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Introduction

Important information on a physical model is given in terms of the phase diagram as a
function of the model’s parameters. To distinguish between different phases, one may look
at several correlation functions and determines their behaviour at long distances. This
procedure has the disadvantage however, that one has to guess in advance which correlation
functions could be dominant and then has to prove or disprove that.

A promising candidate to overcome this weakness is the correlation density matrix [1]. If
one has the ground state wave function for an interacting lattice model, one can easily
obtain reduced density matrices for any clusters, i.e. connected bunches of sites. Given two
separated clusters A and B, the correlation density matrix is defined as the reduced density
matrix of their union minus the direct product of their respective reduced density matrices.
To identify the operator(s) dominating the correlations, one decomposes the correlation
density matrix by numerical singular value decomposition [1].

In this thesis correlations of the spinless extended Hubbard model with infinite nearest
neighbour repulsion and correlated hopping on a two-leg ladder are studied [1]. This model
is not solvable analytically exact for some limiting cases|2].

To solve this problem numerically for every parameter regime the density matrix renormal-
ization group (DMRG) is applied [3]. In order to obtain comparable results via different
techniques, this method is applied in two ways. One is the well-known variational matrix
product state method applied on a chain with finite length [4, 5, 6], the other one is the
recently suggested infinite time-evolving block decimation algorithm |[7].



2 Outline

Outline

This thesis is organized as follows. In chapter one, the spinless extended Hubbard model
on a two-leg ladder is introduced. As the simplest limiting case the tight binding ladder is
solved. The solutions of Siew-Ann Cheong and Christopher L. Henley to more interesting
limiting cases are presented.

In chapter two, the matrix product state approach for finite chains with open boundary
conditions is introduced and all necessary techniques for solving the model are presented (as
calculating expectation values, scalar products, reduced density matrices, ...). Then it is
shown, how to incorporate the DMRG Hilbert space truncation. Finally it is discussed, how
one determines the ground state by variational optimization and an analysis of numerical
costs is given.

In chapter three, the application of matrix product states in the context of infinite time-
evolving block decimation is explained. Again, the necessary techniques are shown (which
are quite different from the previous ones), how one uses DMRG truncation, and how the
ground state is obtained.

In chapter four, correlations and especially details of the correlation density matrix are
discussed.

In chapter five, our results are presented. As a first test ground, numerical results are com-
pared with the tight binding ladder to obtain a first check on the accuracy of the calculations.
Further, numerical calculations for all parameter regimes are presented, where some cases
are compared with the exact results of Cheong and Henley.



Chapter 1

Model

The Hubbard model is an approximate model and the simplest one of interacting particles in
a lattice. It consists of two terms in the Hamiltonian: a kinetic term, allowing for tunneling
(’hopping’) of particles between neighbouring sites of the lattice, and a potential term,
consisting of an on-site interaction. However, as one is considering spinless fermions in this
thesis, this model reduces to the tight binding model. For any new physics, one has to
investigate the extended Hubbard model which includes interactions between particles of
different sites.

1.1 Spinless extended Hubbard model

There are various possibilities for interactions in the extended Hubbard model. In this
thesis an extra potential term - the nearest neighbour repulsion - and an extra kinetic term
- the correlated hopping - are considered. For charged particles, nearest neighbour repulsion
arises naturally from Coulomb interaction and is set to infinity in this thesis. For analytical
approaches, this presents a great benefit as it reduces the dimension of the Hilbert space,
but the numerical approach presented in this thesis does not benefit as much from this fact
(see Sec. 2.2.3 for an explanation). So one has to work with an explicit nearest neighbour
repulsion term in the Hamiltonian. One motivation for the correlated hopping is that it
arises from second order perturbation theory when the nearest neighbour repulsion is finite.
Whatever the justification of this term, it as a way to generate superconducting pairing.
This particular model is chosen to (i) reproduce the results of [2] and (ii) to expand these
results.

1.1.1 Hamiltonian

The Hamiltonian of the spinless extended Hubbard model with infinite nearest neighbour
repulsion on a two-leg ladder with fermionic creation and annihilation operators has the form
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2
H o= =3 > (CosCoirt + CoiprCa)
a=1 1
—t, Z(CLZ-CQ,Z‘ + C;icl,i)
i

i i i i
—te E (€l 1M2,iC1it1 + € i1 M2,iCrio1 + Cyy 1M iCoit1 + Co iy qNiCoi1) (1.1)

2
+V E E Na,iNa,it1 + V E N1MN2; ,
a=1 i i

where the two legs of the ladder are labeled by a and the rungs of the ladder are labeled by
¢ and ng; c :Cai- In the following the a = 1 leg is referred to as upper leg (denoted by 1)
and the a = 2 leg as lower leg (denoted by |), see Fig. 1.1. The model is invariant under leg
interchange. The length of the ladder is not yet specified. One shall do so later, since both
finite and infinite ladders will be considered.

7 1

)

l

+
a=2 —- 1\ - l
Figure 1.1: Ladder model

All parameters of the Hamiltonian are chosen as real numbers to obtain a problem which can
be solved using purely real wave functions. The various terms are depicted schematically in
Fig. 1.2. The amplitude of hopping between neighbouring sites along the legs and the rungs
is denoted by ¢ and ¢, respectively. The correlated hopping between next-neighbouring
sites along the legs is denoted by t. and needs the presence of a second particle on the other
leg (see Fig. 1.2). Even though the nearest neighbour repulsion should be infinite in this
model, it explicitly appears in the Hamiltonian as V. Due to numerical reasons (i.e. on
cannot compute anything with terms being infinite), one has to chose V finite and thus
the corresponding term in the Hamiltonian is well defined. For numerical calculations it
is sufficient to set V' to a number several orders of magnitude greater than all the other
parameters.

—_— ’ [
T
Figure 1.2: Hamiltonian terms (from left to right): rung hopping, leg hopping, correlated

hopping and nearest neighbour repulsion. Black circles denote occupied sites and white
circles unoccupied ones.

1—1 1

O—O |

In this model, one hopping amplitude may be chosen to set the reference energy scale because
the Hamiltonian does not adopt an energy scale due to another parameter (the finite value of



1.1. Spinless extended Hubbard model )

V' is a numerical artefact). In this thesis, the amplitude of hopping along legs normalizes the
other hopping amplitudes, i.e. £, and t. are given in units of £; = 1. Numerical calculations
are done for t; and t. in the range from 0 to 100 and thus it turned out that it suffices to
set V to 10

1.1.2 Mapping on 1D Hamiltonian

As the matrix product state method (DMRG) is most useful for one-dimensional systems,
a one-dimensional model is considered. To achieve this, the two sites of a rung are mapped
onto one effective site. The Hilbert space of this effective site is the direct product of the
local Hilbert spaces of the site on the upper leg and the one on the lower leg:

Heg = HT®HL' (1.2)

Thus the resulting effective local basis is given by [o) = {]0),[]),[T),|T])}, with

1 0
|0) = |None Occupied) = 8 , ||) = |Lower Occupied) = é :
0 0
0 0
|T) = |Upper Occupied) = (1) , |T1)= |Both Occupied) = 8 (1.3)
0 1

Operator representations in this Hilbert space have to be worked out via the direct product
of corresponding operators. Given an operator U; acting on the upper site of rung ¢+ and
an operator L; acting on the lower one, the corresponding operator in the four-dimensional
Hilbert space reads as

(UL),=U;® L; , (1.4)

for example ¢j; — (CE), =c;®1, ¢; — (EC), =1®c); and c%cli — (C’TC') = CL@CU'.

Hamiltonians with fermionic creation and annihilation operators are best handled after per-

forming the Jordan-Wigner transformation (see App. A.1). Combining the mapping onto a
one-dimensional problem with the latter, the Hamiltonian reads as
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H = —t Z ((OTZ)Z' (CE)iH + (OZ)z‘ (CTE)Z‘H + (ECT)Z' (ZO)iH + (E0>z (ZCT)iH)
—tyL Z ((CTC)i + (OCT)i)

—t:3° ((C12),_, (=ZN),(CE),,, + (C2),_, (=ZN), (C'F) .,

11—

+V 3 ((NE), (NE),,, (EN), (EN),,,) +V > (NN), , (1.5)

+(ECY), , (=N2),(20),,, + (EO),_, (~-N2), (2C1),, )

1.2 Exact calculations without electron-electron interac-
tion

There are two cases without electron-electron interaction (i.e. V' =0 and ¢, = 0) which can
be solved exactly very easily. The calculations are done for a finite Fermi energy ep, which is
set to zero afterwards in order to compare the solutions with numerical results. The Fermi
wavenumber is defined by E(kr) = ep.

1.2.1 Tight binding chain

One has a single chain of sites, which are enumerated by an integer n (the limits of n do not
matter for the moment), with a lattice constant of a. The position of a site is = na (see
Fig. 1.3). The whole problem is solved in second quantization where ¢! creates a particle at
site n. So the Hamiltonian in the many-particle Hilbert space is

H = — Z(CIZCH_H e icn). (1.6)
n ., n+tl
---O th_j’) O---
I

Figure 1.3: Tight binding chain

Periodic boundary conditions

The total length of the chain is L. = Na, where N is the total number of considered sites.
Periodic boundary conditions require that site N + 1 is identified with site 1.
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The creation operators of the eigenstates of the Hamiltonian have the form

Z knc 17)

where {¢x, ¢l,} = Oy, with eigenvalues F (k) = —2t) cos(ka) and allowed k-values given by
k= 2’T—m and m an integer. As the system is translation invariant under translations by a,
it sufﬁces to reduce k to the interval (—Z; 2], so |m| < &'. The many-particle ground state
has all states occupied with energy less than ep, thus the ground state energy per unit cell

is given by

|k|<kp
(=t L S Bk, (1.9
|k|<kp

where zero is the totally empty state. To calculate the average occupancy (f,) = <cjlcn> at
site n one needs the back transformation of Eq. (1.7)

() = O IT ev ( fZ *) (fZ ) II < |10

|k [<kp |k|<kp

1 i —ikoan
— Nze(lklan ka2 )<0| H Cr/ cllckz H cL |O>

k17k2 |k?’|§k?F ‘k"gkp‘

~ Ok O, (because (0] ¢l = 0= ¢y, [0) ) — [ki| < kg, |ko| < kp

=~ Ok, (because cLl H ] =0)
|k|<kp

1 Ntot
= — 1= . 1.10
v 2 1= (1.10)

|k|<kp

This is site-independent and thus equal to the filling of the chain.

For other expectation values one may use these arguments, to obtain the correlation function
Grgrn = <c;flcn+r>, where r is an integer

(chenr)y = % Z e tkar (1.11)

|k|<kp
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The two-particle Green’s function Girntrtimnt1 = <cILcL A 1CngrCnyrt1) (1 > 2) may be

obtained directly from the Green’s function. In order to have a contribution, the same
two particles that are destroyed by ¢, ,¢,,11 must be created by CILCL +1- There are two
combinations: CL 41 goes with ¢, 4, and CIL goes with ¢, .11 or cL 41 goes with ¢, and cL

goes with ¢, 4,. According to Eq. (1.11) one obtains

Gn+r,n+r+1;n,n+1 = Gn+r,n+1Gn+r+1,n - Gn+r+1,n+1Gn+r,n ) (112)

where the minus sign is due to fermionic anticommutator relations.

As a last correlation function the density-density correlation (n,n,,) is evaluated (with its
mean (n,) (f,+,) subtracted to obtain pure correlations)

(Anfinsr) = (n) (nsr) = (i) (ingr) = CoirnGrnsr — () (i)

= — |Gyl (1.13)

Infinite Chain

One can see the infinite chain as the limit N — oo of the chain with periodic boundary
conditions. Thus the sum over discrete k-states has to be replaced by an integral % Yok —
a [ % The ground state is similar to Eq. (1.8), with the sum in Eq. (1.9) replaced by the
integral:

kp
o dk 2t
<E>:A}1_r>r;oa / E(k)%——?sm (kpa) . (1.14)
—kp

Similarly one obtains for the filling, one-particle correlator, two-particle correlator, and
density-density correlation:
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k

F
Niot 110 . dk _ kra
e i o f G- (119)
—kp
i dk  aky sin (akpr)
Gn rnlél li / —tkar 7V _ a_FM 1.16
+r, Nl_r,nooa € 2 m akgr ( )
—kp

1.12

Gn+r,n+r+1;n,n+1 - Gn+r,n+1Gn+r+1,$ - Gn+r+1,n+lGn+r,m ) (117>

o A 113 akg sin (akgr) 2
nlintr) — n ntr) — — |\ — . 1.18
(o) = G i) 2 = (L2 (118)

Open boundary conditions

Open boundary conditions means that one has a chain of N sites with finite length L =
(N — 1)a and to the left of site 1 and to the right of site N is vacuum, i.e. the state has
to be strictly zero there. To solve this problem, one uses a trick: one adds a zeroth site to
the left of the first site and a (N + 1)th site to the right of the Nth site and changes the
boundary conditions, such that ¢ (z =0) = 0 = (z = (N + 1) a). But this is in principle
the setup of a chain with length L = (N + 1)a, periodic boundary conditions (zeroth site
equals (N + 1)th site), and the additional boundary condition ¢ (z = 0) = 0. See Fig. 1.4
for a pictorial explanation.

a) b) C)
1 N 1
o—0- --0—0O Oo—O- -0

P=0 Yv=0v=0

1 N
o—oO-- —o—oJ

Figure 1.4: Transformation of open boundary conditions: a) Initial boundary conditions. b)
Boundary conditions with additional sites at the ends. ¢) Final periodic boundary conditions.

0=

The unconstrained energy eigenstates without the additional boundary condition have the
form

1 -
T - —ik’an T
T — g e Gy, - 1.19
g VN +14 (1.19)
But the additional boundary condition requires that cnzocz, = 0, which is obviously not

fulfilled. The following linear combination fulfills the additional boundary condition
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1 [ 2 .
CL = E (CT_k/ - C]Tg/> — N—H ; S (kan) CL ) <120>

with new restrictions on k: k = ﬁm; 1 <m < (N +1). In fact, one has a particle in a
box which is restricted to certain sites. This leads to a ground state as in Eq. (1.8) and a
ground state energy as in Eq. (1.9) with an altered set of discrete k’s restricted to positive

k’s by convention. This effectively doubles the density of states per k interval.

One readily obtains the following correlators:

[ e —— sin? (kan) , (1.21)

Niot :ii<ﬁ>:iiLZsin2(/{ian)ziZ (1.22)
N N " N N+1:3 N | |
>SRF

n=1 n=1 k<kp

2
Grrn PR NI Z sin (kan) sin (ka (n + 1)) | (1.23)
k<kp
1.12
Gn+r,n+r+1;n,n+l = Gn—l—r,n—i—lGn—i-r-‘rl,x - Gn+r+1,n+1Gn+T,x ) (124)
A A ~ ~ 1.13
(Anfingr) = (M) (Rngr) = — |Gn+r,n|2 . (1.25)

Two parallel non-interacting chains

The case where the Hamiltonian Eq. (1.1) reduces to the Hamiltonian Eq. (1.6) - i.e. a =1,
erp =0,t, =0,tc =0,V =0 - describes two parallel non-interacting chains. All results
obtained in this section have to be multiplied by two in order to compare with a ladder with
the same parameters.

1.2.2 Tight binding ladder

One has a ladder of sites with the legs enumerated by integer a (o = 1,2) and the rungs by n
(the limits of n do not care for the moment). The lattice constant - both along legs and rungs
- is a. The position of a rung is x = na. Again, the problem is solved in second quantization
and cjm creates a particle on leg « at rung n. So the Hamiltonian in the many-particle

Hilbert space is given by
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2
H = —t) Y > (e pconti+chiiCan) =t (el con+chcn).  (1.26)

a=1l n n

This model can be solved easily by introducing symmetric and antisymmetric combinations
of the sites of a rung

1
Cl,n - = ( ]Ln + C;n>

2 1
\{_ CL,n - = (CJ{JL + Mcg,n) (:u - j:l) : (127>
T S O V2
C—,n \/5 Cl,n CZ,n

In terms of these combinations, the Hamiltonian reads as

H = Z (—t Z (CLJLCMJH_l + CL,nHCu,n) —t, Z chcM,n) . (1.28)

m

But this represents two independent chains with a constant site energy (i.e. a shift of the
Fermi energy effectively) that do not interact with each other. Similar to the previous section
one makes the ansatz

- —ikan .t (1.29)

1
wk ﬁ;e Cu,nv

c
where {cu,k, CL’,k’} = 0,00k, and obtains eigenenergies E,, (k) = —2t| cos (ka) — ut,. Ef-
fectively one has two chains of the same length as the ladder, one symmetric, the other
antisymmetric under leg-interchange, with eigenenergies F,, (k). This holds for all three
boundary conditions, and so, according to the appropriate k-space discretization, one has a

complete set of energy eigenstates for the ladder problem. As one has two chains, there are
two Fermi wavenumbers kf. So the ground state becomes

w9 = ] 1] o) (1.30)

p=1 k| <kf;

As all operators of the symmetric chain anticommute with all operators of the antisymmetric
chain, expectation values are additive, e.g. the ground state energy

(E) = > (B),. (1.31)

So all results from the previous paragraph may be applied here, one just has to replace e by
er Ft1. An exception is the filling, which has to be divided by two, as the effective chains
cach consist of 2N sites (instead of N).
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1.3 Exact calculations with electron-electron interaction

The spinless extended Hubbard model with infinite nearest neighbour repulsion and corre-
lated hopping on a two-leg ladder has been studied intensely by S.W. Cheong and C. L.
Henley [2]. Their results are included here for the sake of completeness and comparison with
ours. They developed an analytical machinery of several mappings to solve this model in
the three limiting cases of (i) infinitely-strong correlated hopping, (ii) zero inter-leg hopping
and (iii) very strong inter-leg hopping. Assuming an adiabatic connection of all phases to at
least one of these limiting cases, they guess a ground-state phase diagram (see Fig. 1.5). The
lines, which separate the regimes of limiting behaviour, either in a quantum phase transition
or a smooth crossover, are estimated to be along t. = 2t,, ¢, = 2 and t. = 2 (as explained
in Sec. 1.1.1, t; and t. are given in units of ¢ = 1).

oo

LR-CDW ’

ANA 4
SC

PL-CDW

0

L I,

0

~+

t | o

Figure 1.5: The zeroth-order ground-state phase diagram of the quarter-filled spinless ex-
tended Hubbard model with infinite nearest neighbour repulsion and correlated hopping on
a two-leg ladder. The three limiting cases investigated by Cheong and Henley are depicted
by the two dots and the thick solid line. Taken from [2].

Overview over the three limiting cases

The leading correlation exponents of various correlation functions decaying as a power law for
the three limiting cases are summarized in Tab. 1.1. The correlation functions are classified
into three classes:

1. Charge density wave (CDW) correlations, characterized by

Cepw (4,7) = (NiNigr) — (Ni) (Nigsr) (1.32)

where V; is some occupation number operator. There are CDW-7 correlations (charge
density wave for the occupation number operator of bound pairs, see Sec. 1.3.1) and
CDW correlations (charge density wave for the symmetric and antisymmetric occu-
pation number operators ny ; = (n1; £ ng;), see Sec. 1.3.2).
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2. Super conducting (SC) correlations, characterized by
Csc (iu 7“) = <CJCJ+1Ci+rCi+T+1> ) (1'33)

where C’;L is some creation operator. There are SC correlations of bound pairs (see

Sec. 1.3.1) and SC= correlations (similar to CDW by creation operators Cit,j = (c;j +

c;j), see Sec. 1.3.2).

3. Fermi liquid (FL) correlations, characterized by

Crr (27 7“) = <cl,ica/,i+r> ) (134)

with the creation and annihilation operators from Eq. (1.1).

Some correlation functions show oscillatory behaviour, with the corresponding wave vector
k given in terms of kr = mn, where n is the filling fraction of the ladder (0 <n < %)

Nearest neighbour exclusion map and intervening-particle expansion

In Secs. 1.3.1 and 1.3.3 the extended Hubbard model is mapped onto a one-dimensional
problem of hardcore bosons and spinless fermions, respectively. Afterwards, the nearest
neighbour exclusion map is used to map these effective, nearest-neighbour-excluding particles
onto nearest-neighbour-including particles, by removing one vacant site (there is at least one)
between a pair of effective particles. This map implies that one effectively shortens the total
length of the chain depending on the total number of particles. The filling fractions of the
ladder model (7)) and the one of the effective, mapped chain (i) are related by

(1.35)

In particular the expectation value (O;0;4,) of two observables O; and O;,,, acting on
sites separated by r, must be computed as the sum over expectation values with varying
separations. This task is accomplished by the intervening-particle expansion, introduced by
Cheong and Henley.
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limit correlation function correlation exponent wave vector
(i) te >t by CDW-rr s+3(—n) 2k
2 0
SC 3 0
11 2k
(i)t>t,,t.=0 CDW+ 2 0
2 2kp
CDW- : 2ky
2 0
SC+ 2 0
2 2kp
SC- 2 2kp
4 0
(iii) t, > ¢, t. =0 FL 3 kg
1 kg
CDW 3 2kp
2 0
2 2kp
SC % 0
1 Oy
2 0
2 2kp

Table 1.1: Leading correlation exponents of the correlation functions that decay as power
laws. Most of them are universal, but some depend on the filling fraction. Taken from [2].

1.3.1 Infinitely-strong correlated hops

In this limiting case, correlated hopping dominates over the other two hopping terms and
thus pairs of fermions, which are effectively bosons, show up. These extended hardcore
bosons - they exclude on-site and nearest-neighbour occupation - can be divided into an
even and an odd flavour (see Fig. 1.6) and the corresponding bosonic operators are given by

Tt ; 1 | ;

T T . + . )
14162 Jeven €1,;C 441 Je€ven

where + corresponds to even flavour and — to odd flavour.
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- O -
Figure 1.6: Effective extended hardcore bosons with even (red) and odd (green) flavour. It

is not possible for an extended hardcore boson to change its flavour by correlated hopping.
Taken from [2].

These extended hardcore bosons are mapped onto hardcore bosons by the nearest neighbour
exclusion map. This is the most complicated mapping. Finally, the hardcore bosons are
mapped onto non-interacting spinless fermions. This is a well-known map and the resulting
ground state is the absolute value of the Fermi sea ground state.

1.3.2 Zero inter-leg hopping

The zero inter-leg hopping case involves not only ¢, = 0, but also ¢, = 0, i.e. one has two
chains with respect to hopping. Thus P, - the number of fermions on leg ¢ - is a good quantum
number. Nevertheless, the chains are not independent due to nearest neighbour repulsion
which manifests in the fact that fermions cannot move past each other no matter whether
they are on the same leg or not. It turns out that the state with lowest energy is the staggered
ground state, i.e. that fermions on the upper leg and the lower leg alternate (see Fig. 1.7).
The ground state is twofold degenerate, because leg interchange of such a state yields a
new state with the same energy, hence one can form the symmetric and antisymmetric
linear combination of these two states to obtain eigenstates of the leg-interchange operator.
Henley and Cheong map these staggered ground states onto non-interacting spinless fermions
on a chain and express it via the Fermi sea ground state wave function. The filling fraction
of this chain is twice the filling fraction of the ladder no = 2ny,.

a) b)

_ o o e _ _ O I O -
Figure 1.7: Possible configurations of fermions in the zero inter-leg hopping case: a) the
staggered ground state with fermions on alternating legs b) another state with the same

number of fermions, but all on the same leg. The fermions have less degrees of freedom and
thus the state is of higher energy. Taken from [2].

1.3.3 Very strong inter-leg hopping

This is the opposite limiting case to Sec. 1.3.1, i.e. rung hopping dominates over the other
hopping terms. Obviously, the fermions are very nearly in the rung ground state,

1
10y = P
cilo) = = (al,j n CQ,].) 0) (1.37)
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only disturbed by the small leg hopping. A fermion in the state given by Eq. (1.37) is called a
rung fermion. Thus it is possible to map the ladder problem onto a one-dimensional problem
of spinless rung-fermions with infinite nearest neighbour repulsion. Similar to Sec. 1.3.1, this
problem is mapped via the nearest neighbour exclusion map onto a chain of spinless fermions
which is solved by the Fermi sea ground state.
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Chapter 2

Matrix product state method for finite
systems

In this chapter, the matrix product state method for a finite system with open boundary
conditions is introduced. It was developed to deal with the problem of very large Hilbert
space dimensions in quantum chain models. The full Hilbert space of such a model consists of
the direct product of all the local Hilbert spaces and thus its size increases exponentially with
the number of sites, i.e. with the system size. The basic idea of matrix product states is to
write single states such as the ground state in a compact and manageable way by introducing
new - effective - Hilbert spaces. The matrix product state method in this chapter is based
on a matlab program originally written by F. Verstraete [4].

As one is dealing with fermions it is convenient to apply the Jordan-Wigner transformation
(see App. A.1). After this transformation one may interchange different basis states without
obtaining a minus sign. So the order of basis states becomes irrelevant.

2.1 Matrix product states

2.1.1 Construction of matrix product states

If one considers a chain with open boundary conditions consisting of N equal sites with a
local Hilbert space dimension of d, a state [¢) is described by

W> - Z ¢U1,...,0N |Ul> Tt |0N> ) (21)

01,-,0N

where 0; = 1,...,d labels the local basis states of site . In general, the size of the coefficient
space 9 scales with O (dN ) This can be rewritten in a matrix decomposition

[y = Y tr (AP AP (o) o) | (2.2)

O1,...;,ON
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with a set of N times d matrices Al°*).1 If these A-matrices are sufficiently large this de-
composition is formally exact; by choosing them smaller, it also opens the opportunity to
decrease resources drastically in a very intuitive way and still have a very good approximation
of the state |¢). If one selects a certain site ¢, the state can be rewritten as

[y =" AT ) low) i) Y AT ) low) i) - (2.3)

Iy, 0k lksTky 0k

The effective "left’ basis |lx) = >, . Aled - Alevl|g)) L |og_1) consists of all sites j =

1,...,k—1, the effective 'right’ basis |ry) is defined similarly by the sites j = k+1,..., N.2
Site k is called the current site, as the state is expressed in the A-matrix of this site (see

Fig. 2.1).
L N
~OHH

1) o) Ire)

Figure 2.1: Current site with effective basis sets.

So far Eq. (2.1) and Eq. (2.3) are equivalent, but now one has a representation of the state
where one can easily truncate the Hilbert space, namely the effective Hilbert spaces H* and
‘H". If one introduces a parameter D and truncates all effective Hilbert spaces of all sites to
the dimension D, each Al°¥ -matrix has at most the dimension D x D. Of course, Hilbert
spaces with dimension less than D are not altered. So one has reduced the resources, needed
to describe a state from O (d") to O (ND?d) which is linear in the system size, assuming
the size for D to accurately describe the state grows significantly slower than linearly in V.
This is in fact the case for ground state calculations [4]! The way in which the Hilbert spaces
are truncated and an estimate to the occurring error is given in Sec. 2.1.4.

Matrix product states can be seen in two alternative ways: a global view and a local view.
The two perceptions are equivalent and both have their applications. In the global view
the state is expressed as in Eq. (2.2), i.e. the effective Hilbert spaces have been used ’only’
to reduce resources. The state is stored in the A-matrices, but the effective basis sets will
be contracted out. One has to work very careful in this perception, because contracting
out the effective basis sets leads to higher costs in resources! In the local view the state is
expressed as in Eq. (2.3). It is called local because there is one special site, the current site,
and all other sites are combined in effective orthonormalized basis sets. Usually, the local
view is used iteratively for every site. In this perception, one needs effective descriptions of
operators contributing to the Hamiltonian acting on other sites than the current site (see
Sec. 2.1.7).

'For details of the A-matrices see Sec. 2.1.2.
2The trace in Eq. (2.2) vanished in Eq. (2.3) due to the finite length of the chain (see Sec. 2.1.2).
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2.1.2 Details of the A-matrices

Regardless of the truncation scheme one can consider some details of the A-matrices. First
of all, one has to notice that by construction dim (H™-1) = dim (Hlk), otherwise the matrix
products in Eq. (2.2) would be ill-defined. Based on this, one finds another interpretation
of the A-matrices in the local view. Let |lx) be the effective basis for the part left of site k
(where k is far from the ends of the chain for simplicity). One has to keep in mind that this
basis is build of truncated A-matrices:

) = Z (Al ~A[Uk_1])uk lo1) - ok—1)

01,0k —1

= 33T > (A Al o) o) AT Jok)

Ok—1lg—1 01,..,0k—2

J/

e

[e—1)

= Z Az[[,:izlk] [lk—1) |ok—1) - (2.4)

Ok—15lk—1

So the Alk-1lmatrix maps the effective left basis |l;_;) together with the local |o4_1) basis
onto the effective left basis |lx)! The same argument applied on the effective right basis of
site k leads to the transformation of |ryy;) and |0y 1) onto |r) via the Al7s+lmatrix (see

Eq. (2.5)).

ey = D A o) [res) (2.5)

Ok+1:Tk+1

So far, this may be any transformation, but one may impose unitarity on the transformation
(see below).

A special case are the A-matrices towards the ends of the chain. There is the vacuum
state, left of site one and right of site N due to open boundary conditions. That means that
dim (Hh) = 1 = dim (H"") and thus the trace may be dropped in Eq. (2.3). Thus, departing
from the ends of the chain, the effective Hilbert spaces acquire dimension d',d?, ... until
they become larger than D and need to be truncated. Correspondingly, the dimension of
matrix Al is Dy x Dy, where Dy = min (dk, dN—k, D). There is no truncation needed if
dim(H"%)*d = dim(H"™*) or dim(H"*)*d = dim(H'*), so one may simply choose A, )r, = 1
and Ay, (r,.0,) = 1, respectively.

Summarizing, the A-matrices have two functions. If site 7 is the current site in Eq. (2.3), the
Al’l-matrices represent the state, i.e. its coefficients specify the linear combination of basis
states |lg), |ox) and |rk). On the other hand, if not the current site, the A-matrices are used
as a mapping to build the effective orthonormal basis for the current site.

Orthonormal basis sets

In the local view, the whole system is described by the A-matrices of the current site £ in the
effective left basis, the effective right basis, and the local basis of site k. A priori, the basis
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states form an orthonormal set only for the local basis set. As mentioned in the previous
section, one may ask for the effective basis sets |I) and |r) 3 to be orthonormal, too, i.e.
require them to obey:

' = o,
(r'|r) Sy - (2.6)

This immediately implies the condition on the Al“/l-matrices, using Eqs. (2.4) and (2.5) (see
App. A.2):

S (AL AR = Dfor <k,

93

3 Al (AN = dforj > k. (2.7)

¥

This orthonormality (i.e. (I'|{l) = 1 and (r’|r) = 1) holds only for the current site. For the
other sites there is always only one orthonormal effective basis.

Graphical representation

Matrix product states can be depicted a convenient graphical representation (see Fig. 2.2).
In this representation, A-matrices are displayed as boxes and Al is replaced by A; for
brevity. Indices correspond to links from the boxes. The left link connects to the effective
left basis, the right link to the right one, and the link at the bottom to the local basis.
Sometimes indices are explicitly written on the links to emphasize the structure of the
sketch. Connected links denote a summation over the indices (also called contraction) of the
corresponding Al”-matrices. At the boundaries of the chain, a cross is used to indicate the
vacuum state.

a)
) = A -~ - i
o1 o) ON-1 ON
b)

N
O Ok+1 ON

Figure 2.2: Graphical representation of a matrix product state in the a) global view and b)
local view.

3From now on the index k is only displayed when several sites are involved. For the current site or in the
case when only one A-matrix is considered the index will be dropped.
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2.1.3 Orthonormalization of effective basis states

It is convenient to describe a state in the local view with orthonormal effective basis sets.
It should be emphasized that this really just rewrites the state using the freedom that one
always can insert any X ~'X = 1 at any position in the matrix product state without altering
it.

Assume site k to be the current site. Following the proof in App. A.2, one needs a procedure
to ensure that site £ 4+ 1 has an orthonormal effective left basis if site k£ has such a basis. A
similar construction can be used to ensure that site £ — 1 has an orthonormal right basis,
if k£ has such a basis. To this purpose one uses the singular value decomposition (SVD, see

App. A.3). As the latter only works for matrices, one rewrites A[ ’“] . by fusing the indices Iy
and oy:

[crk [Uk]
AlkT’k (lxow),r E U(lor) msmn m“k E ulkm mrk’ (28)

where m, n and r; have the same index range. Specifically, u fulfills

1= uTu = Z u’{lkgk)jm,u(lk%)’m R (29)

(lkok)

which is equivalent to the orthonormality condition Eq. (2.7) for the Al°tl-matrices (see
Fig. 2.3)!

lk -~ (lkUk)-Tk svD (lwk)- - -Tk = k
Ok Ok

Figure 2.3: Singular value decomposition of the A-matrices

As u replaces Al and svf is contracted onto Al#+1] this leaves the overall state unchanged
(for a graphical depiction see Fig. 2.4):

1] Alows] [ok] glok ou] ( [o+1]
Alox] glow+1] — Z Alzjz@ lk+J1r7{k+1 = Z Zu k mTk Alk+ﬁk+1
(re=li+1) (re=lg+1) ™
_ Z u[ok] )[0k+ﬂ
mre+1
= u[gk] (:S‘UTAICJFI)[%+1 = Alrl Alownl (2.10)

Tk41 SVD ]k! -T’k lk+1- Tkt+1 — lk r lk!rk = lk+1-rk+1

Ok+1 Ok Ok+1 O Ok+1

Figure 2.4: Rearrangement of the A-matrices to switch the current site from site k to k + 1.
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Site k + 1 now has an orthonormal effective left basis. A similar procedure works for the
effective right basis, see Fig. 2.5.

S - e

Ok—1 Ok Ok—1 Ok

Figure 2.5: Orthonormal effective right basis for site £k — 1

To obtain an orthonormal effective left basis for the current site k, one starts with the first
site, updates A%l and Al2), moves to the next site, updates Al”?) and A3, and so on until
site k — 1. For an orthonormal effective right basis, one starts with site N, updates A~
and Al°v-1] and so on until site k + 1 in a similar fashion.

If one has a description of the state |¢)) in terms of orthonormal basis sets |ly), |o%), |rk)
for site k, it is now very easy to change the current site to site £ £+ 1, with corresponding
new orthonormal basis sets |lx41), |0k+1), |Tk+1). Suppose one wants to change the current
site with orthonormal basis sets from site k to site k 4+ 1. Following the procedure described
above, site k 4 1 already has an orthonormal right basis and all sites left of site k fulfill the
orthonormality condition. All that is left to do, is to update site k and k + 1 to obtain an
orthonormal left basis for site £+ 1. This is called a switch of the current site from site k to
k + 1. The switch from site k to site k — 1 is done analogous.

2.1.4 Hilbert space truncation

The Hilbert space truncation scheme applied is in complete analogy to DMRG [6]. The
DMRG truncation scheme is based on discarding that part of the Hilbert space, on which
a certain density matrix has sufficiently small weight. There are two ways to obtain an
appropriate reduced density matrix. Two-site DMRG [3] and one-site DMRG [3|. In this
thesis only one-site DMRG truncation is used.

Two-site DMRG

In two-site DMRG one has two current sites, say k and k + 1, and the cutoff dimension may
be chosen site-dependent D — Dy = dim (Hlk). Following the previous section, one may
assume site k having an orthonormal left basis and site & 4+ 1 having an orthonormal right
basis. After contracting the indices connecting Al”* and Al°k+1] (see Fig. 2.6), the state is

described by AE:’;I’:“I“}. In this description one determines the ground state (in whichever

way one finds convenient). Afterwards, one needs to decompose AEZfiﬁ“] into Al°¥ and
Alekr1l again. This can be accomplished via singular value decomposition (see App. A.3) by
fusing the indices Iy, o, — (lxox) and riyq, 0601 — (rer10k41) (see Fig. 2.6). One obtains

Alowoenl _ > ul[gf}si (UT)L0k+1] where ¢ = 1...min (dDy,dDy,»). The state is written as

lkTk11 g1
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vy = 2 (Zuiﬁﬂ ii”;ji)|lk>rak>|ak+1>|rk+l>

Ik 10K0k4+1

= ZSz (Z u |1 |ow) ) > (UT)EZZE] |O%41) [Th41)

lkok rk+10k+l
.

e

1) |7:)

= STl | (2.11)

i

where the new set of basis states |I;) and |;) is orthonormal with (Iy|l;}) = 8y; and (7 |F;) =
s, due to the column unitarity of u and the row unitarity of v'. This representation of the
state may be seen as residing on the bond between k and k + 1, with effective orthonormal
basis sets for the parts of the system to the left and right of the bond. Reduced density
matrices for these parts of the system, obtained by tracing out the respective complementary
part, look like

A =S 2, PR =3 2R (R (2.12)

% %

Here one has an expression where the DMRG truncation scheme applies. One could keep
all singular values greater than a certain cutoff, thereby specifying a value for Dy, between
1 and min (dDy, dDy.2), or — if one chooses Dy = D to be site-independent for simplicity —
one could obtain a measure for the lost information. The ’lost’ information (entropy), using
the von Neumann entropy S = —Tr (pln p), is given by

= - Z siln (s7) (2.13)
i>D
where >~ s? = 1 due to normalization of [1)).
Ok+1 Ok Ok+1 Ok+1
Figure 2.6: Procedure for site update within two-site DMRG. The grey line under the s

indicates that s is the diagonal matrix of singular values.

One-site DMRG

In contrast to the two-site DMRG, one-site DMRG does not allow for dynamical truncation
during the calculation. The truncation is fixed by the initial choice of D. But it is possible to
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determine an estimate on the error of this truncation by still analyzing the reduced density
matrix. Starting from an expression for the full density matrix in the local view (current
site k& with orthonormal effective basis sets)

=it = (Sawimin) (3 (a6 i)

= 3 g (A5) ey ) (2.14)

lrol'r'o’

one traces over the effective right basis and obtains a reduced density matrix for the current
site and the left part of the system

pled = 37 4z (43) (0 lo) (o] (2.15)

lrol’c’

This reduced density matrix is labeled with [y ; because that’s exactly what |l541) <l§f +1|
describes. So if one switches the current site from site k to site k£ 4 1, one can check on the
error of the truncation of H'+!. Fusing the indices [ and &, one obtains

Pl = N Ay Al [(10) (1) = 3 Aoy Al 0 [(10)) (1))
lrol’o’ lrol’o’

- Z (AAT)(ZU)(Z/U/) |(lo)) ((I'o")] . (2.16)

lol'o!

One could diagonalize the coefficient matrix (AAT) to determine the largest weights

(lo)(l'a")
of the density matrix, but there is a better way [3, 8]. Just as for the creation of orthonormal
basis sets (see Sec. 2.1.3), one applies a singular value decomposition on the matrix A = usv’
(this is not the usual A-matrix, but the rearranged form). Then the reduced density matrix

reads as

plerl = AAT = usvlosut = usut, (2.17)

and this is the diagonalization of pl#+1) . So the weights of the density matrix are equal
52! Of course this works also for the right effective basis. With such an expression, one
may check whether the effective Hilbert space dimension D of H'%+! is too small or not. For
example, one could ask for the smallest singular value sp to be at least n orders of magnitude
smaller than the greatest one sq, i.e. the respective weights in the density matrix would be
2n orders of magnitude apart. If the singular values do not decrease that strong, one has to
choose a greater D.
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2.1.5 Scalar product

The scalar product of two states [¢)) and [¢)') is one of the simplest operations one can
perform with matrix product states. It is calculated in the global view because then one
does not need to care about orthonormalization of the A-matrices.

Wiy = (ol (onl | Y (A’[Ui]...A'[ﬂﬁv])* (Z (A["l]...A["N])> 01) .. ow)
= Y (Al AT (Al Al (2.18)

using the orthonormality of the local basis (07|07) = 611001 ,. In principle the order in which
these contractions are carried out is irrelevant. It is possible to choose an order in which
this summation over the full Hilbert space is carried out more efficiently due to the one-
dimensional structure of the matrix product state (see Fig. 2.7 for a graphical explanation).
For details on the numerical costs, see App. A.4. Intermediary, calculations in method b)
are of order O (dD?), where in method a) they would be of order O (dN ) Thus, in practice,
method a) is significantly slower than the first one and has significantly larger intermediary
results.

a b) ! 21, In- Iy
) Oy SRS oy Ay 19
o1 |02 | onN-1 |on

=

1% 1% r* * 9<
- )e A —— — IA‘”.?I
‘-—-—X ) ] e e ==y [”I

Figure 2.7: Scalar product, computed in two different orders. a) First all A-matrices of |¢)
and [¢)') are contracted and then one contracts over the local indices. This last contraction
is carried out over the full Hilbert space, i.e. a 1 x d matrix is multiplied with a dV x 1
matrix, and thus of order O (dN ), which is completely unfeasible for practical purposes. b)
First, for site one, one contracts over the local indices of A; and A}. Then one contracts over
the effective index between A; and A, and afterwards over the indices between the resulting
object and (A%)*. One proceeds with site three and so on over the whole chain. The most
‘expensive’ contraction is in the middle of the chain, say at site k, and it is of order O (dD?).
Here the A-matrices are viewed as three-index objects A;,,,,, With dimension D x D x d.
All sites left of site k are represented by a D x D matrix, say Lﬁz Contracting this with the

matrix at site k£ yields the object Zlk Lﬁz A, rior, Which has dimensions D x D x d, and since

the s contains D terms, the overall cost is O (dD?).

Norm

The norm is defined as usual ||| = 1/(¢[1)). One may use the global view as in Eq. (2.18).
However, in the local view with orthonormal effective basis sets one simply obtains
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Il = (i) = <<Z'|<a'| <r'|Z(A7/;/)*) (ZA ) ]or) Ir )

lro

= > |47 (2.19)

lro

Thus the norm is determined by the A-matrix of the current site only.

Partial product

Sometimes it is required to calculate a product over a part of the matrix product state. This
is done the same way as the scalar product:s

(P = X (AT A (), o
01,050k —1
(P[Tk})rk,r/ _ Z (A[Uk+1] N ‘A[UN]):I (A[Uk-‘rl] o A[UN])Tk ’ (2.20Db)
k k
Okt1s--sON
P[kk’]) = <A[0’k+ﬂ o A[Uk/_1]>* (A[ffk+1] . A[Uk’—l]> 2.20
( rkr;mlk/l;c/ Z Tl Tklk/( C>

Ok415--90)/_q

One has to notice that P! and PI"*] are matrices in the index I, and the index ry, respectively
(see Fig. 2.8). In fact, they correspond to the overlap matrices (I}|lx) and (r}|rx), respectively.

Tk -| Aptr |— - - -lAk’—ll_lk/
| |
e A= = A

Figure 2.8: Partial products associated with site k.

PEF] —

2.1.6 Reduced density matrix

The pure density matrix given by the matrix product state [1) is defined as p = ) (| (see
Fig. 2.9).

Figure 2.9: Density Matrix
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The reduced density matrix is calculated as follows. Let I be a set of sites of which one
wants a reduced density matrix, and o5 = {oer} be a fused index for their local states. All
other sites with combined index oy, = {oy¢;} are traced out. The subscripts s and b stand
for system and bath.

e D (A["i]...A["N]>*(A["l]...A["N])|as)(a;|. (2.21)

This is a completely general expression, but in the cases where I = {k} or I = {k,k'} it
reduces to (see Fig. 2.10)

puy = P (A[m ® (A[%])*) P o) (] (2.22a)
pury = P (A[Ukl ® (A[”é])*) Pl (A[”k’] ® <A["§a]>*> plre]
|o%) |owr) (o] (o] - (2.22b)

Figure 2.10: Reduced density matrix a) pgy for site k and b) pguwy for sites k and &', where
kE<l<k.

2.1.7 Operators in an effective basis

Let k be the current site with orthonormal effective basis sets |l) and |rg). Consider an
operator B, which acts on the local basis of site k£ —1 only, with matrix elements B,; ,, , =
(0}_1| Blok—1). This is called the (k — 1)-local-representation of B. To represent B in the
effective left basis of site k, called the k-left-representation of B, one may use the following

formula (see Fig. 2.11):

Bl = (] 3 (Al[f’k;]) By o | 3 A i o)

k—1"k

i ’
lk,170k71 lg—10k—1

- Z (Al[kfllz]> AEZf;llk]BU;_lok_1 : (223)

/
lk—la'kflo'k—l

The only condition that was used to derive these results, was that site £ — 1 has an orthonor-
mal effective left basis. So one can extend this result to sites farther left of site k because
all sites left of site k have orthonormal effective left basis sets.
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Il
w

_l;c

Figure 2.11: The k-left-representation of the operator B, obtained from its (k — 1)-local-
representation.

Similarly, if the (k — 1)-left-representation of an operator C' is known, its k-left-representation
can be obtained from (see Fig. 2.12):

wiewy = (Gl X (A ) | 2 aziinio

ll

!
k—1Tk—1 lk—10K-1

— loe—1]\" flok_1]
- ¥ (Al;c:;;) Al=lloy, (2.24)

le—1l),_10k—1

L/,

Il
Q

_l;c

Figure 2.12: The k-left-representation of the operator C, obtained from its (k — 1)-left-
representation.

Egs. (2.23) and (2.24) can be used iteratively to transcribe the i-local-representation of B
into its k-left-representation for any k > i (see Fig. 2.13).

Baéoi By

R —— R ——
iralir1 . Bz;clk

Figure 2.13: Iterative calculation of the k-left-description of an operator B, given in the
i-local-description, by Egs. (2.23) and (2.24) for any k > i.

This reasoning applies also to the right site of site k£ and so it is possible to obtain a description
of a single operator on any site. To obtain a description of a pair of operators one has to
use the following procedure. Let site k be the current site with orthonormal effective basis
sets and B, C two operators acting locally on site i and j respectively (i < j < k). First
one obtains the j-left-representation of B, Bz;.lj as described above. Then both operators are
transformed together into the (j + 1)-left-representation (see Fig. 2.14),
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([ (BO) i) = (Az[;f;ll) AgjljjﬂBl;le"}"j’ (2.25)
ljl;-O'jO'/-

J

which in turn can be transformed iteratively into the desired k-left-representation of the
operators B and C.

— 1

BC

— [

j+1

Figure 2.14: The (j + 1)-left-representation of the operator C, given in the j-local-
representation, and B, given in the j-left-representation.

2.1.8 Local operators acting on 1)

Any combination of operators can be calculated directly in the global view or in the local
view, via the effective descriptions introduced in the previous section.

Global view

The operators, known in the local basis of the site they are acting on, are contracted directly
with the corresponding A-matrix. For example, the formula for a nearest neighbour hopping
term clcpyq (see Fig. 2.15) reads as

Czck‘*‘l |¢> - Z Z (CL>U§€% Z (Ck+1)“§c+10k+1 (A[Ul] o 'A[JN])

! !
O150N Ok 2

1) .- |owe1) [o}) |0%s1) [ohr2) - - lon) - (2.26)

Figure 2.15: The nearest neighbour hopping term CLC/@-H acting on [¢)) in the global view.
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Local view

Let k£ be the current site with orthonormal effective basis sets. If one wants to evaluate
operators acting on other sites than the current site k, one needs an effective description of
these operators in one of the effective basis sets of site k and then one can contract these
operators with the A-matrix of the current site. For example, to calculate the action of
the nearest neighbour hopping term cl.cpyy on |¢)) = AE‘:] 1) |o) |r), one needs (cl)yy and
(Ck+1),,, and obtains (see Fig. 2.16)

R 03]

ro

()) ATy o) [y (2.27)

Figure 2.16: The nearest neighbour hopping term chkH acting on [¢) in the local view.

2.1.9 Expectation values

Expectation values are merely the scalar product between the state with itself including the
action of an operator and can so easily be worked out in both the global and the local view
(see Fig. 2.17).

Ck+1

Figure 2.17: The expectation value of the nearest neighbour hopping chkH in a) the global
view and b) the local view.

Since both methods are equivalent, the local variant is much more efficient as it involves
much less matrix multiplications. However, it requires careful orthonormalization of the
remainder of the A-matrices. The iterative scheme, introduced in Sec. 2.2, allows for that
and works in the local picture.

2.2 Variational optimization scheme

All the basic principles introduced in the previous sections strongly suggest an iterative
scheme to determine the ground state in the usual DMRG sense. This scheme starts at some
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site as current site, for example the first site where truncation occurs, and minimizes the
energy of |¢)) with respect to that site. Afterwards the current site is shifted to the next
site, and the energy of [¢)) with respect to that site is minimized. This is repeated until the
last site where truncation occurance is reached and the direction of the switches is reversed.
When the starting site is reached again, one sweep has been finished (see Fig. 2.18). These
sweeps are repeated until i) converges.

A1 — —{truncated A—matrices]— — —An

Figure 2.18: One complete sweep.

2.2.1 Energy minimization of the current site

In order to find the ground state of the system one has to minimize the energy E = (| H |¢)
of the matrix product state |1)) with the constraint that the norm of |¢)) must not change.
Introducing A as Lagrange multiplier [4] to ensure proper normalization, one obtains

rﬂj)n(wl H ) = A{[y)) - (2.28)

In the sweeping procedure introduced above, one changes the current site from one site to
the next and minimizes the energy in each local description. Thus, one needs Eq. (2.28) in
terms of the parameters of the current site. Inserting Eq. (2.3) into Eq. (2.28) yields (see
Fig. 2.19)

mm <ZT§;G, (AW> Hyyigrire A /\Z ( M) ) : (2.29)

lro

where Hypignre = (U'| (0’| (r'| H |l) |o) |r) is the Hamiltonian expressed in the two orthonormal
effective basis sets and the local basis of the current site.

min H -
A

Figure 2.19: The minimization problem expressed in the current site.

The multidimensional minimization problem Eq. (2.28) has been transformed to a local
minimization problem where one A-matrix is optimized at a time and all others are kept
constant. Such a procedure could, in principle, cause the system to get stuck in a local
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minimum in energy, but it has been shown that for constant couplings and short-range
interactions the procedure works well [3].

To obtain a solution for Eq. (2.29), one differentiates the equation with respect to <A£7T/,]) ,
as the Hilbert space has an hermitian scalar product, obtaining

0= Z Hl/r/cr’lroAl[:] - )\Al[i::/] . (230)

ll,rlo-/

Changing to matrix notation and replacing A with Ej in anticipation, one obtains an eigen-
value equation:

HAT 1Y o) r)y = EoAL 1) |o) |r) . (2.31)

The minimization problem has been transformed to a local eigenvalue problem, which can
be solved by standard techniques. The full Hilbert space of the current site has dimension
dD? and may become very large, but it is not necessary to determine the full spectrum of H,
since but one is interested only in the ground state. The Lanczos algorithm [9] is an effective
algorithm to achieve exactly that. The advantage of this algorithm is that one only has to
compute H [¢), which saves much effort. The matrix elements Hy,,,, may be calculated
easily from Eq. (1.5) using the techniques introduced in Sec. 2.1 (see Sec. 2.2.2 for details).

2.2.2 Sweeping details

Before the actual sweeping may be started one has to set up an initial state, prepare a current
site with orthonormal effective basis sets and calculate effective descriptions of operators
which occur in the Hamiltonian. After this initialization one may determine the ground state
with respect to this current site and shift the current site to the next site. That current
site again has orthonormal effective basis sets due to the switching procedure introduced
in Sec. 2.1.3, but one also needs effective representations of the operators occurring in the
Hamiltonian. At this step the structure of the matrix product state saves much effort, as
most of the needed representations are already calculated!

Structure of the Hamiltonian terms

The Hamiltonian Hy,,1.», acting in the local space spanned by the states |l), |o), |r), breaks
up into several terms:

Hl’r’o’lra = ]]-l’l ® (Ho)glg ® ]]-7"’7' + (HL)l/l ® ]]-O"O' ® ]]-r’r + ]]-l’l ® ]]-cr’o ® (HR)T/T

+ <HL°)l’lo"o‘ & ﬂr’r + 11l’l ® (H.R) + (HLQR) (232)

r'ro’oc Ulr'ro’o

where the indices denote on which parts of the system the respective term works on (L and
R indicate left and right of the current site, respectively, e locally on the current site). Of



2.2. Variational optimization scheme 33

course, the six terms of Eq. (2.32) depend on the current site k: Hﬁk), Hék), H](%k), Hék.),
Hfg and Hgi)R. In the case of the Hamiltonian in Eq. (1.5), (H,),,, consists of the rung
hopping terms and the nearest neighbour repulsion along the rung, (Hre),,,,, consists of
nearest neighbour hopping, correlated hopping and nearest neighbour repulsion along legs
with site k as rightmost site. (Heg),,,, 15 defined similarly with site k& as leftmost site and
(HLeR)1jprpq1 consists of the correlated hopping terms with site k£ as middle site. The terms
(Hp),, and (Hg),,, contain all terms which involve only sites &' < k and k' > k, respectively.

One easily verifies the following equalities:

gD = g® o g® g (2.33a)
Hgf_n _ H.(k)_FH.(l;)JrH;{k), (2.33b)

where the terms on the right hand side are meant to be transformed in the effective basis of
the operator on the left hand site (see Fig. 2.20).

H _

)

Figure 2.20: Iterative calculation of the operator Hékﬂ . The sum over ¢ indicates that Hgi

has the form ZHS? ® H" where H 1(,?) acts only on sites &’ < k and Hgf) only on site k.

0 )

The calculation of Hg_l) works analogously.

Initialization

First of all one needs an initial matrix product state, which is most conveniently chosen to
consist of identity transformations at the ends of the chain (see Sec. 2.1.2) and random A-
matrices for the rest of the chain. One starts with the first site where Hilbert space truncation
is applied as current site k and needs an orthonormal effective right basis (the effective left
basis is already orthonormal). It can be obtained using the orthonormalization procedure
introduced in Sec. 2.1.3 starting from site N . Additionally it is convenient, while dealing
with site N, to calculate and store the operator HI(DLNfl) (see Eq. (2.33b)) and the effective
description in the effective right basis of site N — 1 of all operators of site N (see Sec. 2.1.7),
which contribute to H, .(];%) and Hgi)R. This ensures when the sweeping procedure reaches site
N — 1, that all necessary operators are already calculated. This is repeated from site N
down to site k + 1, and similarly for the sites &/ < k in the other direction. The result of
these initialization steps is that one has a current site k£ with orthonormal effective basis sets,
effective descriptions of the Hamiltonian terms Hék) and Hgf) and effective descriptions of
all operators contributing to H g?, H f’g and Hg?R. Moreover, with an appropriate extension
to the switching procedure of Sec. 2.1.3, all effective descriptions for other current sites are
available for use when needed in future sweeping steps.
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Extended switching procedure

The switching procedure of Sec. 2.1.3 is applied as before. Additionally, depending on the
direction of the switch, H ékﬂ) or H gc—n are calculated and stored. Also the operators needed
for the Hamiltonian Eq. (2.32) are calculated and stored (see Fig. 2.21). This extended
switching ensures that for the new current site all required operators are calculated and
available, if they had been for the old current site.

a) <
[(c'2), fizm)] [(zch), fovz)]

Ay Ay
[c2), . Jizv)] [ o) fvz)

I

Figure 2.21: The operators, calculated in an extended switch from site k to site k + 1, for
the Hamiltonian in Eq. (1.5) with site k + 1 as current site. The operators a) are needed
for the nearest neighbour hopping along legs, the operators b) are needed for the nearest
neighbour repulsion along legs and the operators c) are needed for the correlated hops. The
extended switch from site k to site k — 1 works analogously.

Complete ground state calculation

The methods introduced above make the procedure to determine the ground state very
efficient, because the global problem is mapped onto many local problems involving only a
few terms to calculate. The iterative structure of the matrix product states and the effective
Hamiltonian terms strongly increase the efficiency. So one full ground state calculation
consists of:

1. Initialization as described above
2. Full sweeps from site 2 to site N — 1 and back to site 2.

3. After each sweep i the overlap (¢;_1]|1;) between the state before and after the sweep is
calculated. If the matrix product state does not change any more, stop the sweeping.
A criterion, for example, for when to stop would be to require that

|(Wi_1|s) — (i_althi_1)|
| (ti-1]1bs)| =S¢ (2.34)

where € is a small control parameter, typically of order 10719 to 10713,
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2.2.3 Numerical costs

The step with the most impact on the numerical costs of the algorithm is the calculation
of H |¢) in the Lanczos method. This method is an iterative scheme using several Lanczos
steps, of which usually less than 100 are needed for one ground state calculation. Each
Lanczos step calculates H [¢) exactly once. This calculation basically consists of elementary
matrix multiplications, see App. A.4 for details on the numerical costs of such calculations.

The six terms introduced in Eq. (2.32) are not all equally time consuming. Most of them
contain identity maps which do not need to be carried out. Furthermore it is more efficient
to contract operators of different Hilbert spaces successively instead of contracting the direct
product of them at once (see Fig. 2.22).

Figure 2.22: Two ways of contracting the operators B, acting on the effective left basis, B
acting on the local basis and By acting on the effective right basis onto an A-matrix: a) The
efficient way, where the three operators are contracted onto A step by step. Its numerical
cost is of order O (dD?* (D + D + d)) (the resulting object always consists of dD? entries,
and matrix multiplications by By, B or Bg involves summing over an index with dimension
D, d, or D respectively). b) The inefficient way, where the three operators are contracted
onto A in one step. It is of order O (d2D*) (the resulting object consists of dD? entries and
one applies dD? multiplications for each value).

Thus the term Hp.pr is the most time consuming term and it is of order

Crer = O (dD* (2D + d)) , (2.35)

where C' stands for the cost. The other terms are of order Cy = O (d>D?), Cr, = O (dD?) =
Cr and Cre = O (dD* (D + d)) = Cer. Thus the total numerical cost for the minimization
process is

C' = Nsweep X 2N X Nianesos X (dD? (2D + d)) , (2.36)

where Ngyeep is the number of sweeps, N is the chain length and Npancsos is the number of
Lanczos steps. In practice the cutoff dimension is significantly higher than the local Hilbert
space dimension d. Thus the total cost is linear in d.

In Sec. 1.1 was stated that the numerical approach does not benefit as much from considering
the limit of infinite nearest neighbour repulsion as the analytical approach. We are now in a
position to make that statement somewhat more precise: this limit could in fact be exploited
to achieve a modest speedup for the numerical approach if one would reduce the local Hilbert
space dimension d from 4 to 3. But the numerical costs depend much more strongly on the
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cutoff dimension D, and thus this reduction has not been implemented. Moreover, by not
implementing this reduction in the local Hilbert space is to retain the possibility to set
the nearest neighbour repulsion to zero, which is needed for comparison with the results of
Sec. 1.2. Note that even for infinite nearest neighbour repulsion, the numerical approach
cannot exclude a priori configurations containing nearest neighbours on the same leg, but
different rungs. These are excluded by the energy minimization procedure.
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Chapter 3

Matrix product state method for infinite
systems

A method designed for finite systems, like the one introduced in Chap. 2, can in principle also
be used to study the thermodynamic limit of infinite (one-dimensional) systems, provided
that the properties of the finite system converge with increasing system sizes. Nevertheless,
artefacts of the finite size will always remain. To overcome this weakness, G. Vidal proposed
a method based on matrix product states and translational symmetry [7]. In this method
(infinite) matriz product states are introduced, which describe an infinite one-dimensional
system in an efficient way. Translational symmetry is exploited to reduce the number of
independent A-matrices. This method may be improved in several ways [10], but in this
thesis the original method of G. Vidal is presented.

Again, as in Chap. 2, the Jordan-Wigner transformation (see App. A.1) is applied throughout
for practical purposes before any calculations are made.

3.1 Construction of infinite matrix product states

Consider an infinite one-dimensional lattice consisting of equivalent sites labeled by ¢ € Z,
with a local state space of dimension d. One may split this lattice into two semi-infinite
sublattices Ly = {—o00,...,k} and Ry,1 = {k+1,...,00}. The Schmidt decomposition of
a single state [¢) then reads as

D

)y = sl gy @ [glfenl) (3.1)

n=1

where ]1/)7[1]:’“]) and |w,[LR’““]> are the Schmidt basis sets describing the left and the right sublat-
tice, respectively, which are not necessarily orthonormal in the given context. The coefficients
sl are defined to be positive (see Fig. 3.1). The Schmidt rank is called D in anticipation,
because this turns out to be the parameter which governs truncation in a manner very similar

to the two-site DMRG introduced in Sec. 2.1.4. Although for an infinite system D is a priori
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infinite, we take it to be finite, thereby effectively implementing a truncation scheme. In
contrast to the DMRG approach, it is unclear how to find an optimal choice for D. Starting
from Eq. (3.1) one could construct reduced density matrices for the left or right system by
tracing out the complementary system, but without an orthonormal basis, these reduced
density matrices are not of much use and the cutoff of the Hilbert spaces is rather uncon-
trolled. In fact, this point is not addressed by G. Vidal and thus several values of D have to
be tried and their influence on the result has to be compared.

It is straightforward to relate the Schmidt basis sets for two left (right) sublattices, referring
to neighbouring sites k£ and k + 1:

D d
e S bty o) (3.20)
o) leZl i) o)
D d
) = 305 Tl o) ) (320
m=1o=1

where the basis sets are related by the three-index tensor I'*l. One may write the state in
terms of one of these tensors and obtains (see Fig. 3.1)

= S Sl o e o) e 33)

nm=1 oc=1

which is very similar to Eq. (2.3) in structure. If one defines AI[Z (\/ slk=1ID L/ slk] ) :

lgrrok

|li) = |¢[Lk 1]> and |ry) = |¢r, ] ) for all k, one actually obtains (see Fig. 3.1)
= > AT ow) i) (3.4)
lkTLOK

where the effective basis sets transform exactly as in Eq. (2.4).

k—1 k k+1 k—1 k k+1 k—1

k
—o—o&—‘f—fo—ﬁe—o }@{ o—

|/U‘)[Lk]> ‘7‘5“;[Rk]> ‘E‘;[Lk—l]> |os) |,U‘)[Rk]> ‘lk> lon)  |7e)

Figure 3.1: The steps which lead to a description of the infinite lattice via A-matrices.

Thus one has a description of the state by infinitely many A-matrices. This, of course, is
not very convenient in practice and one has to exploit another property of the system: the
assumed translational invariance of the Hamiltonian (e.g. that of Eq. (1.5)). Assuming the
ground state to be invariant under translation, all A-matrices have to be equal to fulfill this
property of a ground state. This simplifies the problem considerably, because one effectively
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describes an infinite system by exactly one or more generally just by a few A-matrices. One
may allow for a partial breaking of translational symmetry by introducing M independent A-
matrices A1, .. Al°M) which form a block. This block is repeated infinitely often instead of
a single A-matrix. This description of |¢) is still fully general, because if no long range order
arises, the matrices Al ... Al°M] may become all the same. As the system is described by
only these M matrices, the labeling of the A-matrices with ¢ € Z is dropped and replaced
by the labelling 1, ..., M. Thus for a certain site i the corresponding A-matrix is Al with
n=(i—1) mod (M +1).

The introduction of several A-matrices is useful to apply the time evolution operator onto
an infinite matrix product state (see Sec. 3.3). It also allows for the A-matrices to be not
all the same, which may be necessary for certain ground states. Consider a ground state
being a charge density wave, i.e. every second site is occupied with the intermediate sites
unoccupied. Obviously, this ground state is degenerate as one may shift the arrangement
by one site without changing the energy. In general the ground state would be a linear
superposition of these two states, but the matrix product state method tends to spontaneous
symmetry breaking, by favouring one of the two states. For the linear superposition of the
two symmetry-broken states every A-matrix may be the same, but for one of the two charge
density waves two adjacent sites have to be different. Thus, if one describes the system by
only one A-matrix the method may not converge, because it tries to describe one charge
density wave, which it cannot. To overcome this problem, one would have to significantly
increase the cutoff dimension D, which lowers the efficiency of the method.

3.2 Details of infinite matrix product states

Infinite matrix product states (IMPS) are, in spite of many similarities, quite different from
finite matrix product states. It is not possible to implement a well-defined norm or scalar
product between two different infinite matrix product states. In general it would be either
zero or infinity due to the infinite repetition of the A-matrices. Furthermore, the effective
basis sets |lx) and |ry) are not orthonormal in the prescription given by G. Vidal (there is
one in [10]). There is no local view, and with non-orthonormal basis sets a local view would
not be of much use. In fact it is not needed, because only a few matrices are considered in
any case.

3.2.1 Expectation values

From the previous section it is clear in principle how to calculate an expectation value. Con-
tract all A-matrices from left to right with their corresponding A*-matrices (their complex
conjugates) and insert the operators for the expectation value at the sites they are acting
on. The contraction of the A-matrices of one block with their corresponding A*-matrices is
called P = Py, (see Eq. (3.5) and Fig. 3.5) and the blocks on which the operators are
acting, are called operator blocks, O = Oy pyry,m (see Fig. 3.2).
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P:Plll’lmwﬁu = (o1]... (o] Z (A[Ui] "’A[UM]>*

e 1,
( > (A["l]...A["M])> lo1) ... |owr)
T1,...,OM lirag
= ) (Al (Al Al (3.5)
01y OM

Figure 3.2: The expectation value (ci¢,) as generalized from Sec. 2.1.9. The block in the
middle, where the operators are acting, is the operator block.

This generalization, however does not take into account that the state cannot be normalized.
Moreover it is not possible to naively contract all matrices from minus infinity to plus infinity.
The first problem may be overcome by calculating normalized expectation values:

(Y] - I)
()=""r5" (3.6)
(¥]¥)
though the norm is still ill-defined. Notice however, that apart from the operator blocks, the

contraction of the A-matrices up to minus or plus infinity results in an infinite repetition of

P (see Fig. 3.3).

Figure 3.3: Calculation of expectation values via P. The expectation value <cicg>, expressed
by the operator block O and P. In this case there is only one operator block. For (clep4)
two operator blocks, O; andO,, would arise.
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Consider the action of P to the right of the operator blocks: P is infinitely often multiplied
onto the basis states |rys) and |r),) of the operator block, the result of this infinite multi-
plications is nothing else than calculating the overlap matrix between |rys) and |r},). The
same reasoning also applies to the left side of the operator block and thus to |l;) and |I}).
For the denominator the same reasoning may be applied, except that one would retain one
P for each operator block in the numerator, to obtain a proper normalization (see Fig. 3.4).

< Q
g =
@) °
S o
g P ]
O | | | ©

Figure 3.4: The expectation value <CICQ>, expressed by the operator block O, P and the
overlap matrices for the left and the right part.

From the infinite repetition of P it is obvious that the left and right eigenvectors (py|
and |pgr) associated with the largest eigenvalue p (with respect to the matrix P(lll/l Y(rarrhy):

see Fig. 3.5) will dominate the result of the infinite multiplications [3, 6, Sec. III]. Thus
the overlap matrix (l{|l;) between |l;) and [l}) turns out to be proportional to (p,| and
the overlap matrix (r,|ray) to |pr). The structure of an overlap matrix which is always
hermitian by construction, requires that these eigenvectors, rearranged into matrices of the
form (pr),,;, and (pR)er’Mv are hermitian, too.

Iy — — 7\

el [ P | = Pl P (|pr)| = P |pr)

! /
lh = — "M

Figure 3.5: P with its largest left and right eigenvectors.

The contributions of all other eigenvalues to Eq. (3.6) vanish since in the limit [ — oo
the greatest eigenvalue becomes dominant over all other eigenvalues. Thus one obtains the
following result assuming only one operator block (see Fig. 3.6):

() = lim (pL|P'OP' |pR)
i=co (pr| P'Pp' |pr)
(p| O |pr)
(prlpr)p
where [ is the number of multiplications of P with itself. For n operator blocks, the only

change is that p in the denominator is replaced by p". Thus, one arrives at a finite formula
for an expectation value involving infinite products.

(3.7)
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(pe lpr)

Figure 3.6: The expectation value <CICQ> calculated by the finite expression Eq. (3.7).

3.2.2 Reduced density matrix

Following the derivation in Sec. 3.2.1, a reduced density matrix is calculated analogously to
an expectation value. The operator blocks are replaced by blocks with open local indices,
see Fig. 3.7 for a graphical representation.

(pl |PR)

p (pLl [pR)

Figure 3.7: Reduced density matrix pgi, where the sites k and &" are within one block (e.g.
k=1and k' = M).

3.3 Infinite time evolving block decimation

So far no scheme to obtain a ground state was introduced. Based on ground state calculations
on finite systems by time evolving block decimation [11, 12, 13], G. Vidal introduced the
infinite time evolving block decimation |7]. The basic idea is to obtain the time evolution of
a state by real-time evolution as in Eq. (3.8a), and to obtain the ground state of a system
by imaginary-time evolution as in Eq. (3.8b).

(1) = e ), (3.8a)

—TH
Gy g V) 3.8h
%) = Jim = (3.8b)
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3.3.1 Decomposition of the time evolution

Egs. (3.8a) and (3.8b) are standard equations. The question is how to calculate these in our
present context, We shall focus on the imaginary time evolution to obtain the ground state.
To apply the time evolution operator the Suzuki-Trotter decomposition [14] together with
block decimation is used: the Hamiltonian is divided into several parts H = ), H;, chosen
such that all terms within one part commute with each other. These terms have to contain
at least as many as the most far-reaching term in the Hamiltonian (see Fig. 3.8),

= e 0 (e A ) (39)
(2%

where the number of Hamiltonian parts has been called M in anticipation that it has to be
equal to the block size. The individual terms within H; may be decomposed into several
exponents one by one as they all commute with each other.

e77H3 e*THl efTH3 e*THl
— I = =1 =
C——(0O)—D—2D)—)—(1)—5)—5)
U/ N4 o/ &/ 2/ N4 O/ N4
Ny M1 - M1 i

—7H> —7Hg —TH> —7Hg —7H>

& e & e €

Figure 3.8: The Hamiltonian in Eq. (1.5) divided into four parts, where all terms within
one part commute. Single bars denote local terms (rung hopping and nearest neighbour
repulsion along rungs), bars connecting two sites denote nearest neighbour interaction (leg
hopping and nearest neighbour repulsion along legs) and bars connecting three sites denote
correlated hops.

This partitioning scheme is perfectly suited for infinite matrix product states. Consider an
infinite matrix product state with a block of size M and a Hamiltonian that has been split
into M parts, H; with « = 1,..., M. H; is chosen to contain all terms whose leftmost site
is of the form ¢ + zM, 2z € 7Z and of these, all those having the same z are considered to
constitute a single block, called block z (see Fig. 3.8). Since each block is described by the
same A-matrices, the translational symmetry of the Hamiltonian implies, that the action of
e~ ™ on the whole system can be calculated by considering only the terms corresponding
to a single choice of z, acting on the block z (see Fig. 3.9). After applying all parts of the
imaginary time evolution operator one has applied a full imaginary time evolution of time
7. Due to this periodic behaviour, the operator e~7# will denote just the part acting on a
single block in the following.
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0 1 2 3 4 5 6 7 8
| e*THl | | e*THl |
| | | | | |
z=1 z2=2

Figure 3.9: The action of e~™H! onto the infinite matrix product state for the Hamiltonian
in Eq. (1.5) with M = 4.

3.3.2 Local operators acting on |¢)

The remaining task for the imaginary time evolution is to apply the operator e~7#i onto [¢).
For simplicity, e~7#1 is chosen as introduced above, which acts on the sites 1, 2 and 3. This
operator acts only on the local Hilbert spaces of the corresponding chain sites and thus one
only needs to consider their respective A-matrices. Contracting the indices connecting the
three A-matrices, one obtains (see Fig. 3.10)

I DU Sl I D (i SN <A[01]A[05]A[0é]>m Alodl

VAP B |
lio102030474 T3 oljohol

) |o1) |o2) [os) |oa) [r4) - (3.10)

Afterwards one has to decompose the resulting object via the singular value decomposition.
This is in complete analogy to the procedure introduced in Sec. 2.1.4 for two site DMRG,
but in several steps. See Fig. 3.10 for a graphical explanation. Similar to the construction
of infinite matrix product states the square root of the singular values is multiplied onto u

and v,
- o -
| | |

L e ]

= = uvsiHVsuvaH el =
T T |

Figure 3.10: Decomposition of the object resulting out of Eq. (3.10) in two steps.

3.3.3 Determining the ground state

Summarizing everything introduced above, the ground state is determined by infinite time
evolving block decimation as follows:

1. Initialization of a state consisting of M A-matrices with random entries, where M has
to be larger than the range of the most far-reaching term in the Hamiltonian. The
Hamiltonian H is divided into M parts as depicted in Fig. 3.8.
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2. The time evolution procedure for several choices of the parameter 7. The process is
sensitive to this choice, very small values of 7 would be required to minimize the error
of the Suzuki-Trotter decomposition (Eq. (3.9)) on the one hand, but large values
of 7 would be required to ensure that e ™" represents a projector onto the ground
state. Thus starting with large values of 7 to reach far in the time-line and to get rid
of high energy contributions, one reduces 7 more and more to minimize the Suzuki-
Trotter error (see Eq. (3.9)) and to access smaller energy scales, which are insensitive
to greater values of 7. There is no best choice as long as one applies the imaginary time
evolution for each value of 7 often enough the energy does not decrease significantly
any more. The final 7 depends on the desired maximal error and on the greatest terms
in the Hamiltonian (see Eq. (3.9)).
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Chapter 4

Correlations

The calculation of the ground state itself in the d”-dimensional Hilbert space is only the
mathematical prerequisite for calculating the properties of the ground state, even though
it is the most time-consuming part. To investigate several properties of a state, one has
to calculate appropriate correlators. A correlator is the expectation value of two operators
acting on different sites. If one fixes one site and calculates the correlator to another site,
which is r sites apart, one obtains the correlation function as a function of the distance r.
Of course this concept is not restricted to two operators acting on two sites. In general one
may define a cluster as several connected sites and calculate the correlation function of some
operators between two clusters as a function of distance.

4.1 Correlation functions

One may imagine any combination of operators for a correlation function, but in this thesis
basically three correlation functions are considered: (n;n;,,) and (cl¢;.,) as two-site correla-
tion functions (each cluster consists of one site) and (c/c! +1CitrCitr41) as four-site correlation
function (each cluster consists of two sites). There is one important technicality, since one
works with fermionic creation and annihilation operators: correlators with an odd number
of creation and annihilation operators in one cluster "produce’ fermionic signs. This can be
seen in the Jordan-Wigner transformed (see App. A.1) basis, for example

<c;-rcl-+r> = <6ZT <1Jﬁ1 zk> éi+r> ) (4.1)

k=i+1

Of course these signs occur also in the old basis, but in the Jordan-Wigner transformed basis
they are seen most explicitly.

To obtain 'reduced’ correlations, it is convenient to subtract the product of the expectation
values of the two clusters, i.e. for two operators O; and O,, acting on one or the other
cluster, one obtains the 'reduced’ correlator
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(0109) — (01) (O2) , (4.2)

describing the correlations. For most cases the latter part will be zero, due to an unequal
number of creation and annihilation operators in O; and O;. In the following only the
'reduced’ correlation functions are considered.

The correlation function Copw (4,7) = (niniyr) — (n;)(niy,) may be identified with a charge
density wave (CDW), because it reproduces the oscillating behaviour of occupancy of the
charge density wave.

The correlation function Cgy, (i,7) = (¢ ¢;1,) may be associated with Fermi liquid behaviour
(FL). This correlation function determines whether the system is conducting or not. A van-
ishing correlation function reveals an isolator and a large value indicates good conductance.

Similarly, the correlation function Csc (i,7) = <c:fclT +1ci+rci+r+1> shows whether the trans-

port of pairs of fermions is possible or not. Thus it is associated with superconducting

behaviour (SC).

What one can see from these correlation functions, is that all operators of a correlation
function belong to the same, clearly distinguishable symmetry class. The easiest symmetry
classes one can think of is to sort correlation functions by the change in the fermion number
AF in each cluster. The CDW correlation function conserves the fermion number, AF = 0,
the FL correlation function changes the fermion number by one in each cluster (of course
totally particle conservation is fulfilled), AF = 1, and the SC correlation function changes
the fermion number by two, AF = 2.

4.2 Correlation density matrix

When trying to characterize the properties of a given ground state in terms of the behaviour
of its correlation function, one encounters the problem, that one has to guess in advance
which one could have a contribution or not. Thus one might miss a type of correlation that
is uncommon or new. A concept to determine the dominant correlations in an unbiased
fashion without prior knowledge is the correlation density matric (CDM) [1], defined as
follows:

pC =P —ptept. (4.3)

A and B are two clusters, pA? is the reduced density matrix of the combined clusters and p*
and p? are the reduced density matrices of the single clusters. This definition is motivated
by Eq. (4.2) and the general connection between density matrices p and expectation values
of operators O:

(0) = Tr (pO) . (4.4)

For two operators O4 and Op acting on the clusters A and B, respectively, the correlation
function reads as
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<OAOB> — <OA> <OB> = Tr (,OABOAOB) —Tr (pAOA) Tr (,OBOB)
= Tr(p"? (04®O0p) — (p* ® p”) (04 ® Op))
= Tr (pc (O4® OB)) . (4.5)

Thus the correlation density matrix Eq. (4.3) contains all possible inter-cluster correlations,
both classical and quantum correlations [1]. If there were no correlations, the correlation
density matrix vanishes, because then p? = p* ® pP! This has to be considered carefully.
The Heisenberg chain as a product state yields a vanishing correlation density matrix! But
one cannot say that two parts of the Heisenberg chain have nothing to do with each other
as one knows ezactly the spin of all other sites, if one knows the spin of one site. Never-
theless, there are no correlations in the sense, that an operation on one site, for example a
measurement, would affect other sites.

It is convenient to define the size of the clusters A and B to be the same, which will be
assumed for the rest of this thesis. Then there exists an upper bound for the correlation
density matrix [1]:

1
o <15, (4.6)

(&
where d, is the dimension of the reduced Hilbert spaces H4 and H? of cluster A and B,
respectively. To study the long range behaviour of the system one may calculate a series
of correlation density matrices, where the two clusters depart more and more from each
other. Thus one obtains the correlation density matrix as a function of distance r and has
something comparable to the correlation functions, but with the great advantage that all
possible correlations are included!

The correlation density matrix itself does not reveal the properties of the system as directly
as the correlation functions do (see Sec. 4.1). To study the various parts of the correlation
density matrix, we apply a singular value decomposition (see App. A.3) [1|. Consider two
clusters A and B, whose Hilbert spaces H* and H” have dimension d, respectively. The
correlation density matrix of these two clusters reads as

PC = () s - (4.7)

where the indices a,a’ belong to the Hilbert space H* and the indices b,b’ belong to the
Hilbert space H”. On both Hilbert spaces, we use the Frobenius norm and inner product:

9=

> |0y =Tr (0'0) , (4.8)

(01,020 = 3 (01),;(02),; = Tr (0]0s) . (4.9)

i?j
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After fusing the indices (a’a) and (0'b) one may apply the singular value decomposition and
unfuse the indices again:

P = () warn Z’w (0%) (08 . (4.10)

where w!® are the singular values and OL?] and OE;] the corresponding operators acting on
cluster A and B respectively. By definition, all operators have norm one with respect to the
Frobenius norm, and the singular values w!® are positive. Thus the norm of p¢ is simply

P =3 (W) (4.11)

«

The technicality of fermionic signs, see Eq. (4.1), of course also occurs here and thus one has
to calculate two correlation density matrices: one where the z-operators from the Jordan-
Wigner transformation are considered and one where they do not occur. From the one with
z-operators only correlations with an odd number of fermionic creation and annihilation
operators may be extracted and from the other one only those with an even number of
fermionic creation and annihilation operators.

The operators Of] and Oﬁg‘} are classified as follows, according to the three symmetry classes
introduced in Sec. 4.1. Consider the projection operators Ej; for both Hilbert spaces H*

and H?, respectively:
1 for (i,5)= (kI
(Ek,l)ij:{ . (i) = k) (4.12)

where the indices 1, j, k, [ each run from 1 to d.. They form a complete basis for both operator
spaces. A symmetry class, expressed in this basis, is taken to be the set of all projectors
that produce the same change AF in particle number in the cluster:

Si =A{Ew|AF = |F — Fy| = i}. (4.13)

A given (normalized) operator O can be decomposed as

0=> Ep O, (4.14)

k.l

where the weights are given by Oy ; = T'r (Ey,;0). Thus the weight of operator O in symmetry
class S; is defined as

wi (0)= Y |Oul”, (4.15)
E1€8;

where these weights add up to one when summed over all symmetry classes, due to the
operators being normalized: ), w; (O) = 1. To get a measure for the contribution of a given



4.2. Correlation density matrix 51

symmetry class to the complete correlation density matrix, the squares of the weights of all
singular values wl® are added up:

Wi‘;‘B = Z (w[o“})2 w; (O?) w; (Og) = 6,;WAP . (4.16)

67

The last equality expresses the fact, that it is not possible for terms of the singular value
decomposition to mix symmetry classes, i.e. for a given «, 01[24 and OE;‘] have to be in the
same symmetry class, else particle conservation would be violated.

These weights add up to the sum of the squares of all the singular values w!®, which makes
them comparable to the upper bound Eq. (4.6) of the correlation density matrix:

1
WA = STW = 3 () = [ <1 o (417)

«
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Chapter 5

Results

In this chapter we present our results, obtained by the techniques introduced in the preceding
chapters. To have an idea of the reliability of the methods, the parameters of the Hamiltonian
have been chosen such, that we could compare the results of both methods with the analytical
results of Sec. 1.2. Unfortunately, the infinite time evolving block decimation turned out to
be not very reliable. Thus we decided to concentrate on the results obtained with the
variational matrix product state method. Then, we calculated the ground state for various
parameter values and checked on the reliability of these results in terms of numerical criteria.
Before we investigated the correlation density matrix, the three limiting cases of Sec. 1.3 were
compared with the analytical solution.

Within this realization of the variational matrix product state method we fix a certain
particle filling by choosing a certain chemical potential (otherwise one would have to include
Abelian symmetries), and thus all calculations refer to the grand canonical ground state.
The Fermi energy has been set to zero for simplicity.

5.1 Consistency check for the noninteracting case

Without electron-electron interaction the results from the numerical methods can be com-
pared directly with the analytical solutions of Sec. 1.2 without any further mapping.

5.1.1 Infinite time evolving block decimation

A description of this method was given in Sec. 3.3. In practice the values for 7 are changed
dynamically within the calculation. We tried two approaches, starting with 7 = 1 and
decreasing it to 7 &~ 1077, which corresponds to a Suzuki-Trotter error, see Eq. (3.9), of
about 1076,

In the first approach 7 was decreased in N, equal steps, where the imaginary time evolution
for each 7, was repeated K times. It turned out that K could be chosen rather small
(typically K < 10), because the action of the imaginary time evolution converged to a fixed
value very fast. Based on this, we tried to study the influence of the choice of N, and K
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by fixing the product N, K = const. We expected to obtain higher accuracy for results with
large N, but K still large enough that the action of the imaginary time evolution converged.
But this was not the case; even worse, the influence of the values of N, and K was rather
irregular. The relative error, both in ground state energy and particle filling, compared to
the analytical results was always about 1072, which was disappointingly high.

The second approach modified this scheme to an exponential decrease of the T-values. Start-
ing with the first 7 the imaginary time evolution is applied K times and then changed to a
smaller value, determined by

Tp =27V", (5.1)

where n = 0 corresponds to the first 7. This scheme emphasizes the smaller values of 7 more
than the greater ones, in contrast to the previous scheme. The exact choice of the exponent
may be varied for best results. Nevertheless, the results were as irregular as before and the
relative error in ground state energy and particle filling again about 1072

The irregular 7-dependence, combined with the fact that the Hilbert space truncation in-
volves a few uncontrolled approximations, led us to the conclusion that the infinite time
evolving block decimation requires several improvements, which are beyond the scope of this
thesis. Thus this method has not been investigated further, especially as the correlation
functions could not be reproduced faithfully.

5.1.2 Variational matrix product state method

We have implemented this method as described in Chap. 2. The results obtained by this
method have been compared with both the analytical results for finite chains as well as the
analytical result for infinite chains. To check on the influence of the chain length, ground
state energy and filling have been analyzed for various chain lengths.

Zero inter-leg hopping

The parameters of the Hamiltonian in Eq. (1.5) have been chosen such that it may be
compared with a single tight binding chain, i.e. the inter-leg hopping is zero, t; = 0, as
well as the electron-electron interaction terms, ¢, = 0 and V' = 0. The only remaining
Hamiltonian term is ¢ = 1. The ground state energy per unit cell and the filling are shown
in Figs. 5.1 and 5.2 as functions of the chain length N.
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Figure 5.1: Ground state energy per unit cell E and the corresponding error for several chain
lengths. The black curve shows the exact result for finite chains. The numerical results are
divided into even (blue) and odd (red) chain lengths. a) The ground state energy per unit

cell of the infinite chain E%°

exact

extrapolated to N — oo, i.e.

to the exact result for finite chain length Feyact.

N

is used as reference energy to see how good the finite chain
simulates the infinite system. The x-axis shows the inverse chain length
— 0. b) The relative error of the DMRG results with respect
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Figure 5.2: Ground state filling v and the corresponding error for several chain lengths. The
black curve shows the exact result for finite chains. The numerical results are divided into
even (blue) and odd (red) chain lengths. a) Chain filling. b) Relative error, where vexact is
the filling of the exact result for finite chain length.
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One can clearly see that the results for the filling are less accurate for odd chain lengths,
because the ground state is degenerate in this case. This does not appear to make a significant
difference for the energy, however. Because of the good agreement between analytical and
numerical results and good convergence with respect to numerical criteria, we calculated the
correlation functions as introduced in Sec. 1.2.1. The results are shown in Fig. 5.3.

= 0, N =99, Site = 25
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= 10°} > — -
& 107 b . -
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; 10 - -
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© 10  F (b) CDW correlator —— DMRG T
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10° ;
—~ 10°} -
S 10" | :
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» 10 T —— exact i
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Figure 5.3: Correlation functions as introduced in Sec. 1.2.1 for chain length N = 99 calcu-
lated relative to site 25. All correlation functions are plotted versus the distance r. a) The
FL correlation function. Only odd distances are plotted because the even ones are zero in
the exact case. b) The CDW correlation function. Again only odd distances are plotted. c)
The SC correlation function. For all three cases the error for the values that are zero in the
exact case is about 107 and the relative error for the non-zero values is about 1072 up to
distances of 20.

To get an estimate on the accuracy of the correlation density matrix, it has been calculated
similarly with cluster A fixed at the same site as the correlation functions in Fig. 5.3 (site
25) and with cluster B moved to the right to vary the distance. To include not only the
CDW and FL correlations, but also the SC correlations, the size of the clusters were chosen
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as two neighbouring rungs on the ladder. We assigned the weights of the singular value
decomposition of these correlation density matrices to the symmetry classes as introduced
in Sec. 4.2. The result is plotted in Fig. 5.4 together with the correlation functions for the
exact result of the infinite chain for comparison. To obtain a curve which lies close to the
fitting curve, these correlation functions were squared and adjusted, by a factor of %, for the
following reasons. First, as we sum over the square of the weights, the correlation functions
had to be squared, too. Also, the operators involved in these correlation functions (¢, n, .. .)
are not normalized in the sense of the singular value decomposition in Eq. (4.10), thus one
has to divide through this norm. On the other hand, the chosen correlation functions are
each only one of several similar correlation functions within a given block configuration A
and B. Thus for a correlation function C', based on operators which have norm N in each
cluster and for which n similar correlation functions exist, we plot

C'= %nc2 : (5.2)
For example in the case of the FL correlation with two clusters of size 2, there are 8 pos-
sibilities for a particle to move from cluster A to cluster B for vanishing inter-leg hopping,
and the corresponding operators, e.g. ¢1; ® 1}; ® 14,41 ® 1,41, which acts on one cluster in
this case, have Frobenius norm N = 8. The resulting factor is %, as well as for the CDW
and SC correlations.

We applied a polynomial fit on the DMRG results to obtain the exponent of the power law,
but not over the full range of r, only for the part away from the open boundary where the
fluctuations are not too strong as indicated by the grey region in Fig. 5.4.
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t,= 0, N =99, Cluster A = (25,26)
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Figure 5.4: The symmetry ordered weights of the correlation density matrices as a function
of distance. Cluster A is fixed on the sites (25,26) and cluster B separated from it by r
sites, starting from sites (27,28) on to the right. The light, solid curves show the weights
of the CDM, the dark, solid curves the polynomial fit and the dashed curves the analytical
correlation function for the infinite chain. The polynomial fits cr—2® (the factor of two in the
exponent accounts for the singular values being squared) yield the following critical expo-
nents: a (CDW) = 2.02, o (FL) = 0.94 and « (SC) = 2.02, which is in acceptable agreement,
with the exact results, namely qexact (CDW) = 2, atexact (FL) = 1 and qiexaer (SC) = 2 as can
be seen in Sec. 1.2. Even and odd distances have been fitted separately and the middle of
these two fits is used. The range of r-values that was used for the fitting has been shaded

grey.

Finite inter-leg hopping

The same comparisons as for the zero inter-leg hopping are applied in the case of finite
inter-leg hopping (with ¢, = 1 for simplicity). Again the ground state energy per unit cell
and the filling are plotted as a function of chain length N (see Figs. 5.5 and 5.6).
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Figure 5.5: Ground state energy and the corresponding error for several chain lengths for
t, = 1, otherwise as plotted in Fig. 5.1. For more information see the caption of that figure.
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Figure 5.6: Ground state filling and the corresponding error for several chain lengths, oth-
erwise as plotted in Fig. 5.2. For more information see the caption of that figure.

In this case there is no difference in accuracy between even and odd chain lengths, because
the ground state is typically not degenerate for the calculated chain lengths. The agreement
between analytical and numerical results is good and the numerical calculations are suffi-
ciently converged. The resulting correlation functions are plotted in Fig. 5.7, as well as the

results derived from the correlation density matrix similar to the zero inter-leg hopping case
(see Fig. 5.8).
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Figure 5.7: The three correlation functions for a chain with length N = 100, with reference
to site 25: a) FL, but only values that are non-zero in the exact result are plotted. b) CDW,
again with only non-zero values of the exact case plotted. ¢) SC. See Fig. 5.3 for a detailed
explanation. The errors are within the same range as for the zero inter-leg hopping.
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t_ =1, N =100, Cluster A = (25,26)
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Figure 5.8: The symmetry ordered weights of the correlation density matrices as a function
of distance. Cluster A is fixed on the sites (25, 26) and cluster B moves from sites (27, 28) to
the right. See Fig. 5.4 for a detailed explanation. The fitted critical exponents o as in cr—2¢
are: a(CDW) = 1.79, o (FL) = 0.80 and « (SC) = 1.80, which is not in good agreement
with the exact results aexact (CDW) = 2, aiexact (FL) = 1 and qiexact (SC) = 2, but gives the
correct tendency and the correct dominant correlation.

Outlook on the results with electron-electron interaction

The results of both cases are good enough that we expected meaningful results for the
Hamiltonian as in Eq. (1.5). For the cases which are described in Sec. 1.3, we want to
reproduce the results. At least a tendency of the correlation functions or of the correlation
density matrix may be extracted from the numerical simulations.

5.2 Numerical checks on the DMRG results

For the rest of the thesis we investigate the interacting case, i.e. including infinite nearest
neighbour repulsion and correlated hopping. Before we investigated any correlation func-
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tions, several checks on the numerical results had to be done. We calculated the ground
state for ¢, and ¢, taking the values 0, 1072, 107!, 1, 10! and 10? for chain lengths N = 99
and N = 100 with a cutoff dimension of D = 64. The infinite nearest neighbour repulsion
was simulated by V = 10*. These are the calculations, where all results in the next sections
come from. First of all we checked on the numerical convergence of the results, using the
criterion given by Eq. (2.34), see Fig. 5.9.

N =99 N =100
2 4 4 5 5 5 9 9 9 -2
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ol 7 5 5 ol © 6 9 6 | 18 | 38 -4
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Figure 5.9: The number of sweeps (upper number) with dimension D = 64 and the grade of
convergence with respect to Eq. (2.34) (lower number, not ¢ is plotted, but log,, (¢)) for all
calculated ground states. The colouring scheme is determined by the grade of convergence,
where white denotes good convergence and blue bad convergence. The result for N = 100,
t; = 0.01 and t. = 0.01 is converged very bad despite of many sweeps. After a closer
investigation, we found that it had been stuck in a local minimum for about 30 sweeps,
because in that sweep the energy dropped drastically over a few site optimizations and
started to converge again afterwards.

This is a first clue on the complexity of the system for different parameter values. A more
difficult description of the complexity of the system gives the bond entropy, introduced in
Sec. 2.1.4. In principle we applied the two-site Hilbert space truncation scheme to obtain
the bond entropy, but without changing the state. Starting with the contraction and de-
composition of sites one and two, then going on to the sites two and three and so on, we
obtained the bond entropy for the whole chain (see Fig. 5.10). We investigated not .S, but
rather e, which has two interesting features. If it is one, the bond entropy is zero and thus
the state is a product state with no entanglement at all. Second, its upper bound is the
cutoff dimension D (easily shown for a D x D density matrix with equal weights, which
corresponds to the density matrix with the greatest entropy). Moreover we could check on
the ratio of the largest (s1) to the smallest (sp) singular value, which was not discarded (see
Fig. 5.11): Z—fl’ The smaller this ratio, the smaller the part of the reduced density matrix
that is discarded and thus the error made in the Hilbert space truncation is smaller.
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Figure 5.10: The maximal bond entropy e along the chain for all calculated ground states.
We calculated the bond entropy for all bonds of the chain and took the largest value for each
chain for this plot.
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Figure 5.11: The ratio of the largest singular value to the smallest ‘Z—Jf along the chain. From
the calculation of the bond entropy we had a singular value spectrum for each bond and
calculated the ratio of the first (largest) singular value to the Dth (smallest kept) singular
value. The maximal ratio for each chain is plotted.

A remarkable feature of the maximal bond entropy is the discrepancy between the results
for N =99 and N = 100 for large values of £,. The maximal bond entropy for the N = 100
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results is nearly twice the value of the N = 99 results (see Fig. 5.10), but the ratio of
the singular values is nearly the same (see Fig. 5.11). Thus we had a closer look on these
parameter values. Choosing a bond in the middle of the chain, we compared the complete
singular value spectrum of the two chain lengths. It turned out that for the chain with length
N = 100 each singular value has a second singular value with nearly the same value (see
Fig. 5.12). This indicates degeneracy of the ground state which is reasonable because for
dominating inter-leg hopping one expects fermions which are delocalized over one rung with
every second rung occupied due to the infinite nearest neighbour repulsion (see Sec. 1.3). For
a chain length of N = 100 (or more generally for even chain lengths) this is accomplished by
two states, one where all even rungs are occupied and one where all odd rungs are occupied.
This is not the case for the chain with length N =99 (odd chain lengths).

N =100

0 10 20 30 40 50 60 70

Figure 5.12: The complete singular value spectrum of the bond between site 50 and site 51
for a chain length of N = 99 (blue) and N = 100 (red). There are D = 64 singular values
plotted. The remaining singular values (in total there are dD) are zero by construction of
variational single site DMRG.

The preceding checks are concerning the numerical method and give a hint on the accuracy
we can expect. A concrete physical condition is the demand that the total particle number
has to be an integer number. A deviation of the total particle number from an integer
number gives a direct estimate on the error of our method, see Fig. 5.13.
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Figure 5.13: The deviation of the total particle number Ny, from an integer number for all
calculated results: ANio = |Niot — round (Niet)|, but the plot shows log;, (ANiet). One can
clearly see that ground states with good numerical convergence have smaller values of A Ni.

Of course we cannot treat the preceding figures as a phase diagram, but they look similar
to the phase diagram in Fig. 1.5. Something which may show the structure of the phase

diagram is the filling of the sites v = % of the grand canonical ground state, see Fig. 5.14.
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Figure 5.14: The ground state filling for all our calculations. The colouring scheme is chosen
such that white corresponds to quarter filling.
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Reproduced features

All these diagrams mimic the structure of Fig. 1.5. Moreover, some of them reproduce the
predictions made in [2| on the phase boundaries. The bond entropy in Fig. 5.10 shows
a significant increase for ¢, = 1 and ¢t; < 1, which means that the bonds carry more
information, i.e. the state is more complex. This indicates that there might be two competing
states and thus a phase transition. The filling shows something similar, but for ¢; = 1 and
t. < 1. It clearly drops down compared to other values of ¢ in the surrounding. There is
no interpretation as for the bond entropy, one can only see that there is something different
for these parameters.

5.3 Investigation of correlation functions and expecta-
tion values

The diagrams in Sec. 5.2 suggest, that we can reproduce the phase diagram in Fig. 1.5. Thus
we investigated the limiting cases, which have been solved analytically in Sec. 1.3, to get
a better impression of the numerical results in these cases. In each case we calculated the
average occupancy for several sites in the middle of the chain, the FL correlation function
Crr, (i, i —7'|) = (c;ica/ﬂ-/} and the CDW correlation function Copw (7, |i — '|) = (nainair)-
To illustrate the expectation values, we depicted them by circles located on the sites of the
ladder. The radius of the circles is proportional to the absolute value of the expectation
value. In the case of the FL. and CDW correlation functions site a’, ¢’ is indicated by a black
circle, because it is fixed as starting site. The circle on the site a, gives the value of the
correlator. Further we calculated the bond entropy along the chain, as in Sec. 5.2. For some
cases this exposes interesting features.

(i) Strong correlated hops

The parameters are chosen as t; = 0 and t. = 100. It is not easy to reproduce the structure
of the ground state in this case with the expectation values introduced above, because it
bases on the hard-core bosons introduced in Sec. 1.3.1. Nevertheless one can see several
features which denote the hardcore bosons, see Fig. 5.15. The results for chain lengths of
N =99 and N = 100 are nearly the same and thus only one case is plotted.
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Figure 5.15: Average occupancy and correlation functions for a chain of length N = 99
around rung 49 (V = 10*, ¢t = 1). The solid lines correspond to the upper leg and the dashed
lines correspond to the lower leg. a) The average occupancy. One can clearly see that one only
has values distinct from zero which always allow for correlated hops and thus may form hard-
core bosons. b) The correlation function Cgy, (49, |i — 49]) = (c;icMg). The non-vanishing
values for the upper sites of rungs 47 and 51 require an occupied site on the lower leg at
rungs 48 and 50, respectively. c¢) The correlation function Copw (49, |i — 49]) = (n4.in1.49)-
This correlation function yields no more information than the average occupancy.
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The expectation values show expected behaviour and are in agreement with the analytical
results. The bond entropy on the other hand has an unexpected regularity for which we
don’t have an explanation, see Fig. 5.16.

0 20 40 60 80 100

Figure 5.16: The bond entropy along the whole chain with chain length N = 99. On a first
glance the bond entropy looks very irregular (cyan curve), but on a closer look it reveals
regularity. Interestingly, if one arranges the sites in intervals of three sites (sites 1,4,... - red
curve; sites 2,5,... - green curve; sites 3,6,... - blue curve) they show oscillating behaviour.

(ii) Zero inter-leg hopping

The parameters are chosen as t; = 0 and ¢{. = 0. The staggered ground state is clearly
reproduced for a chain length of N = 99, see Fig. 5.17. For N = 100 the results look very
similar, but the particles are delocalized over two adjacent sites on a leg. There is no new
feature as this behaviour still represents the staggered ground state and thus these results
are not shown.
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Figure 5.17: Average occupancy and correlation functions for a chain of length N = 99
around rung 50 (V' = 10%, ¢ = 1). The solid lines correspond to the upper leg and the
dashed lines correspond to the lower leg. a) The average occupancy. One can clearly see
the alternating behaviour of occupancy, which indicates the staggered ground state. b) The
correlation function Cgy, (50, |i — 50|) = (c;icmo). The confinement of a particle between
two other particles shows up. ¢) The correlation function Cepw (50, |i — 50]) = (14,71 50)-
This correlation function yields no more information than the average occupancy.

The bond entropy of this ground state shows a sub-structure which distinguishes between
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even and odd sites. This is reasonable as for example the average occupancy also shows
different values for even and odd sites.

N:99,tD:0,tC:0
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Figure 5.18: The bond entropy along the whole chain for a chain length of N = 99. The
entropies of all bonds (cyan curve) is divided into the entropies of even (green curve) and
odd (red curve) bonds.

(iii) Strong inter-leg hopping

The parameters are chosen as t;, = 100 and t. = 0. The fermions are delocalized over the
rungs and as explained in Sec. 5.2, the ground state is degenerate for N = 100, see Fig. 5.20.
For N = 99 the structure of the ground state is quite simple, see Fig. 5.19.
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Figure 5.19: Average occupancy and correlation functions for a chain of length N = 99
around rung 49 (V = 10*, ¢t = 1). The solid lines correspond to the upper leg and the dashed
lines correspond to the lower leg, but due to the dominating inter-leg hopping the ground
state is symmetric under leg interchange and the lines coincide for the most part. a) The
average occupancy. The fermions are delocalized on the odd legs. b) The correlation function
Crr, (49, i — 49|) = (cl}icMg). Current is only possible along rungs due to the infinite nearest
neighbour repulsion. ¢) The correlation function Ceopw (49, i —49]) = (nginy49). This
correlation function yields no more information than the average occupancy.
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Figure 5.20: Average occupancy and correlation functions for a chain of length N = 100
around rung 49 (V = 10%, ¢t = 1). The solid lines correspond to the upper leg and the dashed
lines correspond to the lower leg, but due to the dominating inter-leg hopping the ground
state is symmetric under leg interchange and the lines coincide for the most part. a) The
average occupancy. The fermions are delocalized on the rungs and one has a superposition
of the two states, where the fermions are on the even and odd rungs, respectively. There
seems to be a relative phase between the two ground states and thus one obtains oscillating
behaviour. b) The correlation function Cgy, (49, |i —49|) = (c;icmg). Current is only possi-
ble along rungs due to the infinite nearest neighbour repulsion. ¢) The correlation function
Cepw (49, i — 49]) = (nqiny49). This correlation function picks one of the two degenerate
states, in this case the one with fermions on the odd rungs, and shows its CDW behaviour.
The asymmetry comes from the fact, that a division of a chain with even length into two
parts left and right of one site is already asymmetric. If one chooses site 50 for the division
the picture is mirrored.
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The bond entropy of the chain with length N = 99 reflects the simple structure of the
ground state. The very small entropy indicates that the state is nearly a product state like
the Heisenberg chain, see Fig. 5.21. In contrast the result for a chain length of N = 100
shows a division of the entropy in two curves for even and odd bonds, see Fig. 5.22. It
becomes larger to the middle of the chain, which is reasonable as more information has to
be carried through these bonds.
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Figure 5.21: The bond entropy for chain with length N = 99. The small value, which is
constant over nearly the full chain indicates a product state.
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Figure 5.22: The bond entropy for a chain with length N = 100. One can see the even-odd
structure of the bond entropy.
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5.4 Investigation of the correlation density matrix

After all the numerical checks and investigations of expectation values and correlation func-
tions, we have enough knowledge of the system to investigate the correlation density matrix
for various parameters. We extract the behaviour of the correlations for the three limiting
cases for which an analytical solution exists.

For a given ground state with chain length N = 99 or N = 100 we calculated several
correlation density matrices with cluster size 2 and made the average over them to reduce
finite size effects. The CDMs were calculated as follows. Choosing two starting sites for
cluster A and two adjacent sites for cluster B, e.g. sites (49, 50) for cluster A and (51, 52) for
cluster B, we calculated the CDM for these two clusters, obtaining the CDM for a distance
of 2. Afterwards the two clusters depart symmetrically from each other, i.e. cluster A moves
one site to the left, a CDM is calculated (with distance 3), cluster B moves one site to
the right, and so on. This procedure gives the most cluster configurations, which are far
apart from the boundaries, and the longest distances. This procedure is repeated for several
starting sites, ranging from site 40 to 60, in particular for every configuration its mirrored
configuration with respect to the middle of the chain is calculated. All these CDMs are
decomposed as described in Sec. 4.2 and the resulting curves for the symmetry classes are
averaged. A first result is, that the ’offdiagonal” symmetry weights VVZ-jB with ¢ # j are all
smaller than about 1071° | which was demanded by particle conservation.

For correlations with a power law decay we extracted the critical exponent from fitting curves
of the type

cr2e (5.3)

where ¢ is a prefactor and « the desired exponent. The reason for the factor of two in
the exponent is, that the symmetry weights consist of the squares of the singular values
(see Sec. 4.2). To compare the fitting curves with the exact results one has to extract the
root of the fitting curves, which eliminates the factor of 2. Thus « gives the exponent of
the power law correlation function and may be compared directly with the exact exponent.
The range for the fitting goes from site 4 (to exclude the first few comparatively great
values) up to distances of about 20 to 30 sites. The exact value depends on the curve under
consideration. These comparatively small ranges (the CDM goes to distances of about 80)
take the results from Sec. 5.1.2 into account, from which one could see that the correlations
are given faithfully only for distances of about these values.

(i) Strong correlated hops

In this parameter range, i.e. t; = 0 and t. = 100, we expect from Thl. 1.1 a leading corre-
lation exponent of % for a filling fraction of 0.25 for the CDW correlations and an exponent
of % for the SC correlations. The FL correlations are expected to decay exponentially. The
results for a chain length of N = 99 and N = 100 show the same behaviour and thus we only
investigate more closely the N = 99 results. The averaged symmetry weights as a function
of the distance r are shown in Fig. 5.23 on a double logarithmic plot to stress the power law
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behaviour of the CDW and SC correlations. The FL correlation decays exponentially, which
is shown in detail in Fig. 5.24.
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Figure 5.23: The three symmetry weights for CDW, FL and SC correlations. The FL
correlations are the greatest for short distances, but decay exponentially fast and have no
influence on the long-range behaviour. The CDW and SC correlations decay as a power law
and a fitting is applied to obtain the exponent. The range that was used for the fitting has
been shaded in grey. For the CDW correlations the extracted exponent o (CDW) = 1.17 fits
good to the exact result qeyact (CDW) = 1.125. The exact curve is plotted for comparison,
whereas the constant factor of the power law is chosen such that the curves are close together.
We do not have an exact value for this constant. The SC correlation does not yield such
an agreement, the extracted exponent o (SC) = 1.06 is more than twice the exact value of

Qlexact (SC) =0.5.

In this limiting case the numerical results reproduce the basic features of the exact results,
the power law behaviour of the CDW and SC correlations and the exponential decay of the
FL correlations. Moreover, at least one critical exponent is extracted which is close to the
expected exact value (see Thl. 1.1.
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Figure 5.24: The exponential decay of the FL correlation. The range that was used for the
fitting has been shaded in grey. One can clearly see the exponential decay down to values
below 1072,

(ii) Zero inter-leg hopping

In this parameter range, i.e. t; = 0 and t. = 0, we expect from Tbl. 1.1 a leading correlation
exponent of % for the CDW correlations and an exponent of 2 for the SC correlations. The
FL correlations are expected to decay exponentially. Our results for the averaged symmetry
weights as a function of the distance r are shown in Fig. 5.25. The results for a chain length
of N =99 and N = 100 show similar behaviour and thus we only investigated more closely
the N = 99 results closer. The FL correlation decays exponentially, which is shown in detail
in Fig. 5.26.
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Figure 5.25: The three symmetry weights for CDW, FL and SC correlations. The FL
correlations are about the greatest for short distances, but decay exponentially fast and have
no influence on the long-range behaviour. The CDW and SC correlations decay as a power
law and a fitting is applied to obtain the exponent. The range that was used for the fitting
has been shaded in grey. For the CDW correlations the extracted exponent o (CDW) = 0.83
does not fit very well to the exact result qexacs (CDW) = 0.5. The SC correlation yields
a better agreement, the extracted exponent « (SC) = 2.13 is close to the exact value of
Qexact (SC) = 2. The exact curves are plotted for comparison, whereas the constant factors
of the power law are chosen such that corresponding curves are close together. We do not
have exact values for these constants.

In this case we could again reproduce the basic features of the exact solution. A power law
for the CDW and SC correlations and exponential decay for the FL correlations was found.
The critical exponents extracted from our calculations are not contra-dictionary to the exact
values.



78 Chapter 5. Results

N=99,tD=0,tC=O

10 T .
10—10 |

FL (DMRG, CDM)

FL (fit, CDM) —> exponential
10_20 1 I

2 4 6 8 10 12

Figure 5.26: The exponential decay of the FL correlation. The range that was used for the
fitting has been shaded in grey. One can clearly see the exponential decay down to values
below 1072,

(iii) Strong inter-leg hopping

In this parameter range, i.e. t; = 100 and t. = 0, we expect from Sec. 1.3 power laws
for all three symmetry types. We did not find this behaviour, neither for a chain length of
N =99, nor for N = 100. This discrepancy is surprising because from numerical criteria the
results in this case appear more accurate compared to in the other cases. For N = 99 we
find essentially no correlations, which is reasonable for a product state, see Fig. 5.27. The
system seems to be gaped in this case with the chemical potential within the gap, so that
excitations are very unlikely.
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Figure 5.27: Correlations for the chain with length N = 99. The correlations have a very
small value for » = 2 and decay afterwards. From these small values one cannot extract any
conclusive information.

For N =100 we find a CDW correlation with non-vanishing values over long distances, but
the curve is neither a power law, nor an exponential decay. The FL and SC correlations
decay very fast and have no influence over long distances, see Fig. 5.28.
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Figure 5.28: Correlations for the chain with length N = 99. The FL and SC correlations
decay quickly. The CDW correlations decay very slow, but it is unclear in which way.

In this parameter regime, we could not reproduce the exact results at all. As mentioned
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above, we do not have an explanation for this discrepancy, because we expected better
results from the numerical checks.
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Outlook

Accuracy of the DMRG calculations

The accuracy of our DMRG method is reasonable, but is also not very high. One can clearly
see that for good results of correlations one needs states which are well converged numerically.
To increase the accuracy the increase of the cutoff dimension D becomes prohibitive. Our
choice of D = 64 already requires a lot of time and an increase of D appears unefficient. This
clearly suggests the implementation of (Abelian) symmetries, i.e. to account for symmetries
conserved by the Hamiltonian to reduce the full matrix space to an efficiently sparse block
matrix space.

Investigation of the correlation density matrix

We succeded to reproduce several features of the results of [1, 2| as presented Sec. 1.3. The
structure of the phase diagram in Fig. 1.5 is supported by our results. The investigation
of the correlation density matrix did not yield complete agreement, but some results are
very promising. To obtain better results, we have to increase the dimension of the matrix
product state to obtain better ground states. Moreover, our investigation of the correlation
density matrix is on a rather crude level. One can analyze the operators from the singular
value decomposition in a more diligent way, which has been done by Siew-Ann Cheong and
Christopher L. Henley [2] and could be similarly complemented by DMRG calculations in
the full parameter range of the model analyzed.
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Appendix A

Further details

A.1 Jordan-Wigner transformation

The Jordan-Wigner transformation, which was first introduced by Jordan and Wigner in
1928 [15], transforms fermionic creation and annihilation operators in a way that they obtain
almost bosonic commutator relations instead of the fermionic anti-commutator relations.
This greatly simplifies the numerical treatment of these operators as one can ignore for most
part fermionic signs. This approach works well in one dimension, which is sufficient for this
thesis, but becomes more complex for higher dimensions [8|.

A.1.1 Definition

To correctly apply fermionic operators one needs an order in which fermionic operators are
applied on the totally empty or 'vacuum’ state. If one has such an order for a set {¢;} with
¢t =1...N, one can make the following transformation

6 = ((—1>k§CLC’“) ¢ = (H(—n%) ¢ = (H zk> ¢ = Zic (A1)

k<i

with the local and non-local sign operators

a=(-0%* =z z=[[==2 (A.2)
1.

i

¢ = ((—1)56%5‘”‘) & . (A.3)

One immediately sees that EZT G = chjci = c¢l¢; and so the inverse transformation is
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A.1.2 Commutator relations

With the fermionic anti-commutator relations and the identity

)
2= (—1)%*=1-— QCLCk = [ck,cﬂ , (A4)

one easily obtains

{Ei,éz} = 77 {ci,cz} = {Ci,c;r} , (A.5)
{6;[’51} = Zi2 {CI,CI} = {Cjacz} ) (A.6)

{ei,e.y = Z{c,ei} = {ei, e}, (A.7)

and for ¢ # j (assuming i < j without restricting the case)

j-1 j-1
[@,EH = Z,-cl-ch} — ch}ZiCi =77 (cizi ( H zk> c} — 2 ( H zk> c;r-ci)

2L CiC; C; C} —CZ'C;[CZ‘C; — CiCIC;Ci + CZCZ‘C;[-CZ‘
1 —_—— =

=0 c;ci c;ci 701{0}% C;C;
=0
= 0, (A.8)
j—1 j—1
[@T,éﬂ = 72 (cfzZ < II zk> ch -z ( 11 zk> c}cj) —0, (A.9)
k=i+1 k=i+1

7j—1 j—1
k=i+1 k=i+1

Thus the fermionic anti-commutator relations have been transformed to commutator rela-
tions, which are locally fermionic and otherwise bosonic:

(A11)
{ael} = {dd} =0 {aa)=o

The Pauli exclusion principle is conserved as 6;[5;[ = 0 and physics are unchanged, but the
fermionic signs are obtained much simpler. But this has the price that for every operator in
the old basis new operators occur. First noting that
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&= d, (A.12)
Zig = Nz, = —Ny, (A14)

one sees that for a pair of operators (creation or annihilation) the sign operators an all sites
which are between them - in the sense of the chain ordering, not spatially between them -
have to be evaluated. For example the operators for the correlation function c;-fcj become

Jj—1 Jj—1

This has to be worked out for every term separately.

A.1.3 Application to a ladder model

First one has to implement an ordering scheme. The order starts at the leftmost rung, taking
the upper site as the first site and the lower one as second. Then it goes to the right, setting
site (a,i) = (1,2) as third, site (a,i) = (2,2) as fourth and so on. For an infinite ladder the
order is the same, but the limits of ¢ are minus and plus infinity.

k—2 k k+2
T__ N\ N\ 1\ —_—
- -
l - - ) ) \ -
k—1 k1 k+3

Figure A.1: Ordering scheme for the ladder model

In this order the Hamiltonian as in Eq. (1.1) acquires several additional terms. In particular
the mapping onto a one-dimensional Hamiltonian does not mean that one may abandon
the substructure of individual sites for the operators in the Jordan-Wigner basis. After the
transformation the Hamiltonian has the form:

_ NI i S . . .
H = —i E (01,i22,i01,¢+1 + €1 i41%22,iC1i T C21,i41C2,i41 T Cg,¢+121,z'+102,i)
7
,.,—i- ~ ~T ~
—t1 Y (& i+ Ehi01)

7
~T ~ ~f ~
—te 1im122,i-121,3 (—N2:4) Criv1 + € 41 (—N2) 21,i22,i-1C1i-1
t (Cli122i-1214 (=n2i) Cripr + € 44 (—N24) 21,20,1C
i

+5;7;_1 (—n14) 22.i21,i+1C2i+1 + 5;“121,#122,1 (—n14) C2i-1)

2
+V Z Z Na,iNa,i+1 +V Z n1,iN2,i (A.16)
a=1 1 i
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which acquires several local z operators that must be accounted for.

A.2 Derivation of the orthonormality condition

The orthonormality condition Eq. (2.7) is easily shown by a complete induction. Starting
point is the condition Eq. (2.6).

Effective left basis

First one has to notice that the left basis of site one is orthonormal as it consists only of
the vacuum state. So the induction starts with site one having an orthonormal effective left
basis. Now, considering the case that site £ has an orthonormal effective left basis, what
condition is needed for site k£ 4+ 1 to have an orthonormal effective left basis, too?

(olten) = | DGl el (alH), (ZAEZ;L 1) rm)

v a}c k'k+1 leow
- Z <A 7 ) A Angk]ﬁ—l <l;€‘lk> <O-I/g|0-k>
l/l oo N N’
k9% 5l;€lk 50‘;{"7@
- [ox]) T (o]
o Z (A * )l;c«o-llk Azkfkﬂ
lkak
= (Z (al)! AW) . (A.17)
" l;c+1lk+1
Condition Eq. (2.7) follows with <l;€+1‘lk+1> L 512“116“'

Effective right basis

The same arguments as for the effective left basis are applied. As one goes from right to left
the induction is changed from k — k + 1 to £ — k — 1. One obtains the following relation:

<7“;€_1|7“k_1> = ZALik]lrk [Uk} ikr;_l

TkOk

_ (Z Al ( A[mf) , (A.18)

!
Tk—1Tg 1

Condition Eq. (2.7) follows with {r},_,|r_1) =5

Th—1Th—1"
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A.3 Singular value decomposition

The singular value decomposition can be seen as a generalization of the spectral theorem,
i.e. of the eigenvalue decomposition. It is valid for any real or complex m x n rectangular
matrix, see [16] for details. Let M be such a matrix, then it can be written in a singular
value decomposition

M=UxVT, (A.19)

where U is a m X m unitary matrix, ¥ a m X n matrix with nonnegative numbers on the
diagonal and zeros off the diagonal, and V a n X n unitary matrix. The numbers on the
diagonal of ¥ - the singular values, there are p = min (n,m) of them - are unique, but U
and V' are not in general. It is convenient to truncate and reorder these matrices to U as
m X p, ¥ as p X p (with the singular values ordered in a non-increasing fashion) and V as
nxp (Viaspxn). Of course U, ¥ and V are reordered in the same way. A consequence
of this truncation is that U or V' is no longer quadratic and unitarity is not defined for such
matrices. This property is replaced by column unitarity (orthonormal columns) of U and
row unitarity (orthonormal rows) for VT - no matter which one is no longer quadratic. In
this thesis all singular value decompositions are ordered in this fashion.

A.4 Numerical costs of matrix multiplications and index
contractions

The numerical costs of matrix multiplications and index contractions of multi-index objects
depend on the dimension of both the resulting object and of the contracted indices. In the
case of matrix multiplications this is quite simple. Consider a n x m matrix M; multiplied
with a m x p matrix Ms. The result is a n x p matrix M:

Mi; = (M), (M), - (A.20)
k=1

Evidently, each of the np matrix elements M;; requires a sum over m products of the form
(M1);, (Mz)y;. Thus the process for calculating MMy is of order O (nmp).

The numerical costs of multi-index objects are obtained analogously. Consider two multi-
index objects, M; with indices 7y, ..., and dimensions p; X --- X p, and My with indices
Jis---,Jm and dimensions ¢; X --- X ¢,,. If one contracts the indices i; and i, of M; with the
indices j; and jp of My (assuming that p; = ¢ and ps = ¢2), one obtains the multi-index
object M:

p1 P2

13 Anj3.gm ZZ Ml klz3 Jin M2)k133 gm (A.21)

k=1 =1
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Thus for every entry of M, p; times p, multiplications have to be done, so that the process
is of order O ((p3 ... pn) (P12) (g3 - - qm))-
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