].

2.7. MPS Algebra

After the introduction of the fundamentals, we shall proceed with simple calculus, for instance
the overlap of two states or the expectation value of an operator. To begin with, the overlap
between two states with open boundary conditions is given by the multiplication of their
coeflicients
(DW) = > M MN*M MY, (50)
5

where the set {M } represents the tensors describing the coefficients of (®|, while {M} are
the ones of |¥). Transposing the coefficients given by the matrix product of (®|, which is an

identity operation, leads to a cleaner expression

(@W) = MV MM MeN, (51)

S

as this might be represented graphically by figure This first example already indicates an
important detail of MPS calculus, the order of contraction matters. Rewriting the expression

above as an iterative process from first to last site

(@|W) =D Mot ( (Z 1\781TM81> ) MV, (52)

yields a huge computational speed up. The approximately required computation time scales
for the hardest computation of the first case with the order of O(d" - D,), while the whole
computation of the latter is of the order O(N - d - D3) (see figure[12).

Before looking at the calculation of expectation values with MPO let us investigate the ac-

tion of operators in their usual representation, in particular, an operator acting on one site
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Figure 12: Contraction matters: a) calculation of the norm (overlap) (¥|¥). Contracting

the red indices first leads to contraction procedure b) while the green contraction
leads to ¢). The different contraction scheme (contracted indices are colored) b) &
¢) correspond to equation respectively leading to different computational
complexity as outlined in the text.
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Figure 13: Transfer matrix: b) Graphical representation of a single site exp. value
(0|0;| W), pg, in blue identity transfer matrix a) and in red the generalized transfer

matrix incorporating operator O; c).

0; = Doss O®%: |s;) (s/]. This one site operator can be seen as a tensor with two physical
indices (legls), such that calculating (¥|O;|¥) boils down to connecting these legs at the cor-
responding site with the ones from (V| and |¥) whereas all others are contracted as in the
overlap calculation (see fig. . Similar to the example in the above calculation of the expec-
tation value of a single site operator, exploiting the gauge freedom of he MPS representation
leads to huge computational speed up. This speed up, as in general MPS calculus, is more
comprehensible when working with the concept of transfer operators. Consider the overlap
of a state with itself, its norm (¥|¥) is given by where M* = M* Vi c {1,..,N}. It
looks quite natural to rewrite equation as a recursive operation C; = E[i](Ci—1) with

ELi)() =Y M. Mo, (53)

Si

where £7[i] defines a super-operator transferring an operator from the virtual space o; X «;

to @j+1 X a;41. For further simplification, the calculation of the norm can be written into a

17
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Figure 14: Transfer matrix eigenvector: a) identity transfer matrix in left canonical form
respectively right b).

chain product of matrices (see fig. known as transfer matrices
(U|W) = Tr[Ei[1]F1[2]...E1[N]] . (54)
The transfer matrices F;[i] are hereby a matrix representation of the recursive operator &; ]

E\li] = Z M2 @ME (55)

Q10
Si

also referred to as Choi Matrix in quantum information. The previous elements (C;_1) o iy
are then denoted by vectors acting on the left of the transfer matrix. In the case of calculating
the expectation value of a single site operator the concept of the transfer matrix can be

generalized to incorporate these operators (see fig.

B li] = 3 (sl0ils}) M3 ) @ M3 o, (56)

o
SiS;

such that the expectation value (¥]|O;|¥) can be written as the norm replacing E;|i] accord-

ingly to the site by Ej, []

i

(U|0i| W) = Tr | Ey[1) By [2]... By [i — 1B, [(]Eali 4 1]...E) [N]} . (57)

How do the gauge condition now speed up these type of calculations? Consider first the
MPS to be fully expressed by left canonical matrices , equation in the case where
Msi = MS Vi€ {1...N}, the norm of a state, is trivially equal to one. Consequently
this property is shared by the super-operator defining our recursive formulation of the
norm respectively the transfer matrix. In other words, in the case of the transfer matrix
constructed with left canonical matrices, the identity is a left eigenvector with eigenvalue
one. Accordingly, in the right canonical form , the identity is a right trivial eigenvector
of the transfer matrix (see. fig. . Consequently, the calculation of a single site operator,
as denoted above as the trace over a product of transfer matrices, can be in fact reduced to
the calculation of

(U]0;| W) = Tr [Eoi [z’]} (58)

if all matrices of |¥) to the left of site i are in left canonical respectively to the right in right
canonical form.
In the case the system is under certain fixed or periodic boundary conditions, the situation is

less convenient. As pointed out in section fixed boundary conditions can be incorporated
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Figure 15: Overview single site expectation value: single site operator expectation values

for : a) open chain b) open chain with fixed boundary conditions c) periodic chain

into additional tensors of rank 1 at both ends of the system. To account for these boundaries

in the transfer matrix notation, vectors (E)l (o a0) and (R) (o] are formed out of the
N0 N

C“N)71
corresponding left respectively right boundary tensors and applied to the left and right end
of the tensor product of transfer matrices

(W]0;|W) = Tr [EElmEl [2]...Erli — 1 Eg [i| Eali + 1]...Ey [N]R} . (59)
Therefore, either the boundary vectors are the identity vector, in which case the system
would be open and we would regain the expression derived above, or we are left with this
unsatisfying expression since even exploiting canonical forms would not facilitate it. The
same issue applies for periodic boundary conditions, except that here the problem is intrinsic
in the structure of the MPS. Think of the MPS tensors being thread on a ring, such that the
first tensor and the last tensor do have a connection. The transfer matrices for those sites

hence, change to

(E1llD1ap0r = (Br[) oy ay oo
(E1[N]) — (E1[N])

/ / !
an_1aN-1,1 aN_1aN—1,0NaN

such that the identity cannot be applied on either site. See figure [15] for comparison of the
different situations.

So far, all expectation values are of single site operators. But what is the procedure for
terms of operators acting on multiple sites? Section motivated how such terms might
be decomposed into MPOs, now it remains to point out how to efficiently use them. Let us
look at the calculation of expectation values with a MPO (see figure . As done previously,
considering the role of contraction in the MPS formalism, the most favored computation is

an iterative computation

! )
&

C[i]aiﬁia; = Z (M[i]Si*)aiai—l Z W[Z]Zsjlﬁl Z C[i o 1]%7151.71&/1_71]\4[2']2
iy

Si0i—1 siBi—1 !

(60)
coming with an operation count of O(D3 Dgd). Other than before it is not possible to rewrite
this recursive expression into a trace over “MPQO” transfer matrices. However, it is often
useful and eases the understanding for beginners to consider the MPO expectation value as

such a trace. Thus, even though with an higher computational effort we can write the MPO

19



F[Z] Bi-1 B

ay

Figure 16: Expectation value of a MPO: a) threads of basic constituents b) in the calcula-

tion of a MPO expectation values.

expectation value as a trace of “MPO” transfer matrices F[i] (see fig.

(Orppo) = Tr[F[1]...F[N]]. (61)

2.8. Infinite Systems and Strictly Finite Correlation

Up until this point all MPS have finite system size either with open boundary conditions
or periodic ones. Beyond Matrix Product State formalism also incorporates infinite MPS
(iMPS). An infinite MPS can be seen as some unit cell of N rank 3 tensors such that the
infinite system would be translation invariant by a shift of N sites. Since both the first
and last tensor in this unit cell of IV sites have un-contracted bond indices to the previous
respectively next site, we can think of the unit cell being repetitively added to the last site
of the previous unit cell. This seems highly similar to the case of a finite MPS with periodic
boundary conditions, where the bond indices of the last and first site of one unit cell are
contracted. The difference of both methods is stressed in the calculation of a single site
expectation value. As an example, consider the simple case of a unit cell of size N = 1. The

expectation value for a site operator O
(Uinf|O| W) = Tr [...E1E5Ey...] = Tr | ..E1Ep] (62)

is given by the trace over an infinite product of the transfer matrix acting on E5. How to
proceed with the infinite product of transfer matrices? In general, the transfer matrix can be

represented in the basis of its left and right eigenvectors

D2
Er =Y N |R) (Lil, (63)
i=1

where the eigenvalues are strictly smaller or equal to one. In mathematical terms, the transfer
matrix is said to have a spectral radius of oneﬁ In the following we will assume the eigenvalues

to be ordered by decreasing absolute value |A;| > [A2| > ... > |Ap2|. Expressing the above

8Proof of this claim: [5/16]

20



| lap |
A | | B

Figure 17: |U;,;): the infinite MPS is decomposed into 3 blocks A, B, C, while C' is finite and

of size lap, A and B are infinite.

equation slightly differently and looking at a product of translation invariant identity transfer

matrices
r— o (1R L1\+Z( ) V(L] (64)

it becomes clear that, if the highest eigenvalue one is non degenerate, an infinite product
of transfer matrices is suppressing all contributions from eigenvectors other than the one
corresponding to the largest eigenvalue A\ =1

lim (E1)" = A [Ry) (L1]. (65)

r—inf

The expectation value of a single site operator therefore, results in
(Ving|O|Wing) = (L1|O|R) (66)

which is a fairly easy expression even though the system is assumed to be infinite.

As mentioned any state of a many body Hilbert space might be represented as long as one
pays the price in form of an increase of bond dimension D,,. However, things are certainly
different for infinite system as the bond dimension cannot grow without boundaries. The
question is, which infinite states are at all representable as an iMPS?

To clear this question, consider a decomposition of an infinite state into 3 blocks (see fig.

Wing) = D Masa, [Pas) ®1C) @ |Paz). (67)
icaap

where in general the sum over a4 and ap would have to be infinite. Yet, in the case that
block A is completely separated from block B, which for now means that correlations vanish
for distances smaller than the size lap of block C, we can express M, . finitely. Just
consider the decomposition into the three blocks A,B and C' shifted by [4p to the right or
left. Assuming that the correlation between block A and B still vanishes over the distance
lap, we just showed that M® only depends on a finite number of sites in block A(B) for a
shift to the right(left) [11].
Therefore the correlation length of an infinite system seems to be a good criterion to determine
is representability as a MPS. Starting with a finite translation invariant MPS (unit cell size

one) with N sites the correlation <(A)ZOA,+T> between two site operators OZ and Oj

Tr By By Ep Br..FrEg, By...Ey]
Tr [ElEl] ’

<Oz Oi+r> =

21



is obtained by a trace over a product of N transfer matrices. Exploiting the equality of the
trace under cyclic permutations Tr [ABC| = Tr [CAB] = Tr[BCA], the latter expression
can be compressed as
Tr |Eo By Ep, BV
B TrEY] ’

(69)

by merging the identity transfer matrices F; at the ends of the system. As previously done
for the calculation of a site operator expectation value, the identity transfer matrix can be
decomposed in its corresponding eigenvectors. Simplifying the study to an infinite system,

the identity transfer matrices, to the power N, can be exchanged

Tr|Es E77VE,  ANT7HR) (L]
A 0,1 Oitr™
lim (0;0;,) = a :

(70)
N—oo )\{V

Moreover, focusing on long range order r > 1, the product of the identity transfer matrices
between the two site operators can be approximated by expansion up to the p degenerate

second eigenvalues of F1

Y Sl 2 NTY
EY ~ X <|R1> <L1+Z;<)\1> |R;) <Lz|>> (71)

such that the correlation between the two site operators can be simply expressed by

Ly) (Ro| Ep,, L)

lim (0;0i1,) = (O;) (O >+<A2>T<R1‘E@ (72)
1m Uidr) = 1 i+r N
Now RN (Ri| L)

Considering the connected correlation C(r) = (0;0i1,) — (O;) (Oi4r) , one finds a correlation
length e
C(r) ~e ¢ with €:=—1/log (|]A2/A1]), (73)

which stays finite as long as there is one non-degenerate highest eigenvalue A;. As stated
formerly, it can be proven that in all gapped systems the correlation is decaying exponentially
(also known as correlation clustering). Somehow not surprisingly, iMPS can merely represent
systems which are most feasible for finite systems as well.

However, bear in mind that there are indeed states such as the previous example of the GHZ
state (see sec. , which are long range correlated but still can be expressed as an iMPS. On
the other hand, there are also systems with vanishing correlation that cannot be represented
as a tensor product. A more suitable indication whether a state can be decomposed as an

iMPS/MPS is the exponential decay of mutual information [17].
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3. Matrix Product State Routines

3.1. Variational Ground State Search (vMPS/DMRG)

The Rayleigh-Ritz-variational principal states that the lowest expectation value to every self-
adjoint operator, as quantum operators, serves as a lower bound for the expectation value of
a trial state |¥). For the ground state energy Ej of a generic system, this translates into
oy 2 B (74)

which consequently means that the ground state energy can be found by optimizing a set of
parameters describing a trial state, such that the expectation value becomes minimal. If the
trial state is expressed as a MPS, this ground state search is referred to as the variational
Matrix Product State algorithm (short vMPS).
Imposing normalization on the trial state |¥) by a Lagrange multiplier, the ground state
search

min (<\mﬁ|\y> AU — 1)) , (75)

W) pps

is given by a global variation over all MPS parameters (entries of each tensor at all sites). The
MPS can thus be seen as a variational ansatz. However, instead of solving this multi-linear
optimization problem at once, it is highly advantageous, regarding computational efficiency,
to split up the process. In order to do so, we optimize the parameters of a tensor of one site at
a time, while keep all the other tensors fixed. This leads to a simple quadratic optimization
problem

min (M;H{i]epsM; — X (M;N[i)M; — 1)), (76)

which can be solved by searching for the extremum with respect to variations in M;

g - _
ong (MiH[ileg s Mi = X (MiN[i]M; — 1)) =0, (77)
where M; are the elements of the tensor at site . The hereby new defined effective her-
mitian matrices (H[Z‘}eff)(s;a’ o!)(sia102) and (see figure (N[i]eff)(s;ag,laﬁ)(siai,lai) =

i1
(N[i]eff) (a)_,a}),(a;—1as)

(U|H|W) respectively (¥|W¥) after removing the tensor (M[i] and M][i]) of site i. Since the

optimization is conducted locally on one site after the other it is in general uncertain if the

® (552 s;» are obtained by reshaping the contraction of all indices in

global minimum is reached. Regarding the case of a many body system, the proposed opti-
mization routine does find the global minimum nonetheless |11]. From expression , we

obtain a simple general eigenvalue problem of the form
Hlileps M; = ANliles s M;, (78)

where the elements of the tensor (M;)s;a,_,a; Of site ¢ can be seen as a d- Di large vector act-
ing on the matrices H[i]ors and Nli]cf, respectively. The Lagrange multiplier A corresponds

hereby, to the eigenenergy. Even though the space over which we wish to find eigenvectors
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Figure 18: HJ[i].;; and N[i]c;s: Construction of the effective matrices in the optimization
protocol li at site 7
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Figure 19: update blocks: After optimizing site 1 the red tensor M’[1]3} is retrieved. For
the following optimization of site 2 H[2]crs and N[2]eys is formed with the already
optimized M'[1]3} of site 1. In the same manner, for site 3 H[3]csf and N[3]crs are
constructed with M’[2]52 ,, (green) and so forth.

is d - Di large, we are fortunate to only be interested in the eigenvector corresponding to
the lowest lying eigenenergy A. Henceforth, aiming for solely the lowest eigenvalue we can
accelerate numerics by the use of iterative eigensolver such as Lanczos or Jacobi-Davidson.
The locally at site i optimized parameters M'[i]; of the variational MPS ansatz are then given
by the eigenvector of the lowest eigenvalue of the generalized eigenvalue problem .
Considering the calculation of the effective matrices, it seems reasonable to start optimiz-
ing from one end of the system and sweep through it back and forth, sequentially updating
Hli]ers and N [i]eff, respectively.

Rather than optimizing randomly one site after the other, we can simply attach the updated
transfer operator elements to the pre existing Hiloss and Nli]oss instead of calculating it
each time from scratch (see fig. and thereby, save computation timeﬂ

Moreover, for open boundary conditions (obc) the generalized eigenvalue problem , can
be brought into a simple one. In order to do so, at each optimization step at site ¢ all MPS
tensors to the left have to be in the left canonical form while all tensors to right are in the
right canonical form. As a consequence, the computation of N [i]efs is trivially equal to the

identity. Since, tensors are optimized sequentially from first to last site and vice versa, bring-

9see Appendix @ for pseudo-code

24



MU= B2] e B[N]

Al = M[2] -BJ3] B[N]

A1) — Af2) = M[3] = BJA] e B[N]
-

Y ———— AN = 1]— M|N]

A[L] AN = 2— M|N = 1]— B[N]

A1) MIN —2)— B[N —1)- B[N]

Figure 20: Canonical form during sweep: while going forth and back all tensor to the left
and right of the to be optimized tensor M[i] are in left respectively right canonical
form. After the optimization the updated tensor M’[i] is directly gauged into A’[i]
(B'[i]) for a sweep from 1 — N site (1 « N site).

ing the MPS in the desired canonical form can be conducted with little numerical effort (see
fig. .

In the case of periodic boundaries however, it is unfortunately impossible to transform the
general eigenvalue problem into a simple one. Because N [ileff cannot become the identity,
no matter the gauge of the trial MPS (see sec. . The viability of a generalized eigenvalue
problem strongly depends on the conditioning of N [i]eff, yet with additional care most of such
issues can be overcome [18]. Apart from the stiffness of the routine it is also computationally
more demanding. The construction of H[il.f¢ comes due to the pbc with a computational
complexity of O(DgD%dQ) and additionally, since N [ilefs is no longer trivial it has to be
computed at each optimization (with O(d?D3) step, slowing down the vMPS for pbc signifi-
cantly. Workarounds for a complexity similar to vMPS with obc O(d>D3) exist [19,20], and
mainly work with introducing effective boundary vectors.

Nonetheless, the scaling for constructing the effective matrices H[i]crs and Nli]css, in the
presented routine most operations are carried out during the sparse eigensolver (e.g. Lanc-
zos), which are mainly matrix multiplication of H[i].ss with the vector M;. One of these
multiplication comes with a numerical cost of O(D*d?) such that the whole optimization pro-

cedure is governed by an overall computation time of O(D*d?) - Ngjtes - N, sweeps * Nmatrizmaul. -

Error Analysis:

As denoted, the vMPS ground state search is an optimization of the entries of a trial MPS
and subsequently, it is in principal a variational search in a Hilbert space subspace, which
states represented as MPS have the same bond dimension as the trial state.

How close the actual ground state is reached thus depends strongly on the bond dimension of
the actual ground state and whether it lies in the scope of the subspace or not. Consequently,
it is desirable to choose the subspace as large as possible in such manner that it covers
most of the entire Hilbert space. On the other hand the ground state search is restricted
by the numerical costs and therefore, becomes infeasible for large bond dimensions. This

trade-off can partly be overcome by dynamically increasing the bond dimension. Consider
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starting with a trial MPS of low bond dimension, such that the algorithm is fast but the
trial MPS is lacking parameters to fully represent the ground state. After several sweeps
and/or observation of convergence of the eigenenergy, additional free parameters in form of
an increase in the bond dimension (by adding rows and columns of zeros to each matrix
M{[i]*) are introduced, hopefully allowing the trial state to reach the actual ground state
closer.

However, in the case our system is characterized as gapped and therefore, the ground state is
represented by small bond dimension. This trade off between computation time and accuracy
is fixed and high precisions can be achieved. Note that this does not mean that it is in principal
impossible to find ground states or make estimates about the ground state behavior in gap-
less systems (see sec.

To exclude large errors and to have an estimate of the quality of the ground state, it is
advisable to counter check all ground state results with another run conducted with larger
bond dimensions. Eventually, in hope to observe a stable result rather than a drift off in
the eigenenergy. A good measure of the convergence of the latter described scheme, is either

directly given by the eigenenergy or by the variance
var(H) = (W|A2|W) - (V| |W)°, (79)

with which the quality of the eigenvector as well as possible degeneracy, can be quantified.

Connection to NRG and DMRG:
Apart from, the variational picture presented so far, there is an accompanying physical in-
terpretation of the scheme, which unlike MPS does not originates in quantum information
but rather in renormalization. To be precise, the vMPS routine is equivalent to the Density
Matrix Renormalization Group (DMRG) [12], an improvement of Wilson’s Numerical Renor-
malization Group (NRG) [21].
Starting in chronological order, NRG was first introduced in 1975 by Wilson to compute the
low energy spectrum of spin chains. Motivated by the assumption that low-energy states con-
tribute the most to the low-energy behavior of a enlarged system. The basic idea is relatively
simple, we start with a small system of initially n sites H, spanned by {|®[n]a)}a=1,.m,
which is completely exact diagonalizable. Second, the system is enlarged by adding an addi-
tional local Hilbert space iLn_H spanned by {|s;)}i=1,. 4 to the pre-existing one. Proceeding
in this manner and adding site after site, the system H, quickly becomes too large for exact
numerics, luckily though the only interest lies in the low energy physics therefore, not all
eigenstates are equally important. Consequently, after every enlargement of the system, the
m lowest energy eigenstates are calculated in order to project Hy @ iLnH into the according
low energy subspace

Hpy1 = OH,OT, (80)

where the rows of O are exactly the low energy eigenstates. In this manner more and more
sites can be added while keeping the effective Hilbert space, describing low energies, limited.

NRG has been proven to be very powerful in the studies of impurity systems, where the cou-
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Figure 21: Ground state: Global system of a particle in a box described by the first excitation
of a string (red). Trying to build up solution by attaching solution of sub-blocks leads
to an highly exited state of the global system (green).

pling to a bath is discretized into a semi infinite spin chain with exponentially decreasing tight
binding couplings [22]. However NRG becomes very inaccurate for the usual tight binding
model without an exponential decrease of couplings. The reason for the poor performance in
strongly correlated systems is that NRG is deficient on the global picture. Consider a particle
in a box (see figure . Its ground state is given by a string excitation spanned in the box.
Now let us assume that we want to calculate the ground state of the box by splitting it in half
(dashed line) and proceed with one single NRG step. The ground state of the initial block
(with open boundary conditions to the right) is the same as the global solution with double
periodicity. However constructing the enlarged block out of the low energy spectrum of the
initial block, is an insufficient choice since it would almost take all the excited harmonics of
the initial block to faithfully represent the global optimum [23]. White solved this issue in
1992 by introducing the Density Matrix Renormalization Group (DMRG) [12], which latest
interpretation is known as the vMPS. Instead of just building up the system from the left
leaving out any feedback from unreached sites to the current system, he incorporated the
global view. Let us briefly compare the two, to sort out the difference more clearly. Note
that in fact the NRG scheme might as well be expressed as an MPS

BMlanin) = DD P o 1@ — 1a,) ® |s4) (81)
S; Qp
where P[n]’ incorporates the basis transformation and truncation to the lower m eigen-

An410n

states of the systemm It is important to point out that in this MPS description, other than
the previously introduced one (as used in vMPS), reduction of the representation originates
from neglection of higher energy scales rather than optimizing the preservation of entangle-
ment. The effective Hamiltonian in the renormalized basis in a NRG scheme given after n

steps thus, can be written as

Hevor = ([]as - ®[ar,41) (82)

Si

which is diagonalized in the following step to obtain the new reduced basis for P[n + 1] . .

Accordingly, the effective Hamiltonian in a vMPS sweep at site i

(H[i]eff)(s;agila;),(smz‘flai) ’ (83)

10Tn fact there exist reformulation of NRG as vNRG incorporating feedback from lower to higher energy scale

improving results for impurity systems even further [24].
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together with the figure [18| reveals the missing link of NRG. It fails to incorporate all sites
to its right, which is acceptable for impurity problems where the energy scale drops off but
eventually, it renders unsuitable for constant couplings, which stands in complete contrast to
vMPS.
So why the name Density Matrix Renormalization Group? To be short and on the point,
the variational search space of the trial MPS is in principal a renormalization of the density
operator. As pointed out, the Schmidt coefficients of a state and the dimensionality of a
Matrix in the MPS-representation are related (see sec. [2.3). Moreover, the Schmidt coeffi-
cients are in a one to one correspondence to the weight of a density matrix at the according
cut p;r = 0;» Af Ay. Neglecting entanglement between a bipartition is therefore, equivalent to
neglecting states contributing the least to the density matrix of the global state the system is
in. However we are not interested in any state but the ground statdﬂ assuming orthogonality
of the trial state, the variational optimization procedure can be seen as solving for the local
minimum

orr ||

of the density operator, which eventually, after several sweeps, ends up in the ground state.

=0 (84)

3.2. Time Evolution (TEBD, iTEBD)

Besides the calculation of ground state energies, MPS allows highly efficient numerics for
short range time evolution. In other words, we would like to apply unitary time evolution to
an arbitrary MPS

Ut to) [¥(to)) = e [0 (1)) (85)

Even though this might seem as a simple task for small enough systems such that calculating
the exponent of H sets no restriction, it becomes instantly impractical for bigger systems. A
possible workaround is decomposing the time evolution operator such that it can be expressed

~ n
as a chain application of a feasible small operator U(t —ty) = (U (At)) with At = £ For
simplification, in the following the Hamiltonian is assumed to have at most nearest neighbour

terms
N
H=> hi. (86)
i
Unfortunately, in most cases, even and odd nearest neighbour terms do not commute
. N 3 . N B . N > N N
e i hiitil £ =1 X oda it 1t eI cven hiitat f [heuen,hodd] £ 0, (87)

such that for further decompositions, approximations are inevitable.
Consider two operators A and B which do not commute. From Baker-Campbell-Hausdorff

formula it follows that ,
eAteBt _ e(A+B)t+[A,B]%+O(t3)’ (88)

Hother than in NRG, where the interest lies in the low energy spectrum.
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U(At) | | [

Figure 22: Applying U(At): evolution by one time step At

In effect, regarding our time evolution, the nearest neighbour time evolution operator can, in
principal, be split up with an error of O(t?). To suppress this error further , we take the n-th
¢

root of eteB! by replacing t with At = - The full expression

PO R R I 2 n I N N
At Bt _ (eAieBi)n - <e(A+B)fz +0 <t2>> _ A+B)E _ (6AAteBAt>n +0o(AR),
n
(89)
then comes with an error of O(At#?). This type of decomposition is widely known as the Lie-
Trotter-Suzuki Decomposition [25]. Consequently, the time evolution operator of our interest

can be obtained by applying

U(At) = H o~ ihiiv1At H o ihiit1 At _ e—izieoddﬁi,i+1At6—iZieevenﬁi,i+1At’ (90)

1€even i€odd

n times in a row. Instead of exponentiating one huge matrix H, the task is reduced to
smaller matrices h. The resulting operator for site i, U (At); = e~thiit1At g an operator
acting only on two sites and is referred to as bond operator. A full time step At can be
achieved by first sequentially (going from site 1 to N) applying all odd bond operations and
then in the same manner (going from 1 to N site) evolve the even bonds (see fig. [23). As
mentioned in section applying a two site operator as a bond operation, will eventually
destroy the decomposition of the MPS. Thus, after each applied bond operator, the MPS has
to be brought back into its original shape. Let us go through the evolution of one bond step
by step (see fig. . We assume the MPS to be in Vidal’s mixed canonical notation (see sec.

[2.2)). Before applying the bond operator, contract all tensors
Ma o = Ali = Yag_yauy TS, o, Milasa T+ Laihin Al + Hagpiairs (91)
belonging to the to be evolved bond. Next apply the bond operator (i) which leads to

! !
15:5i41 _ shsh . 18:8i41 1 fSiSi+1
M Qi—1Qi4+1 E Uit Mai—lai+17 (92)

S$iSi+1

a rank 4 tensor with two physical indices (legs). To retrieve an expression of the same form,

we started with 1) the rank 4 tensor is shaped into a matrix M,,q, 1), (siy10:4,) Which in
the next step, (i7) is singular value decomposed (SVD) to
s8]
M/ai—-lF&iJrl = U(siai,l),aiAOti(VT)ai,(siHaHl)' (93)
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Figure 23: TEBD: scheme of a single bond evolution in the TEBD algorithm.

As the entanglement between two sites sharing a bond usually grows by application of an
interaction, such as the bond operator, the amount of non-singular singular values (Schmidt
coefﬁcients)m D, = dim(\,,) will grow to unmanageable size. However, not all of the
newly established correlations are equally important. Therefore, as indicated in section
it is possible to truncate the dimension D, by disregarding smaller singular values. The
truncated state |\Tf> hereby, as mentioned earlier in equation 1) minimizes the distance
to the true state |¥) (in the two norm). The corresponding error ¢,,, by disregarding the

D, — Diryne. smallest singular values, is given by

Dtrunc.

1 - Z ()\ai)2 = € (94)

@i
which is the trace difference of the reduced density (the disregarded probability) keeping
the Dypyne. highest eigenvalues. The still missing singular values are inserted by identities
1=Ai—1](A\i—1])"" and 1 = (A[i + 1]) "' A[i + 1] (step (iii)) respectively, such that the

time evolved tensors I"[i], I'[i + 1] and X'[i] can be read off

MIZLSPIFCIVL+1 = )\[l - 1]ai71ai71 ()\[7’ - l}aiflaifl)il U;i—lyai A/aiai (VT iii‘foltii»l (A[Z + 1]ai+lai+l)71 )\[l + 1]ai+1ai+1'

1% 7Si4+1
=Iel 10y =r Q4141

(95)
Proceeding in this fashion, the from of the decomposition of the MPS is unchanged and the

next odd or even bond can be evolved by contracting the required tensors (as in equation
(91)) to shape M'A2EE,.

256e Appendix
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Imaginary Time Evolution:
Besides real time evolution, TEBD can also be used to find ground states of gapped systems.

The way to do so is by imaginary time evolution
t— —iT, (96)

which transforms the unitary time evolution operator into the non-unitary imaginary time
evolution operator U(7) = e~ ™. Assuming a random state |®) which has some non-vanishing

overlap with the ground state

(Wo|@) #0 with H = FE;|¥;)(V|; Ey<Ei<Es..<EBy g, (97)

the action of e~/ is projecting out all contributions from excitations

e TH @) = ¢~ 7(Fo—Fo) Z cie W) = cpemTE0 |Wg) 4 e TEO Z cie TETE) 1@y (98)
=1 K3 7

Note that this method highly depends on distinct ground states, such that on large gap-less

systems it is almost certain to fail. Moreover, due to the necessary discretization of the

imaginary time evolution, the algorithm has the tendency to get stuck in local minima. In

principal we would like to choose 7 as big as possible to damp all excitation, the trade off

—7H ith a reasonable

though is the trotter error O(At?). Thus, an iterative application of e
large enough 7 would leave the result with a rather large error. By choosing a small 7, we
manage a vanishing error for the later time steps. On the other hand, excitations are rarely
projected out such that the process after a feasible computation time might still have con-
tributions besides the desired ground state one. Concluding, the process might get trapped,
never reaching the ground state (see fig. . A simple workaround is lowering 7, depending
on the convergence of the trial states energy, such that if the energy is not decreasing any

longer it is assumed to be due to the trotter error.

Error Analysis:

For the real time evolution there are two sources of errors, both already mentioned in the
general description above. The first error is due to the Trotter decomposition of the time
evolution operator, which is mentioned in above with the order of O(At?). This error can
be decreased by taking higher orders of the Trotter decomposition into account, for a p-th
Trotter decomposition, after n = & time steps, follows an overall error of O(At? - t). The
second error comes from the necessary truncation and is specific to the system at hand.
The reason for the entanglement growth of a generic system is explained best by looking
at a simple example, for instance a global quench of a transverse Ising chain (see Appendix

. Let us assume the system of size L is at ¢ = 0 in a product state of all spins down
L

|U(t =0)) =[[®]]); and evolves for all time ¢ > 0 under the Hamiltonian
i

H=-J> 668, —B> &7 (99)
7 %
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Figure 24: Time steps: a) eigenenergy E, depending on position z. and e,, represent trotter
errors. Assume that after a first time step with trotter error e,,, the imaginary
TEBD process ends up in a state located in the valley around the local minimal
z1. Reducing 7 to 7o the new trotter error e, might not overreach the potential
barrier to the global minima x¢ such that the process is trapped. Note that this
does not mean the state will not eventually (after an infeasible time) end up in o,
since all excitations are still damped. b) time steps to reach a final time 7" at which
all contributions from excitations are sufficiently small. The lower sizing as depicted

needs far more steps and therefore, computational time than the upper process.

Following the arguments in [26], we can say that the initial state under the evolution of the
quenched Hamiltonian acts as a source for pairs of entangled quasi-particles with opposite
momentum at each site. Thinking of the system being bipartite in the middle (see figure ,
we can explain the growth of entanglement between the two half’s of the system by the op-
posing movement of the constituents of the entangled pairs. Since as soon as a quasi-particle
crosses from one half to the other while its entangled partner remains, the entanglement
between both half’s increased. The velocity of the quasi-particles is hereby essential since it
is in a one to one correspondence to the growth rate. To illustrate this a bit have a look at
figure 25| b) where TEBD results for the half length entanglement entropy S,y for different
chain length of the above model are plotted. The growth of entanglement is almost linear
until it peaks where it starts to decrease. As already mentioned the linear increase should
be in correspondence to the velocity of the quasi-particles. Let us consider only the fastest
quasi-particles max(vy) obtained by % = 0 with v = C};: which for B > J yields

max(vg) = 2J. Hence, the time a fastest quasi-particle would need to cross the middle of
N

2-Umaz

the system starting from one edge is given by T = Tracking the end of the linear
slope (grey vertical lines in fig. and compare it with the analytic result, we find that
for N = 10,15 and a bond dimension of D, = 60 the time 7" matches the numerical results
(except for N = 20). Thus it seems that the growth of entanglement is mainly governed
by the fastest moving quasi-particles and more importantly, it is bounded. This bound is
referred to as the Lieb-Robinson bound [27] and is far more general than our simple exam-
ple. In general it states that apart of relativistic thoughts a quantum system still possess an
upper non-universal limit in the speed of information (entanglement). This limit can be an
indication of systems worth studying with TEBD. In a later example (see section we will

actually see a model where this bond is even stronger and entanglement grows logarithmically.

Bfor the dispersion relation ez see Appendix
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Figure 25: Lieb Robinson: a) cartoon picture of entangled quasi-particles moving in opposite
direction and thus leading to entanglement growth between the green cut of the
system. b) Entanglement growth in a global quenched transverse Ising model (B =
1.0, J = 1.0) obtained by TEBD for different chain lengths N with maz(D.) = 60.
Black dashed line corresponds to the time needed for the fastest quasi-particle to

travel half the chain, see main text. (for ED results see [28]).

Note that for a bond dimension of D, = 60 we actually hope that the evolution for N = 10
(Hilbert spaces needs D, = 2° for full representation) is up to the Trotter error exact, since
the evolution goes without any truncation. For N = 15 the truncation from D, = 27 to 60
seems to have little effects. However for N = 20 sites which corresponds to D, = 20 for
the full representation our chosen maximal bond dimension of 60 is far off, and as we can
see the linear growth stops before the analytic estimated one (To9 = 5). This illustrates the

unpreventable error due to truncation of entanglement.

infinite TEBD (iTEBD):

In the upcoming section we will make use of the infinite TEBD which is a adapted
version of TEBD suited for “infinite” systems with translation invariance [29]. The changes
to the previous discussed TEBD routine are very subtle, such that the causes for possible
inaccuracies, discussed in the previous paragraph, persist.

The starting point of the routine is an infinite MPS for translation invariant systems, which
as discussed in section 2.8 can be thought of as stringing together the unit cell of the system
(ensuring translation invariance) infinitely many times. Time evolution of the iMPS thus boils
down to evolve only one of its single constituents, one unit cell. Since the evolved unit cell
represents the whole time evolved “infinite” system. Let us for simplification consider a two
site translation invariant system. The unit cell of the infinite system can thus be described
by two tensors I'[1], I'[2] and their Schmidt coefficients A[1], A[2] (see blue frame in figure

a)). Proceeding with the iTEBD routine by evolving our two site unit cell:

e we first evolve the bond between I'[1] and I'[2] (inside the unit cell, see fig. 26| a))

e second evolve the bond between unit cells (between I'[2] and I'[1]) by reordering the
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Figure 26: iTEBD: a) illustration of the two site translation invariant iMPS represented by
stringing the blue framed tensors infinite many times together b) evolution of the
intra bond in the two site unit cell ¢) evolution of the inter bond between the unit

cells

tensors (see fig. 26| b))

The evolution operator U (At) is hereby still a Trotter decomposition of the translation in-
variance Hamiltonian . Compared to the TEBD routine the only difference between the
two is the second step, where the bond between the end and beginning of the unit cell is
evolved. The generalization to bigger unit cells is therefore straight forward. First evolve the
the unit cell as discussed for TEBD and afterwards the bond between the last and first site.
Of course the evolution between unit cells (last and first site) can be directly incorporated in

the unit cell evolution, saving a computational step.

3.3. Tangent Plane Methods (TDVP)

One of the conclusions of the previous section is that for a generic system under unitary
time evolution, the entanglement grows with time. The latter leads to the eventual necessity of
truncating the bond dimension, since the state under evolution leaves the MPS representation
feasible corner of the Hilbert space. Unfortunately, in general the truncation does not respect
conservation laws (in particular, energy conservation) under time evolution. How can we
avoid truncation in order to preserve symmetries? The goal is to time evolve a MPS while
keeping its bond dimensions fixed and symmetries conserved. An abstraction of this problem
is to restrict the time evolution of the full Hilbert space H governed by the time dependent

Schrodinger equation
d A
— U) =0 100
(i - %) 1w =0, (100)

to a manifold M C H described by a set of parameters, {z}
M ={|¥(z)),z € C"}. (101)

This type of problem is known as the Dirac-Frenkel time-dependent variational principle or
in short TDVP [30,131]. Note that the Schrodinger equation (TDSE) can be deduced from
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the principal of least action S = 0 by variation of the action
S[w(, ¥m] = [ £[we,¥(@)]dr, (102)
t1
where the Lagrangian £, as it is easy to prove, is given by £ [U(t), ¥(t)] = (¥(t) |i% — H|W(t)).
In the same fashion, we can form a Lagrangian for states restricted to the manifold M, written
in terms of the parameter z:

?

L[¥(2),¥(z)] = (<‘1’(i)\‘i’(Z)> - <‘P(Z)I‘I’(Z)>) — (U (2)|H|¥(2)). (103)

2
The Euler Lagrange equations o %% =0, lead to equations of motion describing the
path of the parameters z(¢) on ‘?}fe manifgld M (see fig.
i (0;9(2)|0;0(2)) -7 — (O;V[H| V) = 0. (104)
= Gy

The parameters z and z are hereby treated as completely separated variables consequently,
varying z — z+0z corresponds to the equation of motion for . To find solutions to the latter
equations, the inverse of (8;\11(2)|8j\11(z)>|ﬂhas to exist, in other words the vectors {|0;¥(z))}
have to be linear independent. Let us proceed by assuming for now Gj; to be non-singular,

such that we can derive the parameter e.q.0.m

= iGI U H|T) = iGI(U|H|0T), (105)
with Gt being the inverse of G7;. This equation has a strong resemblance to the pair of
0 0
equations for the canonical coordinates in classical mechanics (p = —8—H, q= 8—H) And in
q P

fact, as in the classical case, we can define a Poisson bracket for functions on the phase space
f(2.2), 9(2.2) 7
{f.9} = (8:f9;9 — Dig0; f) G”", (106)

such that the e.q.0.m translate into
3 = i{H, 27} = i{H )}, (107)

where H(z,z) = (U(z)|H|¥(z)) is the Hamilton function. By a restriction of the action to a
subset of the whole Hilbert space H, we end up with the classical equations of motion for our
parameters. Moreover, as the change in time of the parameters is governed by the Poisson
bracket, so will the functions on the phase space. For simplicity, let us neglect the complex
conjugate parameters z for a moment and assume z is real. A function O to an operator O

defined as its expectation value O = (¥(z)|O|¥(z)) evolves in time as

0 =i{#,0}, (108)
o .00 0] O
since {H,0(z)} ={H,zi} — = —izi— = —i—.
", 0@z} = {#, Z}azi "0z ot
14 . . . a 8 .
following the supplementaries of [32] we introduce 9; = e and 0; = 55 to ease the notation
z
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Figure 27: TDVP in M: a) path z(t) of the TDVP, follows the tangent vectors constructed
by orthogonal projecting the evolution of H at each point onto the tangent plane b).

e conservation of energy: Note that the Poisson bracket is antisymmetric

{f,9} = —{g, f}, as a direct consequence, we obtain energy conservation = {H,H} =0

e conservation of symmetries: Generator of Lie-groups which are conserved in the

Hilbert space evolution [j ,7:[] = 0 are as well conserved under the TDVP e.q.o.m as

long as a state |¥(z)) under the to the generator J associated symmetry operation
Ule) = exp(iJe) does not leave the manifold U(e) |¥(z)) € M. For a discussion in
depth, see supplementaries of [32].

Besides the derivation by variation of the action, the same equation can be obtained from
a geometric approach. Consider figure b) where at a point z(t), of the manifold the
tangent plane is spanned by the directional derivatives of the parameters span (’TZ(t)M) =
{|0:%(z(t))) ,i € {1..n}}. Evolution with H |¥(z(t))), as depicted, would in general leave the
manifold. The closest this evolution can be approximated in the manifold at point z(t) in 2/

direction, is obtained by minimization of

S () = arg?(?tl)in(!\ i2(1) |0,V (2(1))) ~H |V (2(1))) |I*) | (109)

=5\‘P(Z(t)))

or, in other words, an orthogonal projection (measurement) of H |¥(z(¢))) on the tangent
plane
Pr.m (2,2) = 10,V (2)) G7' (9, (2)|. (110)

It is exactly this projection causing the indeterministic behavior of the state |¥(z)) to collapse
into a set of classical equation of motions. Let us return to opening of our discussion. We
started with the Schrédinger equations and derived e.q.o.m for a set of canonical coordinates
z, z. However, the Schriodinger equation alone is not sufficient to describe quantum mechanics,
an important detail which is completely ignored so far. To give the solutions of the TDSE a
physical meaning, it has to obey Born’s rule, being normalized at all time, such that it can be

interpreted as the propagation of probabilities. For evolution under the TDSE, the probability
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is conserved meaning that, if the initial state is normalized, it will preserve normalization
at all time during the time evolution. Unfortunately, this is not the case for the projected
evolution. The choice of trial states hence, has to be restricted to the ones preserving norm in
the manifold evolution by default. To free the trial state from this restriction, the Lagrangian

can be transformed

L [\I’(t), \If(t)]
(W)

such that, by variation of the action, norm preserving equations of motion are obtained (see

supp. [32]). The derivation is rather direct, and leads to a modification of equation

L[V(t), V()] — (111)

(09 (2)|PoH| ¥ (2))
(W(2)[¥(z))

_ V(=) (Y(z)]
(V(2)|¥(z))

leads to the conclusion that phase and norm are preserved as long as the tangent plane is

(89 (2)|P0|0; ¥ (2))
(V(2)[¥(z)

1G7;25 =

(112)

where the projector Py = 1 , projects out all contributions along |¥(z)). This

perpendicular to |¥(z)). The same constraint (though sufficient) on the trial state can be
deduced from arguing that the total time derivative of the phase space distribution function
p(z,z) = (¥(z)|p|¥(z)) should vanish in order to ensure norm preservation of the evolution

in the phase space

C plz.7) = 2 (3O (@)|W(2) + (@) (2) #) 0. (113)
Fortunately, in the case of using TDVP with MPS, the gauge freedom of the MPS represen-
tation allows to enforce norm preservation by ensuring orthogonality of |¥(z)) to the tangent
plane |¥(z)) LT, M.

Before adapting the discussed method in the MPS framework and explaining the role of the
gauge, let us recapture. By orthogonal projecting the evolution of the full Hilbert space in
the tangent plane, we derived equation of motions never leaving the initial manifold M, and
thus being represented by the same amount of parameters at all time. For clarification, this
does not mean the evolution is faithful, represented by those parameters. The quality of a
variational ansatz, as |¥(z)), strongly depends on the choice of its parameters. A good choice
in general, is if they capture physical properties of the system they aim to describe.

In the case of a MPS, the representation of a state

Ww({Al1})) = ZM[llslM[2]82~--M[n]s" 5) (114)

is a parametrization by the elements of each site tensor A[z]ﬂ It is known from section
that this representation is faithful as long as the entanglement is bonded to a feasible
amount. That being said, it is clear that TDVP will fail to reproduce exact results as soon
as the bond dimension and with that the amount of parameters fails to incorporate the

states entanglement, and to that extend TDVP performs as badly as TEBD. However, other

15it can be shown that Mups = {|¥({A[i]}))} for fixed bond dimensions fulfills the manifold and the

corresponding tangent plane axioms [33]
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than TEBD where the truncation maps the evolved state back to the feasible bond dimensions

(amount of parameters), the TDVP projector preserves energy and symmetries of the system.

TDVP with MPS:

This section is intended to give conceptual insights into the gauge freedom of the tangent
plane and the derivation of TDVP e.q.o.m for the MPS entries. For all, who are less concerned
about technicalities this section might be skipped, even though the tangent plane of MPS is
used in several other routines [34,35] and seems to be an enriching concept. Before jumping
to the generic case of a finite size MPS [36], where each site is parametrized by a different
tensor Mi], consider for simplicity a uniform infinite MPS (uMPS) [32]

|W(M)) = Z L [H M

1E€EL

R|5), (115)

uniform in the sense that each site ¢ is represented by the same matrices M® such that
the system is completely translation invariant. Without loss of generality, the boundary
conditions, L and R, are set to identity describing an open system. The evolution according
to the TDVP thus, follows a path in the manifold parametrized by all elements of the tensor,
M = {|U(M));pg, M € CP*PaxDa}  Further, let us define a generic vector in the tangent
plane |®(T; M)) € TayyM of M at point M as

0
oOM?

|B(T; M)) =) T" |U(M))  with i = {n, $n, Qprev., Uneat } (116)
A

which in the composite basis reads as

;0 _ . _
ZTlaMi [W(M)) = EE:ZES: LMERITE ML ]S), with |S) = | Sn—1SnSnt1...) -
(2 n

(117)
Two problems of the tangent plane T3, M can be identified, the first more obvious one is that
A |0;¥(M)) € TprM is a valid tangent vector. This, as mentioned, allows the state to change
its norm and phase. The second problem is the gauge freedom in the MPS representation
M?® — XM*X ! with X € CPa*Pa (see sec. [2.5)), which is inherited to the tangent plane.
To understand why this is an issue, considering a one parameter gauge transformation G(e) =

exp(eX) the state should stay invariant due to small changes in €

d\‘I’((JiW(6))> _ d]\ﬁ(e)i 10; (M (€))) = 0, (118)
€ 6.
=T%
@ 00) = L war (o)

with T'x fulfilling 75 = XM* — M*X + O(e?). This gauge freedom in the tangent plane
causes trouble solving equation 1) where G7; has to be inverted, since T? is a null vector
of the Gram matrix G;T" )]( = 0. In other words, the tangent plane is over-complete and not

all vectors T are linearly independent (7" =T + Tx).
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(a)
(e M) = (1)

Figure 28: Overlap and Gauge: a) overlap of tangent vector with state from the manifold
M b) left gauge fixing condition.

In order to determine the redundant degrees of freedom note that the invariance of the state
|W(M(e))) = [¥(M(e))) + €|P(Tx; M)) leads to a constraint on the overlap (and eventually
on Tx) (¥(M))|®(Tx; M) = 0. To facilitate the calculation let us assume that the identity
transfer matrix £ = ), M*%* ® M* (see section of the uMPS has a non degenerate
eigenvalue 1 with normalized (T'r [Ir] = 1) right and left eigenvectors of full rankm, denoted
as [ respectively r. Such that the calculation of the states expectation values and norm follows
the outlines of an infinite MPS (see sec. [2.8). Proceeding with the evaluation of the condition

above reveals that there are D2 — 1 independent ways for T'y to obey the constraint, since

(U(M))|®(Tx; M) =Tr [IE}Lr] =0  with B = Z M*™* @ Tk (119)

leads to
d d

EPL =Y (M) Ty = (M) X Me — (M) IME X =0, (120)
* s=1 s=1 T
which only has one solution for X = 1. To eliminate these additional degrees of freedom of

the tangent vectors the gauge has to be fixed. Imposing the gauge fixing condition

d
> (rtire =o, (121)

s=1
both drawbacks of the tangent plane are solved at once. First note that the overlap of (fig.

28)
(U(M)|®(T; M)) =Tr [IE'r] =0 with Epf =) M*@T* (122)

vanishes and hence, the tangent plane is orthogonal to |¥(M)). Second, it eliminates the D2 —
1 additional degree of freedom in 7', such that the remaining tangent plane is of dimensionality
(d—1)D? and the inverse of G5
T which fulfills the just formulated gauge fixing constraint, let us define the map (L)q/(4a) =
(M2 L : dD, — D. The kernel of L is of dimension D,(d — 1) and spanned by the
D, (d—1) last columns of V, obtained from the non-reduced singular value decomposition of
L = USVT. Note that besides, spanning the kernel of L, the columns of V' (from now denoted
as V1), by construction, form an orthonormal basis VLT Vi, = 1. Transforming V7, from a matrix
of dimension dD x D(d — 1) into a tensor V}, a tangent vector fulfilling constraint can

be parametrized by

is well behaved. For the constructions of a parametrization of

T5(Z) = 17V2vg zr= 112, (123)

1proof of these properties in |16
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where the only free parameters are the elements of the matrix Z with dimension D(d—1) x D.

Note that due to the orthonormality of V, the overlap of two tangent vectors reduces to
(D(T(Z'); M)|®(T(Z); M)) = Tr [Z’T Z] . (124)

Knowing the parametrization of the gauge fixed tangent plane we are now in the position to
orthogonality project the evolution of the full Hilbert space H |W(M)) onto the tangent plane
by minimization of

min (|| # (M) — |®(Z; M) |I*) . (125)

Variations in Z lead to an extremum for the parameters Z given as
Zeat. = 07T(2)07 (D(T(2); M) H|W(M)) = 0,T(2)0r (2(T(Z); M)|H| (M), (126)

such that the projected vector in the tangent plane can be written as T%(Zey.) |0;¥(M)).
From the time evolution of the state |¥(M))

i% [U(M (1)) = M [8;0 (M (1)) , (127)

a comparison of the coefficient with T%(Z.,y.) |0; ¥ (M)) concludes to a solution of the TDSE
in the tangent plane
M = _Z.T(Ze:vt.)' (128)

For real time evolution, these non-linear coupled differential equations can be solved with
e.g. the Runge-Kutta integration scheme, while others as a simple Euler-step routine, do not

respect the symplectic structure and are only appropriate for imaginary time evolution [32].

After being familiar with the general concepts and difficulties, let us now come to finite
systems for which the formulation becomes less convenient. From the general from of a finite

MPS ([13)), we deduce that a generic vector in the tangent plane 7y M can be expressed as

N d
THo;w({M}) =" M [1]..T* [n]..M*"[N][5)  with i = {sp,n,Qn1,0n_}. (129)
n=1s,=1
The issues of the tangent plane, namely over-completeness and violation of norm preservation,
persist in the case of a generic finite size MPS. Even worse, unlike the former case, matrices

M*#n[n] are site dependent, such that we have to impose site dependent gauge-fixing conditions
(M) l(n —1)T*"[n]=0  VYne{l..N—1}, (130)

where [(n — 1) = I(n — 2)E;1[n — 1], to overcome the gauge freedom M**[n] — X 1[n —
1]M*n[n] X [n]. In principal, it is possible to reformulate the above approach for finite systems.
However, the TDVP scheme presented so far acquires numerical frauds as it incorporates the
square root inverse of [ and r. A recent reformulation for finite systems [36] allows an inverse
free implementation of TDVP with strong resemblance to the vMPS routine, allowing a rather

direct implementation (as part of this thesis). The general idea is, that it is in principal known
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how to avoid the necessity of I(n) and r(n) by bringing the state in mixed canonical form.
Meaning, that all tensors of the MPS to the left of site n are in left canonical form and to

the right, in right canonical form

WMY) = 3 AQT Al — 1 M Bl + 1L BINTY [5), (131)

such that the expectation value of a site operator is trivially (O;) = T'r [E [1] Oi] (see section
2.7). The gauge freedom in the mixed canonical form, for the tangent plane, further translates
into

T[] = X[n — 118 n] — A**[n] X[, (132)

which can be fixed, as in the uMPS case, by imposing the gauge-fixing condition
(A [T [n) =0  Vne{l..N—1}. (133)

Note, that 75" [n]a,, _1a, however, is not the same as 7% any longer, since tangent vectors are

now represented in a different basis than the previous {|0;¥({M}))},

N
OUTH{AL B =Y Y T*[Mansan |Paps[Lon = 1) [sn) [B[n + 1. Na, 1) -

n=10an—1,0n,5n

(134)
In analogy to the uMPS routine, we construct a tensor V7, such that (M*"[n])TV;" = 0 and
Vf”Vf” =1, Ellowing us to parametrize a tangent vector naturally fulfilling the gauge fixing
condition by T%"(Z) = V" Z. It remains to clear how the tangent plane projector Plo(ay)
of the inverse free parametrization looks like and what the parameters Z stand for, if not for
the components of |0;¥). For the latter purpose, let us look at the orthogonal projection of

a generic state |Z) onto the tangent plane by minimizing
min (|| |2) — 0T} {4} {B}) 1%) (135)

which results in

Zu () = Oy OUT(2)): (AL (BYIE) =

Consequently, the tangent plane projector Py ({a})), as defined in the new tangent plane
basis
{I®a,_[1.n = 1]) [sp) |®[n + 1..N]q,.,)}, reads as

graphical depiction adopted from [34]
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Pﬂw{M}»M - Z

which can be further simplified by realizing that VLS"(VLS;‘)Jr is a projection in the orthogonal

complement of A%» A%»t. Allowing us to interchange

Given the form of projector, we could in principal, try to solve the TDSE in the tangent

plane
%'W({M}» = — PRy any MH P {M})) | (136)

by integrating the components at each site at once. However, not surprisingly for large sys-
tems this is impracticable. Fortunately, Lubich et al. [37,[38] showed that it is possible to
integrate above equations by a Lie-Trotter splitting of 757-‘\1,( P MH [T ({M})), resulting in

a scheme evolving each site separately.

The finite MPS-TDVP routine:

As depicted in the latter section, ensuring norm preservation and non-singularity of G;, the

projector into the tangent plane
N N-1

PloyM =D _Pl.n =1, @1, ® Pln+ 1.NJg— > _ Pll.n],® Pln+ 1.N]g, (137)
n

n N

=P1(n) =P2(n)
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can be expressed in terms of the Schmidt basis

Pll.n]g = [®[L.n]a) (D104 Pln.Nlg =Y |®[n..N]a) (®[n.Na| . (138)

Ensuring an easy comparison of coefficients in equation (136]), the MPS can be expressed in

the same basis reading at site n as

= M |®[1.n —1]a) |sn) [®[n + 1..N]g). (139)
snaf
This form is equivalent (as denoted in sec. as bringing all tensors to the left/right of site
n into left /right canonical form. As shown in, [36L[37] the projector (137 enables us to apply
an integration scheme evolving the entries of an MPS sequentially, one site after the other.

Thereby, the evolution consists of two steps corresponding to the two projectors 151(72) and
Py(n):

e cvolve center site forward in time M*"(t + At) = exp [—iH,,At] M*"(t), with H,, being
the components of Py(n)H |T({M})) along |®[1..n — 1]a) |s,) |®[n + 1..N]g) (see fig.
29)

e evolve bond back in time A, (t) = exp [iK, At] A (t+At) with K, being the components
of Po(n)H |U({M})) along |®[1..n]a) |®[n + 1..N]s) (see fig. [2

For the second step, reading of the components of 152(’)1)7:[ |W({M})), the MPS after the

evolution of M*" is transformed into a Schmidt decomposition between site n and n + 1

= Xap|®[L.1a) [®[n + 1..N]g) (140)

by bringing site n into left canonical form M*» — A", After the back evolution of the bond
An(t), it is absorbed into the next site n + 1 leading to a MPS in the form we started with

= ) M @17l [sny1) @[ +2..N]g) . (141)

Sn+1af3

Continuing in this manner the finite MPS can be evolved in time |U(t)) — |¥ (¢t + At)),
sweeping through the chain from left to right. Note that K,, and H,, are always constructed
respecting the previous evolved matrices (see fig. . This simple sweep algorithm comes
with an error of O(At?). By imposing a symmetric scheme, sweeping back and forth, this
error can be further shrunk to O(At3). Since there are no new insights involved in the
implementation of the symmetric routine, this section is concluded by referring to the pseudo

code for the symmetric routine presented in Appendix
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Figure 29: effective H, and K,: a) effective matrix H, for the evolution of the tensor at site

n b) effective matrix K, for the evolution of the bond between site n and n + 1.

4. Results

In the following section, results of the implemented routines are presented. Other than
showing dry benchmark results, the schemes are applied to study quantum phases of three
different intriguing physical models, displaying the strength and possible drawbacks of the
routines. In this regard, this section completes the picture of the theoretical part. Moreover,
it will highlight recent findings in the study of symmetry protected topological order (SPT)
and many-body localization (MBL). The covered examples of MPS routines include:

e quantum phase transition of the transverse Ising model
e Symmetry Protected Topological Phase in the Spin 1 Heisenberg Chain

e logarithmic growth of entanglement in the MBL-phase

In an effort to present a coherent story, in each section, the model and its underlying physical
fundamentals are covered without going into too much detail. For readers interested in the

latter we refer to the given references on the way.

4.1. Quantum Phase Transition of the Transverse Ising Model

When implementing new routines, it is advisable to compare the numerical results with well

known theoretical models, for instance the transverse Ising model
H=-J> 6767, —h> 67 (142)
i i

Besides being exactly solvable (see Appendix [C|), it is probably the most common model
of phase transition in statistical and quantum physics. Moreover, it enables us to introduce
some terminology, sharpening the distinction from the Symmetry Protected Topological phase
(subject of the upcoming section).

The model for J > 0 can be interpreted as a ferromagnet along the z-axis which feels an
external perpendicular in z-axis applied magnetic field of strength A. Furthermore, we will
restrict this study to ground states at T = 0, such that the influence of thermal phase
transitions can be neglected and all observed effects are indeed, completely quantum physical.
In the case the magnetic field is switched off A = 0, the ground state of the Hamiltonian for

a system of size N is double degenerate, since

1 =M or )= 1", (143)
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possess the same eigenenergy. This double degeneracy is the manifestation of the Hamilto-
nian’s H symmetry, namely being invariant under inversion (7 rotation) of the z-axis referred
to as the second cyclic group Zs. Even though we would expect the ground state to be in

some sort of superposition of the latter to degenerate ones, e.g.

|\I/sym> = (|T> + |~L>) ) (144)

this is not the case in the thermodynamic limit N — oo, where the ground state can just be
either of them. This phenomenon is referred to as spontaneous symmetry breaking, since the
ground state exhibits less symmetries than its underlying Hamiltonian. In the other limit of
the parameters J = 0,h > 0, the spins align with the externally applied field resulting in a

ground state
- 1

+) NG

where each spin points in the x direction as the magnetic field. Other than before, this state

(1) + 1)=Y, (145)

has still the same symmetry properties as 7 and is thus said to be in a different phase than
for h=0,J > 0.

It is important to point out that the breaking of symmetries is the characteristic of two "truly”
distinct phases which cannot be adiabatically connected. For instance, the phase transition
between liquid and solid water break the translation invariance of the system while the phases
liquid and vapor do not. Therefore, even though one may witness a phase transition at a
certain parameter regime, there exists an adiabatically connection between the vapor and
liquid phases of water beyond the critical point. In this manner, vapor and liquid are of the
same phase.

In Landau theory, phase transitions are detected by the continuous or discontinuous (second
or first oder) change of (local) order parameters which only take non zero values in the
"ordered” phase. For the discussed transverse Ising Model, the (local) order parameter is
given by the expectation value (magnetization) (3,), which is essentially non zero for either
of the two possible ground states 1) and ||) at J > 0,h = 0 and zero for |+). The order
parameter thus indicates if a state at a specific parameter configuration J, h respects the
symmetries of the system’s Hamiltonian or not. Concerning the case of second oder phase
transitions (as the transverse Ising model), the order parameter changes continuously across
the phase transition. The point at which the phase transition takes place, from which point
onwards the order parameter takes non vanishing values, is called a quantum critical point
he. In its vicinity, long ranged quantum fluctuations of the order parameter originating from
the Heisenberg uncertainty principle dilute the difference between both phases until they are
indistinguishable at h.. This means that fluctuations occur over all length and time scales
requiring a divergent correlation length as it occurs at gap closing (see sec. . In order
for the system to change its phase and spontaneously break symmetries, the system needs to
undergo a gap closing (at second order phase transitions). Regarding the context of this thesis
MPS, the critical points of a system seem at first infeasible due to the occurrence of long

range correlation. Nonetheless, in the following we will see that it is possible to investigate
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Figure 30: ground state energy & magnetization: a) analytic result of Ey compared to
iTEBD with bond dimension D, = 40, b) magnetization for different bond dimension
D, = {5, 10,20, 40}.

characteristic properties of the system at (to some extend) and next to the critical point.

In order to estimate the performance of the implemented iTEBD routine, we looked into two
quantities, the order parameter ($.) and the ground state energy Fy of the transverse Ising
model for different parameters h (J = 1). First of all, to evaluate the iTEBD scheme it is
essential to state the chosen convergence scheme since results can change significantly. This
originates as earlier stated (sec. from the susceptibility of iTEBD/TEBD to get stuck in

local minima. We proceeded for the presented results as followed:
e initial state is a random MPS with unit cell 2 of various bond Dimension D,,

e run imaginary-time evolution iTEBD for different external field strengths h. Time-steps
start from At = 0.1 and are halved as soon as the relative change in the singular values
between the two sites of the unit cell is lower than 1076 If the the relative error stays
above this threshold for a couple of steps, At is halved nonetheless since the mismatch

in singular values might be caused due to a high trotter error.

e after reaching At = 0.0001 the state is assumed to be the ground state and we compute

its magnetization as well as its energy.

For the ground state energy (across the critical point for h = 0.0 to h = 1.2) we find that
the overlap with the analytical result (see Appendix for a bond dimension of D, = 40
is up to a relative error of ~ 107 exact These findings for the ground state energy
do not change significantly for smaller bond dimensions. Contrary to that, the plot for the
magnetization, see figure [30| b), shows an overall expected slope, which deteriorates notably
close to the critical point (see fig. for a close up). For increasing bond dimension we
find that the magnetization reaches closer and closer expected vanishing magnetization at
h = 1. Nonetheless, the improvement after doubling the bond dimension decreases rapidly,
such that it seems to be impossible to reach totally vanishing magnetization. The drawback

at critical points is not really surprising since the system is gapless and thus cannot be
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Figure 31: Role of D,: convergence of (3,) at the critical point h = 1 with respect to the bond

dimension D,

represented faithfully by matrix product states (see sec. [2.3). As a deduction, one may ask if
the entanglement at a critical point does not follow the area law, how does it actually scale

with the system size?

4.1.1. Entanglement Growth at Criticality

This question of entanglement scaling at the critical point actually arises quite naturally, since
the scale invariance of systems contradicts the area law, namely the scaling of entanglement
with boundaries. Fortunately, the scale invariance of the system at criticality also allows us
to study the system in Conformal Field Theory, in which it can be proven [39] that for generic
one dimensional systems at the critical point the entanglement grows logarithmically with

the system size L
Syn ~ glog(L). (146)

Hereby, the constant ¢, is universal and called the central charge of the Conformal Field
Theory. Due to its universality (namely ¢ = % for fermionic and ¢ = 1 for bosonic systems,
in one dimension) the central charge is a perfect candidate to study the performance of our
vMPS routine in gapless systemﬁ

In order to do so, we calculated the ground state entanglement entropy at half length
Son = —2- ZQL/Q AiL/Q log()\aL/Q) for the transverse Ising model at the critical point
and near critical points h = {1.0,1.02,1.2} for different chain lengths up to L = 120, see
figure Each run of the VMPS routine was done by increasing the bond dimension dy-
namically over 5 sweeps (as explained in sec . The total bond dimension was restricted
to D, = 64 allowing us to represent the full Hilbert space of up to a system size of

L = 12 faithfully. As figure [32| a) highlights the bad performance of our iTEBD routine for

Bfor more benchmark of the vMPS routine applied on the spin % Heisenberg chain see Appendix @
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Figure 32:

SuN near critical point: a) entanglement growth with system size for the trans-
verse Ising model close and on the critical point. b) logarithmic plot of S,y at
half length, fit: slope: 0.08602 (0.08549,0.08654), intercept: 0.1875 (0.1858,0.19),

residual: 1

h close to the critical point can be explained, since besides the expected logarithmic growth

at h = 1 also systems close to one as h = 1.02 possess significant entanglement growth with

system size. Even though the entanglement for those near critical points might saturatelE for

very long chains, it seems that it is impossible to incorporate its ground state with a feasible

bond dimension.

Regarding the central charge at the critical point (fig. |32/ b)), we find with a linear fit on the
log plot of S, at half length for our numerical results (for L = {30, 36, 40, 46, 50, 56, 60, 80, 120}
to exclude finite size effects) that % = 11.6256 £ 0.0761. Considering that c can either be %

or 1 this result even though being off by a bit is strong indication to which class the system

belongs. In this manner, even tough MPS routines have significant shortcoming at the critical

points, they can still predict the systems critical exponents (which follow from the central

charge [40]).

Ywhich is not necessarily the case considering sub-leading corrections of 1D
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Figure 33: AKLT model: a) the ground state with periodic boundary conditions, becomes
the one with obc b) after cutting it at an arbitrary bond (red). The unconnected
spin from the former spin singlet are now completely free an can take up to four

configurations (four fold degenerate ground state).

4.2. Symmetry Protected Topological Phase in the Spin 1 Heisenberg Chain

What happens if a system undergoes a gap closing but does not show any sign of symmetry
breaking and it is impossible to define a meaningful order parameter? Is there simply no
phase transition? The answer to this question can be given by looking at an odd integer

Heisenberg spin chain

H=7> SiSit1, (147)

which possesses the simplest example of these new type of phases in one dimension. The
model initially awakened interest due to Haldane’s prediction that the system is gapped [41]
rather than the analytic results by Bethe ansatz for fractional spin chains might suggest. Even
though the conjecture still lacks a strict mathematical proof, numerical results substantiate
a finite energy gap in the thermodynamic limit.

Introducing an exact solvable toy model (the AKLT model) Affleck, Lieb, Kennedy and
Tasaki [42] showed that such gapped odd integer spin systems do exist and that they faith-
fully can be represented by valence bond solids (see Appendix . The intriguing observation
is that the ground state of the AKLT model shares characteristics of topological insulators as
edge excitations (see fig. which is an indication of a “topological” phase. To classify these
types of phases beyond Landau’s theory of phase transitions, Matrix Product States besides
being the numerical tool of choice, delivers a powerful analytical language and leads to the
full classification of 1D gapped systems by “fractionalization” of symmetry operators [43]. In
the following we try to redeem ourselves for introducing new terminology pulled out of thin
air, by giving an intuitive picture of these new types of phases in one dimensionm Hereby,
we will heavily make use of the MPS notation and present numerical results (of our routines)
for the Haldane phase, and compare with [44].

As mentioned in the first section of the results of this thesis, symmetries play a crucial role
in phase transitions where the spontaneous breaking of a symmetry distinguishes two types
of phases. Therefore, it might seem natural to ask what role symmetries, in these new type

of “topological” phase transitions, play. To investigate this further let us try to understand

2°Note, that in one dimension all topological phases are symmetry protected.
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Figure 34: on site symmetries in MPS: application of a linear representation of a on site

symmetry group translates into a projective representation of the symmetry on the

bond space.

the representation of symmetries in MPS since they faithfully represent all ground states of
gapped systems.

Consider a state to be invariant under a global on site symmetry operation U(g) = [[ & un(9g),
meaning that the state of the system is allowed to change up to a phase under t%e symme-
try operation |¥) = U(g) |¥) = (U|¥) = ¢®. Let us now express the state in terms of a
translation invariant MPS in canonical form. The corresponding transfer matrix E(X) =
I TAXAI® has spectral radius one and the identity as its left and right eigenvector with
eigenvalue one, such that it can be proven that the on site linear symmetry operation trans-
lates into a projective representation on the virtual index space [16,/45]

u(g)s, T% = €O VI TV, ), (148)

where V() are unitary operations commuting with the Schmidt coefficients [Vu(g), Al =0 and
the phase ¢©u (see fig. . In general, a projective representation of a symmetry group

G is a linear representation modulo a phase U(1), that means for g, h € G we have
V(gh) = e*@MV (g)V (h). (149)

As a consequence of this phase factor (factor set), the representation splits up into equiva-
lence classes classifying the different phases. Rather than explaining these fundamental and
mathematical concepts in a thorough discussion (as in [43,/46]), let us have a look at some
physical consequences arising from it and try to give some intuitive understanding.

The periodic AKLT ground state is a prototype of a spin one gapped chain preserving all
symmetries of the system is exactly represented by the translation invariant MPS with bond

dimension 2, described by the operators:

1

—= 0

% = o*, A:(ﬁ ) ) (150)
0

where the spin one basis is transformed into the new basis

1 o

) \/§<‘1>_’_1>)’ v) \@(!1>+\—1>)7 2) =10}, (151)

and the o® with s € {z,y,2} are the Pauli matrices. Since the system is invariant under
inversion symmetries I'* — T we find for the projective representation (transformation
of the bonds) 0% — o%1 = —g¥o%0Y (Vi = 0¥ and ©; = 7)). In general, regarding the
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inversion symmetry, it can be shown that © has to take values of either 0 or 7. Applying the

generic expression of inversion symmetry
I CA AN R (152)
to itself, yields the equation

| . e \ s *
S — 29umn) (Vu(I)V I)> T qu(I)Vu(I)a

u(

which can be further transformed into an eigenvalue equation of the transfer matrix by simply
multiplying with FSiT)\VUI Vi, A

FS”L)\VU(]) VJ(I) )\1"51 = ei2®u(1) Vu([) VJ(I) .

By choosing the suitable gauge in the MPS representation (canonical form), the transfer
Matrix E(X) = T AXAT® is supposed to have a single eigenvalue of value one, such that
¢2%ur = {0, 7} and Vury Ve

u(l) = "1, where @, (1) obeys the same constraint as Oz,

VYEI) = Vu(])efiq)”(” = Vu([) = Vu([)efiﬂ)“([) = e PP =1 = (Eu(l) € {0,7}.

In the case of the AKLT example 0¥0%* = —1 and therefore, ®,,;) = m. The choice of this
phase ® has important physical consequences. For ® = 7 the symmetry operations on the
bonds becomes anti-symmetric VQZEI) = =V, such that AV, is anti-symmetric as well.
From linear algebra [| it is known that each anti-symmetric matrix can be brought into real
normal form (Jordan Normal form of anti-symmetric matrices). For a generic anti-symmetric

matrix M of dimension dim(M) = d x d with rank 2n this reads as

0 Do 0 A
M =WTNW with diag(N) = L " Og_on b
Aoy O e, O

Consequently, all Schmidt coefficients (entanglement spectrum) are at least double degenerate
(and further can just be even degenerate), since VJ( I))\*)\Vu( n = A = WINTNW and
N'N =D& Dy® ..D,, ® 0® 0.. ® 0 with

For the AKLT ground state this can be immediately verified since diag(\) = {%, %}

As mentioned above, the phase ® can be used to classify different phases which cannot be
adiabatically connected to each other. But how can we understand this? Once again, let us
have a look at the AKLT model (see fig. . If we cut the system with pbc in half at an

%’s. If we consider the system to obey a

arbitrary bond, its edges correspond to free spin
global on site symmetry, we can show that it only manifest itself at the edges of the system
since [Vy(g), A] = 0 (see fig. . This is referred to as symmetry “fractionalization”. Note
that the free spin % at the edges of the AKLT-chain can be in principal infinitely far apart.

In order to get rid of the projective representation, the edge states would have to be able
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Figure 35: projective rep. at edges: due to the commutation of [V,(4), A] = 0 the action of
a global on site symmetry is just reflected at the edges, since everywhere in the bulk
we yield Vi Vi) = 1.
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Figure 36: SPT phase: sketch of the phase transition between a trivial phase at U — oo and
an SPT phase.

to interact through the whole system. In other words the system should have a divergent
correlation and therefore, gap closing. Hence, the projective representation classifies different
types of phases which are not possible to connect adiabatically [47]. (To some extend even
though very specifically for this example the free spin % at the edges transform under SU(2)
while the bulk transforms under SO(3) in order to relief the SU(2) transformation the spin
1/2 have to interact such that they can be represented as a spin 1). Different to the previously
discussed phase where breaking of symmetries was essential for classification, in this new case
the classification is only possible as long as the system possesses a global on site symmetry,
which exhibits a non trivial projective representation. Thus, we refer to these new types of
phases as symmetry protected topological phases (SPT).

Let us now come back to the less artificial example of the Heisenberg spin 1 chain and consider

an Hamiltonian with an additional anisotropic term
. . A N2
=73 88 +UY (%)
i i

For U — oo the ground state is in a product state |0) = [J®0) (referred to as the “trivial”
phase). However, different from the phase transition of the transverse Ising model, we do not
expect another product state regarding the limit U = 0 but rather, due to the similarities
with the AKLT model, some state with non vanishing entanglement and furthermore, at least
an even number degenerate entanglement spectrum. To compare with previous findings from
a different approach, namely Tensor Entanglement Filtering Renormalization (see [48]) and

the direct comparison with the results of [44], we will in the following specifically investigate
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Figure 37: Phase-diagram and Ent.-spectrum: a) entanglement spectrum (at B = 0.0 for
different U, Haldane phase highlighted in red) and entanglement entropy b) of H

the slightly adapted Hamiltonian
H=T3 880 +BY. S5 10N (5).

To be precise, we will investigate for which parameter regimes B,U one can find even de-
generacy in the entanglement spectrum and thus the Haldane phase (a symmetry protected
topological phase). Further, as it is denoted above, the SPT phase and with it the degeneracy
of the entanglement should vanish as soon as the symmetry protecting the phase is broken.
Thus, we will break one potentially protecting symmetry after the other by perturbing H
with:

e H1 =B, 5+ U, >, (5’?5’5’ + ngf), which breaks a combination of time reversal
and 7 rotation around the y axis (see fig. [38).

o Hy=RY, [S'f(s'z A,ﬁ_l + SA'EIS?H) - Af+1(5@ A,‘E""_H + S'lyglyﬂ) + H.c.|, which breaks in-

7 3

version symmetry (see fig.

The entanglement spectrum of each ground state corresponding to a set of parameter (J = 1.0,
B, U) is hereby obtained with iTEBD with a bond dimension of D, = 60 starting from a
random matrix product state. The step size of the imaginary time evolution is dynamically
minimized (from At = 0.8 to At = 0.0001) by tracking convergence of the eigenenergy.
Notice that the symmetry of time reversal and m rotation around the y acts trivially on
the AKLT state and thus does not lead to an anti-symmetric projective representation and
double degenerate entanglement. Hence, it can be claimed that this symmetry is in fact
not sufficient for the Haldane phase. In fact, as figure [38| suggests, we still find a parameter
region where the ground state possesses even degenerate entanglement spectrum while this
changes instantly when perturbing with Ho (see fig. . Therefore, the inversion symmetry

seems to be the necessary protecting symmetry of the Haldane phase. Next to the shown
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Figure 38: Phase-diagram and Ent.-spectrum: a) entanglement spectrum (at B = 0.0
for different U, Haldane phase highlighted in red) and entanglement entropy b) of
H+Ha

entanglement spectra we plotted the von Neumann entanglement entropy for each parameter
configuration. Even though the entropy alone is not a sufficient indication for the Haldane
phase, it shows phase transition by divergent entanglement (white spots). Looking at figure
b) we thus see that the necessary division to the trivial phase (U — 00) is no longer visible
1

At last let us demonstrate that indeed as a consequence of the double degeneracy the Haldane
phase is not adiabatically connected to the trivial phase. Remember that the trivial phase
is characterized by being adiabatically connected to a product state, in the present case
to |0) = J[]®|0). Thus, we would suspect that for a state belonging to the trivial phase,
the entanglement entropy at any cut can be reduced to zero by adiabatically weakening the
according bond. This is illustrated in figure 40| where the center bond of a 80 site unit cell of
ground states belonging to different parameter configuration of H are adiabatically weakened.
The procedure is as follows, first the ground state is computed with iTEBD and in a second
step time evolved with the same Hamiltonian, while the nearest neighbour interaction J of the
center bond is slowly reduced by Jyeqr. = J — ti—;. For the trivial phase we therefore, obtain
a completely disentangled bond after ¢ = 40 (J = 1.0). In the contrary, for a ground state
belonging to the SPT phase, we find that the entanglement entropy cannot be lowered below
In(2), since as explained without gap closing the projective representation of the symmetries
at the edges, and as a consequence the double degeneracy in the entanglement spectrum,

persists.

2lthis is no proof since the phase transition might just lie beyond the investigated parameters
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Figure 39: Phase-diagram and Ent.-spectrum: a) entanglement spectrum (at B = 0.0
for different U, Haldane phase highlighted in red) and entanglement entropy b) of
H+%Ha. No double degeneracy detectable — inversion symmetry necessary to protect

topological phase

0.9

0.8

Figure 40: adiabatic bond weakening: entanglement entropy at the center bond with

time, while weakening the bond Jyear. = J — ti—; for different ground states
of #: red = (J=1.0,U=0.2,B=0.3), blue = (J=1.0,U=0.4,B=0.3), =
(J=1.0,U=0.8,B=0.3), green = (J=1.0,U=1.0,B=0.3)

4.3. Many Body Localization and Logarithmic Growth of Entanglement

So far we studied static ground state quantum phases, trivial and topological ones. Beyond
these phases, recent thoughts and experimental findings suggest yet another type of
phase. Unlike the others (studied in and this phase is a phase of the dynamics of
highly excited states. Since it makes no sense to speak about a phase without a counter part
in which the physical behavior (as an order parameter or the entanglement spectrum in the
previous sections) of the system is sharply distinct from an other, let us try to answer the

question of what distinguishes the MBL phase.
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Figure 41: Thermalization: schematics of a completely isolated system S with subsystem A

To answer this question, we have to ask ourselves what is the long time behavior of a many-
body system. For systems in contact with a reservoir, we know that no matter the initial
state, after waiting long enough the system will be completely thermalized and described by
its canonical ensemble

pih = %e—H/’“BT. (153)

But what happens if we look at a completely isolated system S and question the thermaliza-
tion behavior of a subsystem A (see fig. ? Is it possible the complement C' = S/A serves
as an effective reservoir for the subsystem A, such that the subsystem A after a long time
becomes thermal pgg) =tro (%e*H/ kBT)? As it was discovered over the last 30 years there
are two distinct possibilities, either all possible initial states of the system thermalize (be-
have ergodic) or they do not. The latter is referred to as many-body localization, the prime
example of such a system is the multi-particle equivalent to the single particle Anderson
model [51]. After a Jordan-Wigner transformation, this model can effectively be rewritten as

the XX-model with a random on site potential h; (disorder)
Ho=JY (6767, +6¥6Y )+ hio]. (154)
i i

Even though, the phase transition, of this model and other related ones, depending on the
strength of the disorder is still the focus of ongoing research, let us look instead to an intriguing
feature of the MBL phase. In particular, let us consider how does the termalization of

arbitrary initial states behave with an additional weak interaction

H=Ho+J.) 6767, (155)

In order to do so we created samples of random initial product states with either spin up or
spin down for a system of size N = 10. Each single one of the initial states is then time evolved
under the Hamiltonian with and without interaction (J, = {0.0,0.1}, J = 1.0) and a
disorder h;, randomly picked out of a uniform distribution between the interval [—5, 5]. During
the evolution, conducted with our TEBD routine up to a total time ¢ = 10* with time steps
At = 0.05, we tracked the evolution of the entanglement entropy S,n at a cut of the system at
half length (see fig. compare ﬁndings{z_zl with [52]). In the non interacting case J, = 0.0 the

2Znote that in the reference the state is initialized in a Néel state rather than in a completely random product

state.
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Figure 42: MBL: growth of entanglement in a many-body localized system depending on the

interaction strength J,.

graph shows the expected behavior of a many-body localized system. The entanglement starts
to spread as in any usual ergodic state until a length scale, referred to as the localization
length &, is reached. As it is expected for many-body localized states, the growth stops
abruptly and the entanglement entropy saturates to a finite value and remains constant for
arbitrarily long times. Note that the saturation does not depend on the system size which
is a clear evidence that the entropy, as opposed to the case of thermal (ergodic) systems, is
not extensive but rather follows the area law. Surprisingly, even for very weak interactions,
this behavior changes qualitatively as soon as particles interact. The entropy after reaching
saturation no longer remains constant but instead grows logarithmically in time. However,
the findings of [52] prove that this cannot be explained due to the transport of particles. This
opposes the generic linear growth of entanglement, as discussed in section[3.2] where the linear
growth of entanglement is understood as a ballistic transport of entangled quasi-particles.
But what else could lead to an increase of entanglement, if not the spread of entangled
particles across the two half’s of the system? In an attempt to explain this very briefly, note
that even though the particles are localized their wave-functions have exponentially decaying
overlaps with other particles in the system. Considering the system to be cut in half’s, these
exponentially suppressed interactions ~ Jze_% lead to a dephasing (decoherence) of spins
(particles) across the cut of the system and thus to an increase in the entanglement (see [53]
for a thorough discussion). Note that after complete decoherence, the system saturates to
a finite entanglement which scales with system size (see [52]). A weak interaction on a
many-body localized system, thus, can be seen as a sub-thermalization of the system since
the reached saturation of entanglement entropy is lower than that of ergodic systems but

possesses extensive scaling with system size.
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5. Conclusion & Outlook

Throughout this thesis, we thoroughly analyzed several Matrix Product State routines, which
are useful for the calculation of ground states as well as the dynamics of states of strongly
correlated systems. Since a clear physical picture of a problem often starts to emerge after
possible findings with numerical techniques, such as Matrix Product State algorithms, it is
important to be confident in their accuracy as well as to know under which drawbacks the
routines suffer. Therefore, we first presented a detailed introduction of the broad aspects of
Matrix Product States as the description of physical states into a product of tensors. Even
though this decomposition is a pure mathematical aspect, we demonstrated in section [2.3
that this rewriting of states described by their coefficients into tensor products is essentially
a description of the state by its entanglement (“entanglement picture”). As for any other
mathematical notation (as for instance Dirac’s braket notation), we discussed in detail basic
algebra of the Matrix Product State tensors (see sec. before approaching more compli-
cated equations that occur in the implemented numerical MPS routines. In particular, we

looked into the following routines:

e variational Matrix Product States (vMPS), as an algorithm for ground state search,

e Tensor Evolving Block Decimation (TEBD) and its siblings for infinite systems (iTEBD),

for time evolution and ground state annealing by imaginary time evolution,

e Time Dependent Variational Principle (TDVP), for time evolution which preserves en-

ergy as other symmetries the system might possess.

Furthermore, besides a meticulous error analysis, we attempted to explain implementation
details as well as underlying fundamental concepts of the routines.

Apart from these theoretical conclusions about the MPS routines, it was found necessary to
test our implementation on actual problems in many-body physics to estimate their accuracy
and see whether they are reliable to be used on further unresolved physical problems. The

physical problems we encountered to solve with our routines were:

e quantum phase in the transverse Ising model,
e growth of entanglement at criticality,

e symmetry protected topological phase in the spin 1 Heisenberg chain (compare with
144]),

e logarithmic growth in the many-body localized phase (compare with [52]).

Especially the last two problems are of recent interest in condensed matter physics and we
can directly compare our results with findings in literature. The qualitatively behavior is in
direct agreement with the cited publications. E This helps us to believe that our implemented
routines indeed perform as expected and therefore, can be used for unsolved issues in many-

body physics.

Zmore quantitative benchmark results are given in Appendix @
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A. Singular Value Decomposition (SVD)

Brief summary of singular value decomposition and its relation to the Schmidt decomposition.

In general, we can decompose any rectangular matrix M, with dim(M) = A x B, into 3
matrices

M =USVT,
with the following properties:

e U is of dimension A x min(A, B) and build out of orthonormal columns referred to as

left singular values.

e VT is of dimension min(A, B) x B and has orthonormal rows referred to as right singular

values.

e From the orthonormality it follows UTU = 1 respectively VIV = 1. In both cases

unitary follows iff U respectively VT is a square matrix.
e S is a non-negative diagonal matrix of dimension min(A, B) x min(A, B).

For the connection to the Schmidt coefficients of a composed system Hap, consider a pure
state |¥) in #ap. Defining an arbitrary basis, {|i) ,} and {|j) 5}, of the subspaces A respec-

tively B we can compose |¥)
@) = Cijli)a ® i),
ij

such that it is represented by some coefficients Cj;. These coefficients M = Cj; can be

identified with the matrix M of the singular value decomposition

W) = Z Uiasaa(VT)aj [i)a® 1) 5

ija

leading to a decomposition in the 3 matrices U, S, V. Subjecting |i) , and |j)p to a basis
transformation defined by U respectively V1

Pads =Y Uialidy  1®a)p = (VDajli)g,
i J
we obtain new basis states referred to as left {|®,),} and right {|®,)z} Schmidt basis
(orthonormality directly follows from the above described properties). The Schmidt decom-

position is then directly given by the diagonal elements of S, referred to as A,
V) = Z)‘a |(I)a>A ® |<I)a>B'
(e

Singular values and Schmidt coefficients are hence, the same terminology and the Schmidt

rank is exactly the same number of non-vanishing singular values.

99



B. AKTL-model

Valence bond picture of the AKTL-model [5]

The AKLT-model )
H= ZS Siy1+ <S Sz+1> ;

introduced by Affleck, Lieb, Kennedy and Tasaki in 1987 is a prototype of a gapped spin 1
chain. The Hamiltonian is given by an projector in the total spin 2 sector (see [54])
~ 2
H = 2P2 - g,
such that its ground state is a valence bond solid state (with total S = {0,1}) [42], as depicted
in fig. Each spin 1 is represented by two auxiliary spin & 5, which are projected into the

singlet  —= ([11) — [{1))

/ 7

Figure 43: ground state of the AKLT model:

total spin S = 1 physical basis at site ¢ by

= [1); (M1 + Di (MU + (1) + =1 (W

1
0
7

The bonds between each site ¢ are hereby, formed out of singlet states S =0

1
0 i
- Z E8a |Bi) levitr) with Ygo = 1 V2 7

V2
where |8;) = |ait1) = {|T),[{)}. Note that this is in fact a simple example of the Valence
Bond Picture (VBP) introduced in section In analogy to the VBP the valence states

(auxiliary state) of a periodic system, form a dimer of the spin % singlet states

’\I]aum’liary> = Z Eﬁla2252a3"-Z,BN_laNEBNoq ’B> ’5&> :
ap

Projecting state from the valence spin % space to the physical spin 1 yields

ZZXa1,81251a2 a2,82252043"“251v 1O<NX§¢%,8N25NO<1| 3),
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where we expressed the projector P; as

Pi=3 X3 Is) ol (81,
;B
with the matrices
0
1o 00
Xl = XO — 1 X—l — .
00 L 0 1
V2

In order to obtain an expression of the from simply group M?® := X*%¥ together, which

results in

[\V]

@) =) M M®..M*N|s),
5

where the M*%¢ read as

0 L Ly 0 0
M= V2 M° = 2 M= L
0 O 0 5 V2

Cutting the system at an arbitrary valence bond, the singular values decomposition of the

bond ) )
0 5 o —i\[ x5 " i 0
Eﬁa: 1 = . 1 . )
-0 — 0 0 — 0 —2
V2 V2
N——
::)\aa

leads to the Schmidt decomposition |¥) = A\, |P[L]) |P[R]s) with Ay = {%, %} Note
that the double degeneracy of the entanglement spectrum (Schmidt coefficients) do represent
the edge excitation of the open chain (as it was worked out in more detail in section or

see [55]).

Figure 44: free edge excitations: free spin % can be in 4 different configurations leading to

a four fold degenerate ground state.

C. transverse Ising Model

Exact analytic solution of the transverse Ising model as pointed out in [56].
Besides the numerical solutions throughout the thesis, we present here the analytic solu-

tions for the transverse Ising model, to be precise: ground state energy, dispersion, entropy

at criticality. Moreover, we will make use of the Jordan-Wigner transformation, a very useful
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method in the context of MPS. The Hamiltonian of interest, the transverse Ising model is

o AT AT ~Z
%*_JE Uiai+1_B§ 05>
[ )

a nearest neighbour spin % interaction in z-direction and a transverse external field in z-

given by

direction acting on each single spin. For J > 0 (J < 0) the system describes a ferromagnetic
(anti-ferromagnetic) spin chain in an external magnetic field applied perpendicular. To solve
this spin % model exactly it is first transformed into a model of spinless fermions, using the
Jordan-Wigner transformation. Starting with a naive approach, assigning spin lowering and
raising to annihilation and creation operators

1
al == (6" +igY) 4=

r ay
5 (6% —iaY),

1
2
respectively, the Hamiltonian can be reformulated into

. J . . . . i 1
e (i) (v o) -0 (e 5)

()

Even though, from the spin lowering and rising operators S~ and ST the new particles have
hardcore properties, namely at each lattice site the maximal occupation number is one, they
possess inconsistent commutation/anti-commutation relations. On one hand they behave as
fermions (hardcore property)

{dj7&2} = 17

and on the other, as the spin operators they commute at different sites
[&j,&j} - [aj,a}] = [a,4;] =0 Vi#j.

To transform these effective hardcore bosons further into spin-less fermions, we apply the

Jordan-Wigner transformation

which accounts for sign change by an additional phase counting modes between ¢ and j.

Considering a periodic system (6%, ; = 6{), previous Hamiltonian yields

5 J 4 A\ (A . B a oA J , . A At oA

H= 7 (cj - 01-) (CZ-LH + Ci+1) - Z (czci — CiczT)+Z (exp(imL) + 1) (cj\, - CN)(CJ{ + cl)] ,
i i

where the last term can de dropped for large enough systems, such that A is quadratic in
the fermion operators ¢t and é. By Fourier transforming the system into momentum space

(a=1)

™

1 - ikj T 1 ikj
6= —— e~ kig e = ki@t
J /N Z k J /N Z k

=—Tr k=—m
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and symmetrization of the Hamiltonian, we arrive at an effective two level system

v T ; €k iXsin(k) Dy
H Bk;ﬂ( ¢, Oy ) ( —iXsin(k)  —e ) ( ol )

J
with e =1— Acos(k), A= I

Diagonalization of the two level system is referred to as the Bogoliubov-transformation, where

quasi-particle creation and annihilation operators are introduced
I — u, @ 4 i, ® = @ — ivp®' ,  with 2 221
M, = upPy 1P N = UpPp — P, Wl |ug|* + || )
as the normalized eigenvectors. This allows us to write the Hamiltonian in diagonal form
ﬁzB'ZEk 77T77k;—1
k ; 2)”

with

er = /14 X2 — 2Xcos(k).

The ground state energy is thus given as Fy = —g > i €k, which in thermodynamic limit
(J = 1) transforms into the integral (see fig.

1 K
Ey = 1 / \/1+ B2 — 2Bcos(k)dk.
0
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D. Pseudo-code:

Pseudo-code and further benchmark results of the implemented routines.

D.1. vMPS

Pseudo-code of the vMPS routine without usage of U(1) symmetry

In the following we present the pseudo-code|[l|for the variational matrix product state routine

(short vMPS) and some further benchmark results of a spin % Heisenberg chain
H=7> SiSit (156)
i

in form of a comparison with exact diagonalization.

Note that the here (in pseudo-code) presented vMPS routine, does not, other than the actual
implemented one, possesses the possibility to restrict the ground state search to a specific
U(1) symmetry sector (if present in the system at hand). That this leads to significant
improvement can be seen in our benchmark results for the Heisenberg chain with
J = 1.0. All tables of the benchmark results are build up in the same fashion, the top row
present given parameters as the maximal bond dimension D, and n number of sweeps used
in the routine. Table 1 and table 4 thus have the same parameters except that the results of

table 4 use the U(1) symmetry sector. The columns are labeled as follows:

N: system size (number of sites the model possesses)

Ey: the ground state energy our routine found

var(E): variance of the expectation value of # as measure of the quality of the ground

state

0F: relative error with respect to results obtained by direct diagonalization.

As one can see for longer chain lengths the vMPS routine with U(1) symmetry delivers more
accurate results. Further, we give obtained results for different routine parameters (table 2 -
table 4). Comparison of the table reveals that an increase of the bond dimension does not nec-
essarily improve the result significantly (table 2 with table 3). It is a combination of increase
in bond dimension and increase in sweeps which leads to better results (table 3 with table 4).
This can be understood considering that an increase in the bond dimension leads also to an

increase in the complexity of the optimization problem, since more parameters are involved.
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Data: n: number of sweeps, D,,q,: max bond dimension, # as MPO

Result: ground state for strongly correlated systems

Function vMPS(n,Dpae; Harpo ):
initialize:
random MPS trial state |Wypiqr) 1y pg With bond dimension D4, (or any other state,
which has a non zero overlap with the true ground state |¥),).;
for #,ueep tn n do
sweep(Harpos|Wirial) yrps);
while sweeping check for convergence of (”H> and quality |Wiyiq) 5 pg to be an

eigenstate by var (7:[),

end

return |V i) 1 ps

Function sweep('f:lMPOJ\I’trml)MPS):
initialize:
right canonical form ‘\Ptrial>MPS up to site 1;
construct right block R as list containing F[i] (see fig. from last to second site;
construct left block L as empty list;
% forward sweep upper fig in
for i = #gi1e from 1 to N (system size) do
W= MPO tensor of ?:[Mpo at site 7;
M;= reshape tensor of |Wy.iq1) ), pg at site ¢ into a vector;
eig_vec=optSite(L,R,W,M;);
update(i,L,W eig_vec,direction=right);
end
% backward sweep lower fig in
for i = #4;e from N to 1 do
W= MPO tensor of Hpo at site i
M;= reshape tensor of |Wyiq1) ), pg at site ¢ into a vector;
eig_vec=optSite(L,R,W,M;, site i);
update(i,R,W,eig_vec,direction=left);

end

end
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Table 1: vMPS without U(1) sym., D, =10, n =8

66

500@;-&2

Eymps
-1.616025403784437
-2.493577133887924
-3.374929869269498
-4.258020596661840

var(E)

8.881784197001252323 - 10~ 16
2.664535259100375697 - 10~ 15
1.030097845600153050 - 10~°
4.796290196296126851 - 10>

oF

Table 2: vMPS with U(1) sym. S, =0.0, D, =5, n=5

Euvmps

var(E)
8.881784197 - 1016

-2.493577133887928  2.6645352591 - 10~1°
-3.374932453484985  7.00176117974 - 10~7
10 -4.258034499844214 3.17199074118 - 10~°

N

4 -1.616025403784438
6

8

SFE
2.349568722945963 - 10~ 14
1.121987358655791 - 1014

0.0430 - 1076
0.1661 - 10~

Table 3: vMPS with U(1) sym. S, =0.0, D, =10, n =5

N Eymps var(E) SFE
4 -1.616025403784438  8.881784197-10716  3.796962744218035 - 10~ 14
6  -2.49357713388793 0 2.620126338115369 - 1014
8  -3.374932453485286  7.00175091239 - 10~7  1.45202613932582 - 10~ 7
10 -4.258034499850337 3.17196803223 - 10710 7.074325623079858 - 10~7
Table 4: vMPS with U(1) sym. S, = 0.0, D, =10, n =8
N EvMPS UQT(E) OF
4 -1.616025403784439  4.4408920985 - 10~16  3.885780586188048 - 10~ 14
6 -2.493577133887926 0 2.575717417130363 - 1014
8  -3.374932598687888  5.3290705182-1071°  1.243449787580175 - 10~ 14
10 -4.258035207229238 2.96203950256 - 10~ 10 5.366196376144217 - 1011
Table 5: vMPS with U(1) sym. S, =1.0, Dy, =5, n=5
N Evmps var(E) SF
4 -0.9571067811865475 1.11022302463 - 10716 2.612038749637414 - 10~ 15
6  -2.001995356898534  2.6645352591 - 10~°  1.698305637065630 - 1014
8  -2.9822404877628848  5.3290705182 - 10~  5.096839125607276 - 10— 1°
10 -3.930673558816132  1.53327135877-10~7  7.806669147371796 - 10~?

2.347116568290005 - 10~ 14
9.624727334012640 - 10~ 1°
8.087333686109398 - 10~7
3.431317610688470 - 10~6



Function optSite(L,R, W,M;,site i):
construct Heyp with L, R and W (see fig. ;

eig vec=Laczos(H.s¢) with initial vector M; % secarch only for the lowest eigenvector

return eig vec

Function update(i,(L,R), W,eig_vec,direction):

0]

end

if direction is right then

reshape eig_vec into a matrix M of the form d; - Dy, X Dq,., ,;

U,S,Vi=svd(M); % svd: singular value decomposition

reshape U back into a tensor A; = U5, ; " Note that A; is in left canonical
form

update [Wiriqr) \rpg by exchanging M; with A; and contract

/Si+1 _ Si+1 .
M - (SV) Bai+1ai+2a

Q10642 Qi1

construct and store new element F'[i] of Li] with updated |W¢yia1) 5/ ps;

Ise if direction is left then

reshape eig_vec into a matrix M of the form Dy, X d; - Dq,., ,;

U,S,Vi=svd(M); % svd: singular value decomposition

reshape VT back into a tensor B; = |4
form

update [Wiriar) \rpg by exchanging M; with B; and contract
MG, = Azii:11ai(US)a

Q10 i1’

construct and store new element F[i| of R[i] with updated |Wsria) 2y ps;

end

Algorithm 1: vMPS scheme without U(1) symmetry

% Note that B; is in right canonical
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D.2. TEBD

Pseudo-code of the TEBD routine with benchmark.

Besides the results for iTEBD/TEBD given throughout the thesis, we will present here the

total magnetization ($,) dynamics of a quenched transverse Ising model as a benchmark of our
N

TEBD routine. We hereby, initialize the system in a ferromagnetic spin up state |1) = [[®|1)
i

of size N = 10 and let the state evolve under
H=J0> 6767, +BY 67, (157)
i i

for specific parameters J, B but different maximal bond dimension D, (see fig. . The
evolution is hereby compared with results obtained from exact diagonalization. As expected
we see that by increasing the bond dimension, it is possible to trace the exact solution
for longer time. At the maximum bond dimension D, = 32 (Hilbert space is completely
incorporated in the MPS representation) the evolution becomes completely identical to the

one obtained by exact diagonalization up to an error of the order O(1073)

2.5

Figure 45: TEBD vs. ED of quenched transverse Ising model 1) for J = 1.0,
N
B = 0.5, At = 0.05 and system size N = 10 initial state is [1) = [[® [1)
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Data: |U(t =0)),,pg: state at time ¢ = 0,[H]: list of bond Hamiltonian after Trotter
decomposition, D,,q,: maximum of bond dimension possible during
evolution,T},.,: time until state should be evolved, At: time step

Result: |V(t = Tinaz)) pypg: final state at t = T4, expectation values and other

quantities of operators with time

Function TEBD(|¥(t = 0)) y;ps:[H ], DmazTmaz At ):
initialize:
[U)=eap <—i - [H] At) create list of bond unitary operator;
measurement_list: list for storying exp. values and other quantities during the
evolution;
t=0;
for time-step from 0 to Tyar /At do
evolveChain(\W(t))MPS,[(?] yDimaz);
t=t+At;
add measurements or other quantities to measurement_list;

end

return V(¢ = Thnae)) ypss

Function evolveChain(|¥(t)) \;pg: U], Dmaz )

% first sequentially evolve all even than all odd bonds
for even,odd do
for i in even/odd sites do
| evolveBond (i,Usi11,| ¥ () 1, ps)
end

end

end

Function evolveBond(i,ﬁiiH,]\I/(t)>MPS):

% follows entirely the routine described in fig.

contract A[i — 1 T[i]A[i] T[i + 1A [i 4+ 1] into Mai™ 0, ;

evolve ﬁslis/iﬂsi‘”“Méiféiﬂ into Mé;’_sigtil,
Uv)‘[i]7VT:SVd(M(5’iO¢i_1),(s’i+1ai+1)); % svd: singular value decomposition
form T[i]%s = X[i — 1]7'U*" and T[i 4+ 1]%+1 = VS A [i + 1)1

end

Algorithm 2: TEBD scheme

69



D.3. TDVP

Pseudo-code of the TDVP routine with benchmark.

As in the previous section we will compare our results obtained with the implemented TDVP
routine against result from exact diagonalization for quenched initial state in the transverse
Ising model . The chooses parameters (system size N = 10, J = 1.0, B = 0.5 as well as
the initial state) are hereby, exactly the same as the ones above. The overlap between the ED
results and the TDVP results for D,, = 32 come with an error of O(10~7). The conservation

of energies as other symmetries is still pending.

Sur
= D, :
a5’ 32
o] e 8
4 —@5 4

Figure 46: TDVP vs. ED of quenched transverse Ising model 1' for J = 1.0,
N
B = 0.5, At = 0.05 and system size N = 10 initial state is [1) = [[® [1)
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Data: |U(t =0)),,pg: state at time ¢ = 0 with specific bond dimension D,, H as
MPO, T4z time until state should be evolved, At: time step
Result: |V(t = Tnaz)) pypg: final state at t = Tiy,q, with bond dimension D,

expectation values of operators and other quantities with time

Function TDVP(|¥(t = 0)),pg:Hrro,Tmaz,At):
initialize:
bring |¥(t = 0)),,pg in right canonical form;
construct right block R as list containing F[i] (see fig. from last to second site;
construct left block L as empty list;
measurement_list: list for storying exp. values and other quantities during the
evolution;
t=0;
for time-step from 0 to Tpas /At do
evolveChain(|V(t)) ,,ps.L,R, Hurpo); % by sweeping back and forth
t=t+At;
add measurements or other quantities to measurement_list;

end

return |V(t = Thnaz)) prpso

Function evolveChain(|¥(t));ps, L. R, Harpo):
for n from 1 to system size-1 do
direction=right;
evolveSite(n,direction,|¥(t)) ,, pg, LR, Harpo);
end
% evolve last site separately
construct effective matrix of last site N: (HN) (s ya/ ), (snan);

get tensor of MPS at last site NV and rearrange it into vector My ;

evolve vector M, forward in time:

sNan
M’y yary = €xp [_i(HN)(S/Na/N)7(5NaN)At]MSNaN;
for n from system size-1 to 1 do
direction=left;
evolveSite(n,direction,| V(%)) ,, ps.LuR, ”HMPO);

end

end
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Function evolveSite(n,direction,|¥(t)) ;ps, L, R, 7:lMpo):
if direction is right then
construct with L,R and W n] tensor of Hspo at site n: effective matrix

(Hn)(S/nO/nOé,nJrl)7(5n0£n0/n+1) see ﬁg

get tensor of MPS at site n and rearrange it into vector My, o, a4 15

evolve vector M. forward in time:

SnOnQnt1

/ _ . At .
M s'nanalpy1 — €TP [_Z(Hn)(s’na’na’n+1),(snanan+1)T]Msnanawrl7

U,S,VT:SVd(M’(S'na'n),a’nH)5
form Ao =Uss  and Az, a,,, = SV

construct with new formed A%" -
AnOn41

construct (Kn)(&;Ha’nﬂ),(&nﬂanﬂ) see fig.

evolve \ backwards in time:

the new element of L, F[n];

62'n.+10/n+1
_ ; _ _ Aty .
Aa;wlo/njq = exp Z(Kn)(a;+1a’n+1),(an+1an+1) ) ])‘ozn+1an+1 )

,  with MPS tensor to the right;

+10 n41

contract A~
a'n

end

else if direction is left then

get tensor of MPS at site n + 1 and rearrange it into matrix My, | (s, 1an40)i
U,S,Vi=svd(M,

n+lv(5n+10¢n+2));

Sn41 _ Sn+1 ~ — .
form B&n+1an+z = VanH%+2 and )‘an+1an+1 =US,;
. S
construct with new formed B2"*! the new element of R, Fn];

AUn410n42

construct (K")(a’n+15’n+1),(an+1&n+1) see fig.

evolve A\, . &, ., backwards in time:

- At .
a,n+1aln+1)7(an+1&n+1) 2 ] An+10&n+417

O/n+1(;,n+l = exrp [Z(Kn)(
with MPS tensor to the left iff present;
construct with L,R and W n] tensor of Hpo at site n: effective matrix

(Hn)(s’na’no/n_,_l),(snanan_H) see ﬁg
get tensor of MPS at site n and rearrange it into vector Mg

contract Ao, 1@,

nOnQn419

evolve vector M, forward in time:

SnOnQn+4+1
/ _ ; At .
M S/na’/na/n+1 - el‘p [_Z(Hn)(slna,na/'rﬂ»l)7(3nanan+l)T]Msnanan+l )
/ .
store M’y o/ ar,, back as tensor of the MPS;

end

end
Algorithm 3: TDVP scheme
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