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Abstract

The first part of this thesis deals with the sign problem, which is a mathematical problem occuring
in Monte Carlo simulations, where the integrand is used as a probability distribution and has to be
nonnegative for that reason. In this thesis the Hubbard model is investigated, which has a sign problem in
the repulsive case away from half filling. To improve the sign properties, two new Hubbard Stratonovich
transformations are developed.

Another promising transformation will be developed in chapter 3. There the model is changed to an
equivalent model at half filling and finite magnetic field. The Monte Carlo method can then be applied
to every canonical partition function with fixed magnetisation separately.

The second part treats the Hubbard-Holstein model, which is the simplest model to describe the
interaction between electrons and phonons in a solid. The electrons are described by a Hubbard
Hamiltonian, the phonons by a harmonic oscillator and the interaction between them is assumed to be
linear. Although it neglects anharmonicity effects, it is one of the most studied models in this context.
In the second part of this thesis the Continuous Hubbard-Stratonovich transformation is used to calculate
a formula for the partion function of this model. This formula is suitable for Determinantal Quantum
Monte Carlo simulations and is discussed in its full range and some special cases.
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Kurzfassung

Der erste Teil dieser Arbeit befasst sich mit dem Vorzeichenproblem. Dieses ist ein mathematis-
ches Problem, welches bei Monte Carlo Simulationen auftritt, wo der Integrand als Wahrschein-
lichkeitsverteilung interpretiert wird und deshalb nichtnegativ sein muss. In dieser Arbeit wir das Hub-
bard Modell untersucht, bei welchem das Vorzeichenproblem im replusiven Fall und Nicht-Halbfillung
auftritt. Um die Eigenschaften des Vorzeichens zu verbessern werden zwei neue Hubbard-Stratonovich
Transformationen hergeleitet und untersucht.

Eine weitere viel versprechende Transformation wird in Abschnitt 3 entwickelt. Dort wird das Modell
zuerst ersetzt durch ein aquivalentes Modell bei Halbfullung und endlichem magnetischen Feld. Die
Monte Carlo Methode kann dann fiir jede kanonische Zustandssumme mit konstanter Magnetisierung
seperat angewendet werden.

Der zweite Teil befasst sich mit dem Hubbard-Holstein Modell, welches das einfachste Modell ist um die
Wechselwirkung zwischen Elektronen und Phononen in einem Festkorper zu beschreiben. Die Elektronen
werden durch einen Hubbard Hamilton Operator beschrieben, die Phononen durch einen Harmonischen
Oszillator und die Wechselwirkung wird als linear angenommen. Obwohl es Effekte hoherer Ordnung
vernachlassigt, ist es eines der am meisten studierten Modelle in diesem Kontext.

Im zweiten Teil dieser Arbeit wird die Continuous Hubbard-Stratonovich transformation verwendet
um eine Darstellung der Zustandssumme dieses Modells zu erhalten. Diese Formel ist geeignet fiir
Determinanten Quanten Monte Carlo Simulationen und wird sowohl in voller Allgemeinheit alsauch fiir
einige Spezialfalle betrachtet.
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1 The Hubbard Model

1.1 Introduction

Numerical calculations of quantum mechanical many-body systems are often done with Quantum Monte
Carlo methods. This methods are very powerful in calculating highdimensional sums or integrals, but
needs positive weights (or at least has to be dominated by positive weights) for a proper error conver-
gence [see chapter 1.8]. Especially in fermionic systems the sign problem is, except of some special
cases where it vanishes because of symmetry properties, always present because of their anticommu-
tation relations. Fortunately the sign problem is not related to the physical problem itself, but to the
mathematical model the problem is described in. With a proper transformation it is therefore possible
to improve the sign problem, or to solve it at all. Finding such transformations will be the main task
of the first part of this work.

The model | will look at in this thesis, is the d-dimensional Hubbard model, which has a sign-problem in
the repulsive case away from halffilling. After some Hubbard Stratonovich transformations the fermionic
trace can be written as a determinant, which is in this case the main origin of the sign problem. In
chapter 2.1 the well known Standard HS transformation is used to look at the sign problem in a very
straight forward way, just to see that only the repulsive case is the one in which the sign problem
occurs. In the following chapters 2.2 - 2.4, three new HS transformations are introduced to get other
representations of the Hubbard model with also other representations of the sign. In chapter 3 one
kind of Fourier transforms the partition function and it turns out, that the Fourier coefficients are the
canonical partition functions with constant magnetisation. One can now look at the sign of this Fourier
coefficients separately in all the HS transformations introduced in chapter 2.

1.2 Definition of the Hubbard Hamiltonian

The Hubbard model was introduced by the British physicist John Hubbard in 1963, in his attempt
to model electronic correlations in solids [2]. It is one of the simplest ways to approximate a solid
and consists of a d-dimensional lattice, with at most one electron of every spin on every site. These
electrons can move between the lattice sites and therefore, it is a good approximation for solids with
highly located orbitals.

These electrons can now do the two main things electrons in solids can do namely, they hop from site
to site and repulse each other.

So the basic model consists of two terms.

N N
Hpasic = =t Y (chejr+eliei) + U mipniy (1)
i=1 jEN; i=1
Where
¢ Gs
is the annihilation operator, which lowers the number of electrons with spin s on site i by one.
[ ] CT

1S

is the creation operator, which increases the number of electrons with spin s on site ¢ by one.

® N;s — C;-rSCis
is the number operator, which counts the number of electrons with spin s on site 1.

o N;={j€e{l,...,N}|j— i possible }
is the set of lattice sites j, where a hopping j — i is possible.
It is also called the set of neighbors of site 7.

Thus, the terms in this basic Hamiltonian can be interpreted as follows:
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N
e Hopping Term: Hyjn = —t > > (CZTCJ‘T + CLCN)

=1 je./\/'i

The operator cjscjs annihilates an electron on site j in the first step and creates an electron on
site 7 in the second step. Thus, altogether the operator describes the movement of an electron
with spin s from site j to site 7.

—t is the amount of energy which is needed for the hopping to take place.

N
e Coulomb Term: Heoy = U Y ngpnyy
i=1

Because there cannot be more than one electron with a specific spin on every lattice site, the
number operators n;, can only take the values 0 and 1. Thus, the product nsn; only has the
value 1 if there are two electrons (one with spin 1 and one with spin ) on site ¢ and so this term
describes the Coulomb attraction (U < 0) or repulsion (U > 0) of the two electrons.

In 1931 Hans Bethe discovered the 'Bethe ansatz’ in order to calculate the eigenvalues and eigenvectors
of the one-dimensional Heisenberg model analytically [3]. In 1968 E.H.Lieb and F.Y.Wu applied this
ansatz to the one-dimensional Hubbard model [4], which reduces the spectral information to a set of
algebraic equations (Lieb-Wu equations). The one-dimensional Hubbard model is therefore analytically
solvable. With this Ansatz they calculated the ground state energy and showed a Mott metal-insulator
transition at half filling. However, in more than one dimension this ansatz is not applicable and MC
simulations are necessary.

This basic Hamiltonian can now be expanded by additional terms, like the chemical potential or the
interaction with an external magnetic field.

N N N N
H=—tY Y (chej+eci;) +UD nignig +p) (i +ni) +0Y (i —niy) | (2)
i=1jeN; =1 =1 =1

N
e Chemical Potential Term: H, = pt > (nit + n4y)
i=1

N
>~ (ni4 +mn;y) counts the total number of electrons in the system and p is the energy required to

i=

bring one electron into the system. Thus, the chemical potential term describes the total energy
which is needed to bring all the existing electrons into the system.

It increases as the number of electrons increases and by minimizing the energy, this term likes to
keep the total number of electrons small.

If one would study canonical ensembles, this term would become constant and therefore causes
only an energy shift. But in this work only grandcanonical ensembles will be investigated, for
which this term is nontrivial.

N
o Magnetic Field Term: Hpmae = h Y (nip — 1))
i=1
N
>~ n;s is the total number of electrons with spin s in the system.

i=1

Assuming a positive magnetic field (b > 0), the spin 1 electrons get repulsed and the spin |
electrons get attracted by the magnetic field. Vice versa for negative magnetic field (h < 0).
Thus, by minimizing the energy, the magnetic field term prefers one type of electrons to be in
the system.

1.3 Particle-Hole-symmetric Hamiltonian

To make the different Hubbard-Stratonovich transformations (which will be introduced in chapter 2)
applicable to the Hamiltonian , it has to be written in a particle-hole-symmetric form.
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b 1,03 (1) (-2« (4 9) S me-von (54) |

Proof:

Ulns = = 3) + ut Do+ =)+ § 4=

= Ulnyny — g(o700) + 4) + plng +n) = o+ § (ator = 1) + f + =

=Untny + p(ny +ny)

N N
Heow + Hi=U Y nigpnip + 0y (nip +n4y) =
—— i=1 i=1

=UgNl<mT D(ng — )+ <u+g>§<nﬁ+nu—1)+zv< ) om

1.4 Equivalence between attractive and repulsive model

The Hubbard Hamiltonian has a particle-hole symmetry, which cannot be seen easily in the original
form . But in the form this symmetry appears as one distinguishes the following two special
cases:

ou—&—%:O:

This is the model where the chemical potential term in vanishes. This is equivalent to the
condition that exactly N particles are in the system, because then the sum Zfil(nm +ny —1)
would vanish. The name of this model, 'half filling’, is because of this equivalence, although this
is just a name and does not mean that the grandcanonical ensemble cannot be used.

Nl

o h =

<

This is the special case of the Hubbard model without magnetic field and the most common
model used in this context.

N

Hh_O:Hkin+Ug(niT;) (nir %) + (;w%) Z(nernwfl)JrN(U HL) (5)

=1

To show now the equivalence between these two special cases and (B), one needs an additional
assumption on the lattice.

Bipartite lattice:

A lattice is called bipartite, if the set of lattice points I = {1,..., N} can be separated into two disjoint
sublattices I7, I, with the property that for every lattice point ¢, all the neighbors NV; are in the opposite
sublattice. This means that a hopping can only take place between sublattices, not within one.

For such a bipartite lattice the special cases (@) and (5] are equivalent.

H(h,U)Hh_()(uahU U U> (6)

1
2
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Because of this equivalence one can either choose the H% or the Hp—g model. Although the Hp—g
model is the common one, in this thesis only the H-model will be used. (Except of section 2.1)

Proof:

Another property of the lattice, beside being bipartite, is, that the hopping is symmetric. This means
that the hopping i — j is possible if and only if the hopping j — ¢ is possible. This property is not
really a new assumption on the lattice, but is necessary for the Hamiltonian to be hermitean anyway.

The stated equivalence will be shown by a particle-hole transformation.

This means, the spin] electron creation operator is exchanged by the hole annihilation operator and
the spin? operator stays the same. In addition, the creation operator of one of the sublattices gets a
minus sign, to make sure that the kinetic term H,;, transforms properly.

-1 iel

dL =¢; ¢y with ¢; = {

First it has to be checked, if the hole operators dL,dw are indeed fermionic creation and annihilation
operators, which can be done easily by using the definiton (7).

{d,,dj} = eigj{ciy, cl |} = eie;di; = 0i (8)

The main part of the proof is to show, that the kinetic term H,;, stays the same after the exchange of
electron and hole operators.

Looking at a hopping term CLCN, the sites ¢ and j are on different sublattices because of the bipartite
lattice. Thus, by applying , a minus sign occurs.

Finally, with the anticommutator relation (8]), the operators are brought in the right order and the
minus sign vanishes again.

to o gt
¢y Gy = —diydyy = djydiy

Out of the symmetric hopping property follows, that i € N; < j € N, and the kinetic Hamiltonian
becomes

N N N
Hang =) Y e =) 3 dydu=> 3 ddy

i=1 jEN; i=1 jeN; J=114iEN];

For the rest of the Hamiltonian , only the relation between the electron number operator n;| = CL{CH

and the hole number operator m;| = deii is needed.

ZL_‘_&: CL,CN = dudll =1 — myy

Now everything is ready to transform H% into Hp—g.

S T T N \ N .,
Hy = z;jgf (CiTCjT +Cj¢ci¢) ; (nit = 3) (niy — 3) +hZ§1(nZT ny) — NY =
N ' : . ~ 1 .
= 21 eZ/:\f (CiTCjT+dj¢di ) Zl(nm**) (mi¢7§)+h2(an+mli—1)+N( h) _
=17 A i= =
=Hy—o(u—>h-Y%U—--U) N

1.5 Exact Diagonalisation

In a first step the Hubbard model can be solved by calculating the full 4 x 4V Hamilton matrix in the
grandcanonical ensemble. (4" because there are 4 possible states on every of the N lattice sites).
This is of course only possible for a small number of sites N.
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To calculate the Hamilton matrix all the possible states of the system are needed.
A state-vector is given by (nn+,...,n1y, 0N, ..., N1]), Where n;s € {0,1}.

e n,;; = 0 means, that there is no particle with spin s on site i.

e n;, = 1 means, that there is a particle with spin s on site .

Because of fermions, for which the Pauli exclusion principle has to be fulfilled, 0 and 1 are the only two
possibilities.

Because there are no spin-flip-terms, the matrix elements can be calculated for spint and spin| sepa-
rately.

e Hopping term:

(51, snleleilty, .. tn)= (81,- s 88000 Or, 0 (—1)HHE

= (=1)5H 8,0 00,1 Gsyty - Osit -v- G50 <o O

tiyeoti=1,...,t;=0,...,tx)

SNLIN

Thus, there is only a contribution from c;rcj, ift;=0&¢t;=1&s;,=1& s; =0.

In a physical interpretation this makes sense, because a hopping j — i is only possible if in the
initial state site j is occupied and site ¢ is empty, and in the final state site 7 is occupied and j is
empty.

Because of the fermionic anticommutation relations, an additional sign (—1)%t% occurs, where
T or rather c; is applied.

i

t; and t; are the number of sign-changes when ¢

e Diagonal terms:

<51,...,5N|m\t1,...,tN> = <51,...,SN|ti|t1,...,tN> = ti 5317151 581\1,?‘11\1

Example: Mean number of particles

As an example the mean value < Ny > of the total number of particles N, = Zf\; n;s With a specific
spin s is calculated by exact diagonalisation. Because the determinant representation of the partition
function will be used later on, the systems has to be investigated in the grandcanonical ensemble. Thus,
the grandcanonical ensemble for the exact diagonalisation is used here as well.
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2x3-grid, B=1, t=1

<N,>
NT

ccccc
1 T T [

Figure 1: The mean value of the total number of electrons in the grandcanonical ensemble < N >=
~tr(Ne PH) can be seen as a function of the external magnetic field h. The plot is done for different
values of the Coulomb energy U.

1.6 Hubbard-Stratonovich transformations

Because the exact diagonalisation of the Hamiltonian only works for a small number of sites NV, numerical
methods have to be used. In particular Determinantal Quantum Monte Carlo methods will be of interest
in this thesis. Therefore, the trace of the partition function has to be written as a determinant, which
will be done with the help of . In order to apply this theorem, the Hamiltonian has to consist of
bilinear terms of the form ¢! ¢;, which, see , is not true for the Coulomb term (n;+ — )(n;, — 3).
The task is now, to write the quartic term c%cmchcu in a bilinear way.

One way to achieve this, is to use the Hubbard-Stratonovich transformation and modified versions of
It.

The Hubbard-Stratonovich (HS) transformation was first introduced by the Russian physicist Ruslan
Stratonovich [5]. Later on it was made more popular by the British physicist John Hubbard [6].

In principle every HS transformation is based on the mathematical identity

1 oo
e = 2\/m / e HH0 4y (9)

which linearizes the quadratic term 2 in the exponential at the price of a new degree of freedem o,
which couples linearly to x.

This formula is true for every = € R, but because the variable n;, in , which needs to be linearized,
can only take values n;s € {0,1}, one can try to to replace the continuous integration by a discrete
sum. This would reduce the numerical effort by magnitudes.

In the following chapter 2, a couple of different HS transformations will be presented, which differ in
the sense that they are continuous or not, or how many terms of the Hamiltonian are transformed.
But all of them have in common that, because of its offdiagonal terms, they never transform the kinetic
term Hyi,. So the exponential of the partition function Z = e~?# has to be splitted up into a kinetic
exponential and a diagonal rest.

Because in general eAt5 = e4eP does not hold if [A, B] # 0, an approximate version of this identity
is needed, namely the Trotter decomposition.
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1.7 Trotter decomposition

tr (e?*F) =tr ((elﬁeﬁyu) +0 (]\;3> (10)

Proof:

A B A B B?
7‘3““3’”6”:(1+2A4+8M2+O(M3)) (1+M+W+O(M) (1+2M+8M2+O(W)):
:1+M+W+27+21L]1\4B2+8114;2+ﬁ+23;\/[142+4?/12+81¥[2+0(1¥13):

— 1+ 42 U 4 ol

M M
()~ (14 22+ 232 s o) -
- 2 2
:1_|_MA;\}B +M(A+B) JV[(]\Ifl) (A+B) +O(ﬁ) _

M2
=1+ (A+B)+ <A+B +0(ﬁ>*
= M8 1 0 (1)

M
tr (eA'*‘B):tr((eﬁleﬁefM) +O(%) = Jtr(Ar.. Ap 1 Ap) =tr(A A .. Apq) =

Normally one only gets eAt8 = (e MeM) + O (57z) with quadratic error, or the more complicated

A+B _

equation e (eﬁez\%ez?w) +0 (M3) with cubic error convergence, but if the trace tr(e4*5)

of the exponential is needed, one order of convergence drops out for free, because of the cyclical
permutability of the trace.

The Trotter decomposition can now be used to split up the partition function of the Hubbard
Hamiltonian into diagonal and not-diagonal terms.
By using imaginary time slices A1 = % it has the form

Z =tr ((e‘AT(HwﬁHHJFng)e_ATH“")M) +0 (AT3> . (11)

1.8 Sign problem in many-electron systems

Monte Carlo simulations are numerical instruments to calculate high-dimensional integrals in the phase
space of a quantum mechanical system in polynomial time, while the phase space grows exponentially
with the number of particles. The main idea is, to do not include all the points of the phase space
into the calculation, but just take a representative sample, which is chosen by a certain probability
distribution. Here the sign problem comes into play, because this 'probability distribution' can take
negative values for fermionic systems and is therefore no longer interpretable as probability.
Fortunately, the sign problem is not really a problem of the physics itself, but of the basis of the Hilbert
space in which the problem is described. That means, if the basis is chosen properly, the sign problem
becomes smaller or vanishes at all. For example, in the basis the Hamiltonian is diagonal in, the weights
are trivially positive. However, if such a basis is found, the problem is basically solved, because the only
problem that remains is the large phase space, which can be treated by a classical MC simulation.
Unfortunately, it can also be shown that finding a basis in which the sign problem vanishes is a NP-hard
problem [I]. This means, solving the sign problem equals verifying a solution for any problem in the
complexity class NP.

In Quantum mechanics one is interested in the expectation value of some observable A, which is defined
as

tr(Ae=PH)

(4) = (e ) (12)
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with the denominator definded as the partition function

Z =tr(e Py .

The problem, in calculating this expectation values is, that the dimension of the Hilbert space grows
exponentially with the number of particles. One kind of methods to face this problem are Quantum
Monte Carlo simulations.

After some HS transformations or integrating out the electron degrees of freedom, the expectation
value reduces in the general case to a form like

(4) = 2z P@A@) (13)

> ()
which is by no means unique, but depends on the kind of transformations and manipulations applied
onto . So, also the sign problem, which is caused by p(x), can be reduced by choosing the shape

of properly.

In a QMC algorithm a representative sample (x;); is drawn out of the phase space, by the probability
distribution

Pla) = ”(pgy) , (14)

and the expectation value (A) approximated by the mean value of the sample (A(z;));

(4) ~ (A(z2)) -

Within this probability distribution , the sign problem comes into play [7]. The partition function
in the denominator is, as the trace of the exponential of a selfadjoint operator, positive and its only
purpose is, to normalize the probability. The function p(x) often does not behave so nice and can
take positive as well as negative values in general. If this is the case P(z) can no longer be used as
probability distribution and the Monte Carlo method fails.

One method to deal with this problem is, to introduce the probability distribution according to the
absolute value of p(z).

5 |p(@)]
Plx)= =—"2—
S SHTeT]
P is positive by construction and the expectation value can then be written as
(AS)p . { 1 p(z)>0
Ay = ———+ with  S(z) =
) (S)p (@) —1 p(z) <0

where (-,-) 5 means the expectation value with respect to the probability P.

This formula becomes problematic if (S) 5 becomes very small, because there will be large cancellations
in (A S) 5 in this case and statistical fluctuations will have a large influence.

The behaviour of this expectation value of the sign (S) 5 or rather the following quantity sign ([15), will
be the main question in this first part of the thesis.

(15)

with p(t) = S max{p(x),0} and p~) = — 3" min{p(z), 0} the sum over all positive or negative values.
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2 Different Hubbard-Stratonovich transformations

In this chapter the Hubbard model will be investigated in terms of the sign problem, either in the "half
filling’ H H%—hamiltonian or the equivalent 'no magnetic field’ H Hj,_g-hamiltonian. The Hp—¢-
hamiltonian will be used only in the section 2.1 to show that there is no sign problem in the attractive
case (U < 0). In the rest of section 2 as well as in section 3 the H%—hamiltonian will be used, in which
the important attractive case (U < 0) is equivalent to the repulsive case (U > 0) of the Hj—p-model.
So the notation with negative values of U in these sections will be ment in terms of the H%—model.
The quantity of interest will always be the fermionic partition function Z = exp(—/SH), written in a
determinant representation.

The principle of the Hubbard Stratonovich (HS) transformation was introduced in chapter 1.5. The
purpose of this chapter will be to derive different variations of the HS transformation, which will only
differ in the part of the Hamiltonian they transform and in the kind of discretisation they use. The idea
is, to investigate this transformations in terms of the sign and its shape in order to be suitable for
the transformations in chapter 3. In the end no one of this transformations will solve the sign problem,
but will be more or less suitable for further numerical and analytical calculations.

The first part, section 2.1, treats the well known Standard HS transformation [8]. This transformation
does not have a suitable form one can use in chapter 3, but shows, that the sign problem only occurs in
the repulsive case (U > 0) of the Hj—o-model ([5). Therefore further investigations can be restricted
to this case.

In the following sections 2.2-2.4 of chapter 2, the repulsive Hj,—g model will be replaced by the equivalent
attractive H%—model . However, the transformations will be derived for general U € R and only
restricted to the important attractive case if necessary.

In section 2.2 the New HS transformation is developed for the H%—model. It is similar to the Standard
HS transformation, but additionally transforms the magnetic field. The transformation in its exact form
has a quite complicated structure and is not useful for chapter 3, but its approximated version has many
useful properties, like, that the determinant becomes independent of the magnetic field.

In section 2.3, the second new transformation of this thesis is developed, the New Asymmetric HS
transformation. It takes all the properties which are needed for chapter 3 (h-independent determinant
and discrete HS sum) and defines the transformation this way. Although this will make for example the
v-integral analytically solvable, it will remain a transformation with a higher numerical effort than
the previous approximated New HS transformation.

In section 2.4, with the Continuous HS transformation, another well known transformation is introduced
[9]. This transformation has not a discrete o-sum, like the previous ones, but a continuous o-integral.
The form has every advantage the approximated New HS transformation has, but the disadvantage of
the continuous o integral.

2.1 Standard HS transformation

The Standard HS transformation was invented in 1983 by J. E. Hirsch [8] and is the simplest of all
HS transformations investigated here. It only transforms the Coulomb term of the Hamiltonian, so the
chemical potential remains explicitely in the determinant , which will be not beneficial in further
calculations. Nevertheless, in this Standard HS transformation the sign problem of the Hj,_y model
does not occur in the attractive case. So it is enough to concentrate further investigations to the
repulsive case.

The reason why this Standard HS transformation is derived in the Hy,—q model, is the nice form of the
partition function , in which one can easily see the positivity of the addends.

2.1.1 Mathematical Identity of the Standard HS transformation

ATU

Choose A € C, such that cosh(\) =e™ 72 , (16)

0,Z) for U>0

which implies, that A\ € { (0,00) for U <0
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Then the following transformation holds.

e_ATU("T_%)(ni_%):%e¥ Z oM nytn,—1) (17)
oce{£1}

Proof:

Because of fermions the number-operators n4+,n can only take the values n4,n; € {0,1}.
So all possibilities can be investigated separately.

ATU 1
e npF#n ze i Y 1=¢e2"Va

2.1.2 Partition function in the Standard HS transformation

The Standard HS transformation ([17]) can now be applied to every lattice point and every imaginary
time slice of the partition function in the Trotter decomposition (11)). This gives the form:

BNU M N U
e 2 El(ﬂz‘jA*A‘F(#ﬁf))(nernw)e_ATHkin

Z = NI Z e Mol ¢r H e

O'E{il}NX]W Jj=1

(18)

N M
with ‘O’| = Z Z Oi,j

i=1j=1

Proof:

Combining and with the additional separation of Hco, and H,, (because they are diagonal),
leads to the partition function
M

N N
—ATU =D (niy—1) —A u i —1
7 = e*ﬁN(%ﬂLN)tr e T 121(71” 2)(nut 2)6 Tlut2) 121(nm+nu' )e—ATHkin

Applying now the Standard HS transformation , the partition function becomes

N
N —-A g i iv—1
Z = eiﬁN(%Jr“)tr H %GAZU Z efAMnir+ni —1) | o T(IH_ 2 ) igl(n e )e_ATHkin
- i oe{£1}

N
sNU M S (o A—Ar(u+5)) (nir+niy)
= 62N21\4 Z e_>‘|U| tr H ei=1 e_ATHkin [ ]

UE{ﬁ:l}NX]W Jj=1
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2.1.3 Determinant representation of the Standard HS transformation

In the form (18 the partition function only consists of bilinear terms in the exponent. So the spin?t
and the spin] exponent can be written separately in the form & hé with a matrix h € CN*N and

can be applied to get a determinant representation.

NBU M 2
7 — ‘;N;M Z e Mol det | B+ H (e)\G(j)—AT(u+%)E etArhkin)
ce{£1}NxM j=1
o1 ... 0
with ¢ GU) =
0 ... onj

1 jeN;
® (huin)ij = { 0 else
e I/ the N x N identity matrix

Proof:

(19)

Because of the Standard HS transformation (17) the term n4n, is decoupled and it is possible to
separate the Hamiltonian into a sum of two Hamiltonians (one for spint, one for spinl). In this case,
also the trace in (18] can be written as the product of the two traces acting in the subspace with a

certain spin s.

2

a5y M (cisA—Ar(p+T))nis
Z = Sy > e Mol T tre | TT | e e~ AT Hiin,s
ce{+1}NxM se{£1} j=1

Where s =1 <> spin 1T and s = —1 <> spin |.

The exponents can now be written in the form ¢lhc,:

N
. Z (aij)\ — AT <,u + g)) nis = ¢ ()\G(j) — AT (M + g) E) Cs
i=1

N
L4 Hkin,s = _tz Z Cl'—scjs = _téirqhkinas
i=1jEN;

Thus, with , the determinant representation of the partition function is given by

BNU

2
M .
Z=twr 5 e Noldet [ B [[ (X7 AT0HDE cAriha) n
cE{E1}NxM j=1

(20)

The formula (19) can now be investigated in terms of the sign problem. This means evaluating the

distribution of the addends

—

Zy = e Mol det | B+ (eAG”’*Mw%)%t“hkm)

1

J

according to its value of the sign ([15]).

(21)

One can easily see, that for real values of A, all the addends Z, are positive, thus, there is no sign

problem. According to ([16]), this case is equivalent to the attractive case U < 0.
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For the repulsive case of the H,—o model away form half filling on the other hand, the sign problem
does appear, and it appears in a way that it gets worse for growing 3. The results can be seen in Fig[2

In chapter 3, the form Z = ZZ:#V e=Bhm 7z will be needed for the partition function with coeffi-
cients Z,,, not depending on the magnetic field h.

As it can be seen in , this is not possible for the Standard HS transformation, because the deter-
minant depends on the magnetic field and A is not an exponential prefactor.

. 2x2-grid, t=1, U=1, p=1 Ar=05 2x2-grid, t=1, U=-1, u=1 Ar=0.5
0.9: 1
0.8+
07t 0.8}
0.6- 0.6}
c r =
()] o
wO0.5F n
[ 0.4+r
0.4
[ 0.2}
0.3+ 0
0.5 0 2 4 6
5
ol
b b
N N

o

Figure 2: In the upper two plots the sign of the addends is plotted as a function of growing 5.
One sees that in the repulsive model (U = 1) the sign is constantly one, while in the attractive model
(U = —1) the sign decreases exponentially as /3 increases. In the two lower plots the special value 8 = 2
is chosen to show the exact distribution of the addends Z, for all possibilties of o € {£1}V*M This
means, that every o-value corresponds to one point on the x-axis and on the y-axis the corresponding
value of Z, is plotted. The red line means negative values and the blue line positive ones.

2.2 New HS transformation with external weight

The main result of the last section was, that no sign problem occurs in the Standard HS transformation
of the Hy—¢ model in the attractive case with and without chemical potential. So the remaining model
to investigate is the repulsive Hj,_g-model at finite chemical potential, but from here on until the end of
chapter 3, the notation will be changed and the investigated model will be the equivalent @ H%—model
(14)-

For this model a new transformation will be developed.

The purpose of this New HS transformation with external weight is, to make the term A7(u + %)E
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in the determinant of vanish. The idea is, to go back to the Standard HS transformation ([17))
and transform not only the Coulomb but also the chemical potential part of the Hamiltonian. In the
present case of the H% model this means, transforming the magnetic field part. This will be done by
a second degree of freedem c in the exponent.

First of all the sign problem still occurs in this transformation and there is no progress in relation to this
question. The second thing, which was unfavorable in , was the h-dependence of the determinant
(respectively p in the previous Hp—o model). This problem will be solved in by an approximation
of the HS-coefficients.

2.2.1 Mathematical Identity of the New HS transformation

ATU

Choose A, ¢, D € C such that: e cosh(\) =e 2 cosh(ATh)
e tanh(c) tanh(\) = — tanh(A7h) (22)
e D = cosh(c)

Because of cosh(\) € (0,1) & A €4(0, §)
cosh(A) € (1,00) & A € (0,00)

one has to calculate e “2" cosh(A7h) = 1 = ArU = —2In(cosh(A7h))

in order to get the border line between real and complex A-values.

In a similar fashion one gets the distribution of the values of the parameter c.

A€ (0,00) creal
2 o
5 S
< 4
| ce (0,00)+in/2 ce (0,00)-im/2
Ac i(0,7/2) ce i(-m/2,7/2)
A7 h A7 h

Figure 3: Possible values of the coefficients A and ¢

Using these coefficients, the following transformation holds:

]. T
e AT(U(nt—3)(ni—3)+h(nr—ny)) _ E(% Z oo (M —ny)+c) (23)

o=%£1

Compared with the additional magnetic term h(n—n,) on the left hand side leads to an additional
parameter c¢ in the transformed term.

Proof:

Because of fermions the number-operators n4,n can only take the values ns,ny € {0,1}
and all possibilities can be investigated separately:

o np=mny e ATT = F5€" =S 21 e’
— o=
= D = cosh(c) fulfilled by assumption
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ent=1An =0 e~ AT(=%+h) = %e‘¥ S eoletN)
o==+1

= I eAT(F—h) — + cosh(c+ A)

° nT — 0 A ni — 1: efAT(f%fh) — ief AZLU ;tl 60’(C7)\)
= |I: AT(F+h) = + cosh(c — A)

Equations | and Il should now be brought in the form of (22)).
Because the two equations only differ by a sign, the calculation can be done simultaniously.

eAT(FFN) = Lcosh(c+ )
cosh(c)eA7(ZFM) = cosh(c) cosh()) + sinh(c) sinh()\)

I+11: cosh(c)e®™% (e727" + eA™h) = 2 cosh(c) cosh(A)
eA™% cosh(ATh) = cosh())  fulfilled by assumption

I-ll: cosh(c)e®T (e=87h — eA™h) = 2sinh(c) sinh())
~¢A7% sinh(Arh) = tanh(c)sinh() /A8 = oGl o
—tanh(A7h) = tanh(c) tanh()\)  fulfilled by assumption W

2.2.2 Partition function in the New HS transformation

In contrast to the Standard HS transformation of section 2.1, the New HS transformation will now
be applied to the partition function Z of the H% model .

1 M N
7 = — Z e\a|c tr H ( eU'ijA(”iT_nii)e_ATHkin> (24)
(QD) UG{:I:I}NXM j:l =1
N M
with ‘O’| = Z Z 04,5
i=1j=1

In the form , the New HS transformation can be applied to every site ¢ and timeslice j.

M
N
Z = emZUtr <H (gbeAZU > eg()‘(”iT”u)JrC)) eATHkin> _
- i=1 o==%1

M N

O'E{il}NXM =1 =1

M N
o X du (][ roeaie) )
ce{E£1}NxM j=1 \i=1

2.2.3 Determinant representation of the New HS transformation

Analogously to the proof of , can be used here, to write the fermionic trace as a determinant.
The absolute square of the determinant in the formula is only true for purely complex valued A.
For which values of A7, h, U this is true, can be seen in Fig[3] The following enumeration shows some
special cases.

e U > 0: X is never imaginary.

e U < —2|h|: A is always imaginary.

e —2/h| < U < 0: X\ becomes imaginary for sufficient small Ar.
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AT U

A€ i(0,7/2)

Figure 4: Possible values of the HS-coefficient A defined in (22)). The blue line is the border between
real- and complex valued A. If one changes At at constant U and h, one moves along the red line and
for sufficient small A7 the value A\ becomes imaginary. If the ratio between U and h is such that the
red line lies below the green one, then X is imaginary independently of Ar.

2
M
1 - @Dt Arhe
7 = QD) Z elole ldet | B+ H (e’\G et hk‘") (25)
se{L1}NxM j=1
015 e 0
with e GU) =
0 N ONj
1 jeN;
® (huin)ij = 0 else

e F the N x N identity matrix

Compared to the sum is weighted by the factor el?l® and the h-dependence in the determinant
is not linear, but implicitely given by cosh(\) = e"5" cosh(ATh). This relation will be linearized in

section 2.2.4.

Although the determinant of the model became the absolute square, the value of the parameter ¢ (see
Fig is complex in the attractive model. So the addends become negative and the sign problem, which
will be investigated in Fig., occurs.

Proof:

Because there are no spin-flip-terms in the Hubbard Hamiltonian, it is possible to separate the trace in
(24) into the product of two traces (one for spint, one for spin].).

M N
Z= (2D;N1\f Z e‘g‘c H trs H (H esgij)\niseATHki">
J =

ce{£1}NxM se{£1} j=1 \i=1

Where s =1 <> spin T and s = —1 <> spin|

So with ([20)) and (69)), the fermionic trace can be written as a determinant.

oce{£1}NxM se{£1}

M .
Z = (2D;7NM > elole [T det <E+ I1 (es’\GmetAThkin)>
j=1
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For negative U and sufficient small magnetic field h the HS-coefficient A becomes purely imaginary.

(see Fig. Therefore, the product [ becomes the absolute square.
se{£1}

2

M v

Z = W > elole ldet | B+ ] (e/\G(”etAThkm) m
oe{£1}NxM j=1

To investigate the sign problem of this transformation one again needs to calculate all the addends,
which have the form

2
M
Zy = e‘a\c det | E+ H (e)\G(J)etAThkm) ) (26)
j=1

Because of the imaginary prefactor ¢, the addends can become negative.

Also the form Z = SN e=Fhm 7 is not really given in this transformation. It became a little

better, because a prefactor el?l¢ with a h-dependent factor ¢ appeared, but this dependence is not
linear, neither is the determinant independent of h.

0 1x2-grid, t=1, U=-1, h=1, Ar=05 2x2-grid, =3, t=1, h=1, U=-1, M=4 sign = 0.0025
10 ‘ ‘ ‘ ‘ , w ‘ ‘ ‘ o
[ 10 _Z(H-J
i 10%0-
10 1;‘ [ k\\
€ [ /j
o10 N — I
'\\\\
10'3;’
[ 9. }
10-4\ ‘ J 107 J/’/
0 1 2 3 4 5 6 1 2 3 4 5 6
3 x10%

Figure 5: In the left plot the sign of the addends of the New HS transformation with external
weights is plotted as a function of growing 3. The model chosen here is the attractive H% model and
one sees, that the sign decreases exponentially as ( increases. In the right plot the special value g =3
is chosen to show the exact distribution of the addends Z, for all possibilties of o € {£1}V*M_ This
means, that every o-value corresponds to one point on the x-axis and on the y-axis the corresponding
value of Z, is plotted. The red line means negative values and the blue line positive ones.

2.2.4 Approximated Coefficients of the New HS transformation

One problem in was the difficult h-dependence of the HS-coefficients. In order to get rid of this,
one can simply expand the coefficients A and ¢ in orders of A7. This will not solve the sign problem,
but makes the determinant h-independent and the exponential prefactor linear in h.

Because the important model is the H% model with U < 0, only this one will be investigated here. So
—U can be replaced by the absolut value |U]|.

e From (22), the coefficient ) is definded as cosh(}) = ¢ cosh(Arh).
With the expansions cosh(z) =~ 1 + I—; and e* =~ 1 + = one gets the following A-approximation.

1+2 = (142191

A = i\/AT[U| + O(AT?)

Because of the possible values A can take (see Fig, the positive square root is the correct one.




2 DIFFERENT HUBBARD-STRATONOVICH TRANSFORMATIONS 19

e Also from (22), the coefficient ¢ is defined as tanh(c) tanh(\) = — tanh(A7h).
With the expansion tanh(z) ~ x and the expansion of A from above, one gets the following
approximation for c.

A = 7ATh
= —ihy /57 + O(AT32)

This leads for the attractive Hy-model (U < 0) to a partition function of the form

Bh2 M 2
e vl Gilolh ATUIGY) jtArh
7y = o |det ( iv/Ar| T km) . @)
S oe{izl}:NXM 1;[

With its linear h-dependence in the exponent and h-independence of the determinant, this representation
has, except of the sign problem, everything which is advantageous. There is still a A2 in the exponent
of the prefactor, which will make the integral in section 3.3 not analytically solvable, but at at least
easier to compute.

The only thing left is, to check the convergence of this approximation, which is done in Figle]

<104 2x2-grid, =1, t=1 U=-1 <10% 2x2-grid, =1, t=1 U=-1
2.4p 4 2.4f
2'2\—’/ 22p
20 1 2

(

1.8¢ 1 1.8¢ 1
Exakt Exakt
—M=1 —M=1
1.61 M=2 [ 1.6F M=2 [
M=3 M=3
—M=4 —M=4
1.4 . . . . . . n 1.4 . . . . . . . n
-0.5 -04 -03 -02 -01 O 0.1 02 03 04 05 -0.5 -04 -03 -02 -01 O 0.1 02 03 04 05
h h

Figure 6: In the left plot the exact New HS transformation and in the right plot the approximated
New HS transformation |.| is plotted for the attractive H1 model Each plot is done for a different
number of time slices M. To see the convergence of the approxmatnon the exact partition function is
plotted as a reference in both figures. The exact New HS transformation only contains the Trotter error
of and the approximated transformation the additional error of the expansion of the coefficients
A, ¢, and D. In both cases one observes convergence.

2.3 New Asymmetric HS transformation

Beside the problem with the positivity of the addends of the New HS transformation with external
weights , the second goal was, to make the determinant h-independent. The reason why this is
desireable will be the integration over the magnetic field i in chapter 3. This integration will be of huge
numerical effort, if one has to evaluate the determinant in every single integration step. The way this
problem was solved in the New HS transformation, was an expansion of the HS-coefficients in terms
of At . Fortunately it turned out, that the first order term was h-independent and also enough
to make the approximation converge. In this section the investigation of the H%—model H will be
continued and another way to guarantee this h-independence by construction will be presented.
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The idea of this new Asymmetric HS transformation is, to enlarge the HS sum to three components.
This yields to a h-independent value A, even more, A can be chosen almost arbitrary (see (28))). The
price paid in this transformation is a prefactor D,, which has no simple o-dependence like in the
previous transformations. This leads in the end to the appearance (see ) of a complicated product
of h-dependent prefactors Dy, ., which will be also very hard to integrate.

In terms of the sign problem, this transformation does not give any progress. For the special choice
A € R in section 2.3.4, the determinant becomes positive (because of the absolute square), but the
paramters D, does not show any special distribution depending on the choice of A7, h and U. So the
whole prefactor [ ], [[; Do,; of becomes an arbitrary complex valued number.

2.3.1 Mathematical Identity of the Asymmetric HS transformation

The h-dependent coefficient A of will in this Asymmetric HS transformation be made h-independent
by construction. To achieve this, the sum will be enlarged to o € {—1,0,1} and the prefactor D is
made o-dependent.

G—AT(U(nT—%)(n¢—%)+h(n7-—n¢)) — efAT% Z D(Teicr)\(rmfn‘t) (28)

oe{—1,0,1}

with the coefficients: A € C\ (7Z)
a= %eAT% sinh(A7h)
b= eA7% cosh(ATh)
D_ = bz_(iglsc&%(x)) + 5™
Do = 1—cos()
D, 1-b

= 2(1—cos(N)) _ 2sin())

Proof:

Because of fermions the number-operators n4,n can only take the values ns,n; € {0,1}
and all possibilities can be investigated separately:

ony =ny: AT = e‘AT%(D, + Do+ Dy)

Dy=1-D_—-D, (29)

eny=1An =0: e Ar(=Hh) = 6_¥(D76_M + Do + Die™)

e A(EHh) — 1 (1 - e~ MD_ — (1 - M D, (30)

eny =0 An =1 e A= -h) = ¢ (D_e™ + Do+ Dye™™)

e (=5 h) =1 (1 - eMD_ — (1—e™)Dy (31)
Where in and the equation was used.

For the value of D, one multiplies with (1 —¢e™) and with (1 —e™™). Afterwards they got
substracted from each other.

(1— eiA)e—AT(—%+h) —(1- e—M)e—AT(—%—h) _ (—ei)‘ + e—M) - D, ((1 o ei)\)z —(1- e—M)Z)
(1 —e?)(b—ia) — (1 — e ™) (b+ia) = —2isin(\) + 2D, (2sin()\) — sin(2)))
—bsin(A) — a(1l — cos(A\)) = —sin(A) 4 2sin(A) Do (1 — cos(N))

_ —b
D+ B 2(171(:05()\)) B QSiﬁ()\)
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For the value of D_ one multiplies with (1 —e~™) and (31) with (1 — e™*). Afterwards they got
substracted from each other.

(1— 672:)\)67AT(7%+h) (1 . i/\) ar(=%-h) _ (—e —iX 4 em) D_ ((1 . efi)\)2 —(1- ei)\)2)
(1 —e ) (b—ia) — (1 — e (b+ia) = 2isin(\) — 2iD_(2sin(\) — sin(2)))
bsin(\) — a(i —cos(N)) = sm()\) —2sin(A)D_(1 — cos(X))
D_ =

1— a
F—cos(3) | Zsin(N)

These solutions for D and D_ inserted in give the value for Dy, which completes the proof.

_ _ 1-b  _ b—cos(A)
Q:O_ 1-D_—-Dy=1- T—cos(\) — 17222(,\) u

2.3.2 Partition function in the Asymmetric HS transformation

This Asymmetric HS transformation can now be used to rewrite the partition function of the
H%—model H To split off the kinetic exponential e=27Hkn the Trotter decomposition is needed and
so the form (1)) is used.

’,:]z

Z= > f[(

oe{—1,0,1}NxM

( i A(nm—nu)) e—ATHkin> (32)

i=1

Proof:

Taking and applying to every site ¢ and timeslice j, leads to

M
N
é = QBZZUtI’ (H (e—ATE{ Z Dgeiok(nn—nw)) e—ATHk'n> —

i=1 oe{=1,0,1}

M N
= Z tr H (H (Doi,- eioij)\(nn—nu)) e—ATHkin) . m
ce{-1,0,1}NxM  \j=1 \i=1 ’

2.3.3 Determinant representation of the Asymmetric HS transformation

Analogous to the previous transformations, will be used to write the trace of (32) in form of a
determinant.

M N
7 Z H HD%' H det | B+ H ( siAGY) Arhk.n> (33)
oe{—1,0,1}¥xM \j=1i=1 se{+1}
015 NN 0
with e GU) = :
0 RN ONj

1 | € N‘,
® (iin)i,j = { 0 ilse 7
e I/ the N x N identity matrix

Proof:

In a first step it is possible to split up the trace in into a product of two traces (one for spint, one
for spinl). This is possible, because the kinetic Hamiltonian consists of a sum of a spint and a spin|
part.
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M N
Z — H ( (Dgijesio'ij)\’ni5> eATHkin,s)> —
1

trg
o€{—1,0,1}N*xM se{+1} Jj=1 \i=

o (fen) e (f ()

oe{—1,0,1}NxM \j=1i=1 se{£1} J=1

Where s =1 <> spin T and s = —1 <> spin|

Finally with (20)) and the fermionic trace can be written as a determinant

VA

[N

M N M , "
> II II Do, [T det|{E+ ]I (eszAG etAq—hkin) -
oE{—1,0,1}NxM \j=1i=1 se{£1} j=1

It is possible now, to choose A € R. In this case the product Hse{il} becomes the absolute square
of the determinant and is therefore positive. But in this transformation every part of the sum has the
prefactor Hj I1; Ds,; which will take also negative values in general. The quantitative investigation of
the sign will be done in the following section, for a even more specific choice of A.

2.3.4 Special representation of the Asymmetric HS transformation

Because of the free choice of the parameter A in (28]), one can choose it in a way, that the prefactors
D, gets an easy form. So for example A = 7 is a good choice, for which the partition function 1|
has the form

2

M N M ,
Z = Z H H Dy, | |det | £+ H (6igc;<a>6Arhkin) (34)
j=1

06{_17071}N><1\4 j=1li=1

with the coefficients D_ = 1 (1 — "% (cosh(ATh) +isinh(ATh)))

2
Do = e“%" cosh(Ath)
Dy=1 (1 — ¢“%" (cosh(ATh) — isinh(ATh))) .

The sign of the addends of can now be examined for every allowed value A. The test shows
the same behaviour of the sign independently of A, namely with growing beta the sign converges to
zero. In Figl7] the convergence of the sign and the distribution of the addends is shown for the special
choice A = 7. The addends in this case, according to , are given by

2
M N

M
Zo = H H Do'ij det | £+ H (ei%G(j)eAThkin> (35)
j=1

j=1li=1
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Figure 7: In the left plot the sign of the addends is plotted as a function of growing .
One sees that in this attractive H% model, the sign goes to zero exponentially as 3 increases. In the
right plot the special value 3 = 3 is chosen to show the exact distribution of the addends Z, for all
possibilties of ¢ € {—1,0,1}*M_ This means, that every o-value corresponds to one point on the
z-axis and on the y-axis the corresponding value of Z, is plotted. The red line means negative values
and the blue line positive ones.

In chapter 3, it will be tried to integrate over the magnetic field h (or in letters of chapter 3, over the
complex valued magnetic field v). The only terms h-dependent in are the prefactors D,. So one
is faced with the integral of the product of the D, , which is analytically solvable, but will lead to a
large and not easy to calculate sum (see (50))).

2.4 Continuous HS transformation

The New HS transformation in its approximated version looks like the most promising form for
further investigations. The sign problem was not solved there, but the h-dependence had a very simple
Gaussian form, which was not enough to do the integral analytically, but nevertheless easy to
compute numerically.

However, another well known transformation, the Continuous HS transformation [9], is investigated
as the last one of this chapter. The idea of this one is, to stay at the H%-model and make the
o-dependence continuous again, like it was in the initial idea of the HS transformation @]) In this
case one does not need any prefactors D,, like in the Asymmetric HS transformation and also the
coefficients A and ¢ become h-independent without any further approximations. The disadvantage is
the continuous degree of freedem o. While in the previous transformations only two or three values of
o had to be calculated, here the integral over the whole real line has to be evaluated or discretized.

Regardless of the huge numerical effort it will take to do the integral, it leads to a very similar form like
the approximated New HS transformation . The linear h-dependence in the integral, as well as the
quadratic dependence in the prefactor appears in both cases. Also the results of these transformations
are compareable, namely the sign problem will not be solved and one gets a simple h-dependence, which
is not enough to calculate the integral analytically.

2.4.1 Mathematical Identity of the Continuous HS transformation

The Continuous HS transformation tries to make A independent of h without any approximations and
additional prefactors D, like it was done in the New or Asymmetric HS transformation. The way this
is achieved here, is choosing the o degree of freedom continuous, which means replacing the discrete
sum by an integral over o.

o~ AT(U(n1—3)(ny—5)+h(nr—ny)) _ i67¥(1+%) / e~ oM (nr—ny)+e) g ; (36)
™
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with the Continuous HS coefficients: A = vV2A7TU
—_h 2AT
U

Here, without further approximations, A is not a function of A anymore.
The disadvantage is, that an o-integration over the whole real line has to be done and not just a sum
over finitely many o-values, like in the transformations before.

Proof:

. . . . o 2 (A(np—np)+e)?
In order to prove this transformation, one uses the identity ﬁ [ e toAmr—n)+o) gy — e,
— 0o

Thus, the coefficients A and ¢ have to fulfill the following equation
—AT (U (nt — 3) (ny — ) + h(ny —ny)) = =225 + L (A2 (ny — ny)? + 2Xe(ng — ny))

for every ny,n; € {0,1}.

By inserting all combinations, one gets three equations for the coefficients A and c.

ny =mny: I: —AT%:—AZU
ng=1An, =0 1l: —Ar(=Z +h)=-270 1+ L(X2 4+ 2)\¢)
ng =0 A ny =1Ll —Ar(=Y% —h) = 870 1 1 (X2 —2)¢)
il A2U = _ATU 4 20— ) = VATT
. _ 4AT(Q*h)*)‘2 _ 2ATh __ 2A7'
l: ¢ = = =—287h — _p [ ]

2.4.2 Partition function in the Continuous HS transformation

The investigated model in this section will be again the H%—model . Using the Trotter decomposition
and the form of the partition function, allows to apply the Continuous HS transformation .

ITEINE M [N
7 — (6 ]\; ) / e—‘UQH_‘a"c tr H (H 6‘71_7‘)\("12T—ni¢)€_A7Hkin> do (37)
™
RN XM Jj=1 \i=1
M N
with |O" = Z Zaij
j=1i=1
5 M N 5
lo%[=>" > 05
j=1i=1

Proof:

Taking and applying it on every site i and every timeslice j of one ends up with

M
N - 2 oo
— €BZYTUtI’ (H (f _A4U (1+2UL2) f 6_02+U(A(n”_nii)+0)d0> e—A‘erin> —

— 00

_ BNK2 M N 5
e 20 [ |1l (H UijJrUz‘j()\(nmnw)JrC)e—ATHkin) do =

T 2 RN x M j=1 \i=1

N
_BRZ N\ 2 5 M N
87‘_7MU f e—|o |[+|ole tr H H eaij)\(niT—nil)e—ATHk;n do . [
RN xM Jj=1 \i=1

Il
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2.4.3 Determinant representation of the Continuous HS transformation

Like in the previous transformations, the identity can be used to write the fermionic trace in (37)
as a determinant. Also the values for A and c are written in the interesting case U < 0, where —U can
be replaced by its absolute value.

B2\ 2 2
7 % / LR CAVE 2o B E+H( V2ATUIGW tA‘rhkm) do (38)
RNxM
o1; 0
with ¢ GU) = :
0 ... onj

L jeN
® (hin)ij = { 0 else
e I/ the N x N identity matrix

Proof:

Because there are no spin-flip-terms in (37)), it is possible to separate the Hamiltonian into a sum of
two Hamiltonians (one for spint, one for spinl) and therefore, the trace into a product of two traces,
acting on the respective subspaces.

LA . M /N
7 = <6ﬂ.1vlfj ) f 67|a |+|ole H try H (H esaij)\niseA-erinys) do
RN XM se{*1} j=1 \i=1

Where s =1 < spin T and s = —1 <> spin |

With (20) and the fermionic trace can be written in form of a determinant:

a2\ % 2 M )
7 — (e ﬂ—MU ) f e—|17 |+|ole H det | E 4 H (es)\G etA‘rhk;n)
RN XM SG{:tl} j:1

This formula is true for every U € R. For the interesting case U < 0 the coefficients A and ¢ from

have the form A = i/2A7([U] and ¢ = ih /357

Because of this pure imaginary A the product [] becomes the absolute square.

se{£1}
7 i ’ *| ‘ lo]
U] o |+i|o|h
= eﬂ.M f
RN XM

Although the absolute square of the determinant is positive, the prefactor is imaginary in its exponent
and therefore, will take negative values. The exact behaviour of the sign of the integrand

2
do [ |

M
det (E+ II (ei./mﬂUG(J)emrhkin))

Jj=1

2
7. —e —|o?|+ilo|h /257 det E+H<ei,/QAT\U|G<J’>6tAthn) (39)
Jj=1

is investigated in Figf§]
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Figure 8: In the left plot the sign of the addends of the Continuous HS transformation is
plotted as a function of growing 3. Because o is continuous in this transformation, only a representative
sample of o-values is taken, namely 21 equidistant values in the interval [—5,5] in every of the NM
dimensions. One sees that in this attractive H% model the sign goes to zero exponentially as 3 increases.
In the right plot the special value 5 = 3 is chosen to show the exact distribution of the addends Z,. This
means, that every o-value corresponds to one point on the x-axis and on the y-axis the corresponding
value of Z, is plotted. The red line means negative values and the blue line positive ones.

In terms of the h-dependence this Continuous HS transformation shows the same behaviour as the
approximated New HS transformation , namely no h-dependence in the determinant, linear in the
exponential of the integrand and quadratic in the exponential of the prefactor. This simple dependency
will make the integral easy to compute numerically, but is not enough to give an analytic solution.
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3 Partition function as a Fourier series

In chapter 2, different Hubbard-Stratonovich (HS) transformations were introduced and no one of them
gave any progress in terms of the sign problem. The idea in chapter 3 is not to introduce even more
variations of the HS transformation, but take the existing ones from section 2.1-2.4 and transform them
to complex valued magnetic field . In section 2 the notation switched between the two equivalent
models Hj—g and H%, but in this section all transformations will be investigated in the H%—model H
This partition function can then be written as a Fourier sum and it is left to calculate the Fourier
coefficients , which turn out to be the canonical partition functions with fixed magnetisation m.
This Fourier coefficients in the different HS transformations of chapter 2 will be the quantity of interest
in this chapter and investigated in terms of the sign problem.

It will turn out in the end, that the sign problem is not solved in any of the transformations, but the
forms of the Fourier coefficients are quite advantageous for further numerical calculations.

3.1 Canonical partition function and imaginary magnetic field

In this first section of chapter 3 the grandcanonical partition function of the Hamiltonian (4]) will
be decomposed into a sum of canonical partition functions , each for a fixed value of the total
magnetisation m of the system. In the second step the magnetic field h will be extended to imaginary
values and the canonical partition functions will turn into the Fourier coefficients of the grandcanonical
partition function in this case . These Fourier coefficients can now be represented by the inverse
Fourier transformation and will be the main objects investigated in terms of the sign problem in this
chapter.

The first step is to decompose the partition function Z of the Hubbard model into canonical partition
functions Z,,, with fixed magnetizations m. This decomposition is true in its exact form Z = tr(e #)
without even the Trotter decomposition.

N
Z(h) = Z e*/@hmZm with Z,, = trm(efﬁH(h:O)) (40)
N

m=—

N
where tr,, is the trace over the Fock space of states with total magnetization m = > (ns4 — n;y).
i=1

Proof:

By looking at the trace of the Hamiltonian , one gets

N N
—ﬁ(U S (== d)+h ,;<nm—nu)—zv%+fzkin) B

Z(h)=tr|e

—

N N
U 3 (nir=5)(niy—5)+h 3 (nip—n4y) =N 5+ Hin .
! = Tig, 7y -

o s(
= Z <7”LT,TL” e =
iy,7i, €{0, 1}V

Because neither the Coulomb nor the kinetic part of the Hamiltonian change the total magnetization
m, the commutator [H (h = 0),m] vanishes and the exponential can be separated.

X N
—Bh 2, (nip—niy) ’5<U > (nip—3)(niy—3)—NY+H )
- 5 e B B )
i, i, €{0,1}N
N
: TS
= Z Z e—ma <ﬁj\,ﬁi|€ = T2 172 ) k ‘ﬁT7ﬁ‘L>:

m=—N i, i e{0,1}N
N
Z (nip—ni)=m
=

N
_ Z e—ﬁhmtrm (e—,BH(h,=O)) [
m=—N
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In this representation (40]), one can see, that as a function of h, the partition function is simply a linear
combination of exponentials, and therefore analytic. So it can be analytically continued throughout the
whole complex plane, especially for pure imaginary numbers

v = —ifh. (41)

With this imaginary magnetic field v, a partition function Z(v) = Z(%v) can be defined.

Q\N

According to it has the form

N
Yooz, (42)

N

as a discrete Fourier series with the canonical partition functions (Z,,);,__ y as Fourier coefficients.

The objects of interest in ([42]) are now the Fourier coefficients Z,,, which can be derived by inverse
Fourier transformation.

1 T . -
vYme{-N,...,N}: Z,, = Py /e“””Z(u)du (43)
T

The function Z(v) in the integrand can now be represented by any of the HS transformations of chapter
2. If the v-dependence is simple enough, it is possible to do this integral analytically. However, this will
only influence the numerical effort, but not the sign of the HS sum > , which is the main question.

ag

3.2 Standard HS transformation

The first transformation in chapter 2 was the Standard HS transformation . It was also the simplest
one, but had the most problematic h-dependence. h appeared in the determinant and not even with
an approximation one could improve this. So with this Standard HS transformation nothing more than
inserting it into the definition of the Fourier coefficients and investigating the sign is possible here.

Unlike the other HS transformations (section 2.2-2.4), this one was derived for the Hp—, model.
However, in a similar fashion this transformation can be applied to the Hé model and leads to the
partition function

M
1
kD VR VI R VG (44)

cE{£1INXM se{£1}

ATU

with the coefficient A given by cosh(\) =e™z .

The Fourier coefficients Z,,, from with the partition function Z(v) = Z(%V) in the form , are
now given by the following expression.

1 ivm s(AGU) — VE tAThiin
Zn = grariin > / [T det E+H( ( Je k) dv|  (45)
oce{x1}NxM se{£1}
015 .- 0
with ¢ GU) =
0 ONj

_ [ 1 JeN;
® (huin)ij = { 0 else

e I/ the N x N identity matrix
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It would make the equation easier, if the v-integral would become analytically solvable, but because of
the v-dependence of the determinant, this is not the case in this transformation.

However, the partition function contains the large sum " _, which should be done by Monte Carlo
simulations. Therefore, the addends

77 M
Za _ eiym H det | E + H es(AG(])—ﬁVE)etAThkin dv (46)
g se{x1} Jj=1

have to be positive. To measure this, analogously to chapter 2 the sign of the addends can be
calculated. As it can be seen in Fig[d] also the results are similar to the one of chapter 2, because
except of the trivial case m = 0, where the Fourier prefactor e?*™ vanishes, all the signs converge to
zero as f3 increases.

Fig[I0] shows for the special choice 8 = 3 and every Fourier coefficient Z,, the distribution of the
values Z, in detail. None of the signs dominates the other, so Monte Carlo simulations have very bad
convergence properties in this case.

1x2-grid, t=1, U=-1, Ar=05

10° M
-11 —--m=0
5110 —“-m=1
wn m=
10‘2 -
0 1 2 3 4 5 6

Figure 9: For the addends Z, of (46]), the sign is plotted as a function of the inverse temperatures
B and for all possible magnetisations m. The plot shows, that with increasing 5 the sign converges to
zero exponentially for every Fourier coefficient Z,, (except of m = 0).
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Figure 10: For the specific temperature 5 = 3 the distribution of the addends Z, is shown in
detail. This means, that every o-value corresponds to one point on the z-axis and on the y-axis the
corresponding value of Z, is plotted. The red line means negative values and the blue line positive
ones. For m = 3,4 the distribution of the positive and negative values is nearly the same, which can
also be seen in the value of sign, written on top of every plot. For m = 0, 1 the positive values dominate
the negative ones indeed, but as it can be seen in Fig[9) this property vanishes for growing 3, at least
for m #£ 0.

3.3 New HS transformation with external weights

The second transformation of chapter 2 was the New HS transformation with external weights ,
which was only valid for the attractive case (U < 0) of the H.,- model. In this exact form, the
determinant stays v-dependent and the integral cannot be done analytlcally

Fig[3| showed regions in the U-h-plane where X and c are real or complex. A similar distribution Fig/TI]
exists in the U-v-plane, which shows, for which values of U and A7 the sign problem occurs.

The Fourier transformation applied to the New HS transformation gives the following Fourier
coefficients.

1 gilvm—lale) SAGY) tArh
Zm = SNNTI, 2. / DNM [ det | &£+ H ( km) dv (47)
oce{E£1}NxM sexl
with e cosh()) = 5" cos(+7)

e tan(c) tanh(\)
e D = cos(c)

)

= tan(

gk

which are derived directly from , by substituting h = %1/. Additionally, for an easier representation
of the formulas, the parameter ¢ = ic is redefined.
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The values for A are the first thing investigated here. In order to derive if X\ is real or imaginary, one
has to distinguish two cases.

cosh(\) € (0,1) & X €i(0, )
cosh(X) € (1,00) & X € (0,00)

Except of the case M = 1, cos(47) is always positive, but smaller than 1 and for negative U also the

. ATU . . . . . . .
exponential ¢~z is smaller than 1. So in the important attractive case, in which the sign problem
occurs, the coefficient X is always imaginary and the product J] ., of the determinant becomes the
absolute square.

2
—lole)

M
1 Z il )
Zm = ONM+1 / - DNM det | £+ II (EAG(”eme) v
us

tTG{:i:l}NXM p j=1

To get the exact interface between real- and complex valued ), the following equation has to be fulfilled

e”2 cos(i7) =1 = AtU = —2In(cos(47))

A€ i(Q,7/2)

v/M

Figure 11: The blue line is the border between real- and complex valued \. Compared to Figl] the
whole attractive case U < 0 lies in the region of complex valued X in this transformation. For the
attractive case it looks like that there are also some regions with complex valued A, but the horizontal
green lines indicate (for the special case U = 2 and 8 = 3) the interval over which the v-integral is
taken. For growing M the interval becomes smaller and lies at some point completely in the region of
realvalued .

Despite the fact that the determinant is positive, the complex valued exponential prefactor can take
negative values in general. So the sign of this representation is not clear yet and has to be calculated.
This is done only in the attractive case, where the addends are given by.

2
6i(u1ﬂ—|o’|c)

n M
Zo = | o [det | B+ T (27 et270) || ay (48)

—T

This sign of this addends is plotted in Figand has the same behaviour as the sign in the previous
Standard HS transformation, namely (except of m = 0) it converges to zero as (3 becomes large.
Fig[13shows, equivalent to Fig[I0] the distribution of Z, for every Fourier coefficient Z,,. None of the
signs dominates the other and no progress in terms of the sign problem is achieved here.
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Figure 12: For the addends Z, of , the sign is plotted as a function of the inverse temperatures (8
for every positive magnetisation m. The plot shows, that with increasing 8 the sign converges to zero
for every Fourier coefficient Z,, (except m = 0).

101 m=0, 2x2-grid, 4=3, t=1, U=-1, M=4 sign=1 104 m=1, 2x2-grid, =3, t=1, U=-1, M=4 sign =0.89554

—Z) —)
_— )
10" ’ ’
1012
10%?
A
N \\; N°10%2
—
11 T
10 —_— ‘\
101! ‘\\\\\R
100 | —
| —
—
—
100l | 1ol ~
1 2 3 4 5 6 1 2 3 4 5 6
10* x10%
Lot m=2, 2x2-grid, =3, t=1, U=-1, M=4 sign=0.37146 1ot m=3, 2x2-grid, §=3, t=1, U=-1, M=4 sign = 9.6883e-06
—Z+) —)
0 {)
1013 —Z, —z¢
] 1012
1012
101
~°10M / ~ |
A 00 \
101 - T AN
- T
— —

108l | 108

1013 m=4, 2x2.grid, =3, t=1, U=-1, M=4 sign=1835le-1l
2

O
102 =z ]|
101

100 |

Figure 13: For the specific temperature 8 = 3 the distribution of the addends Z,, of is shown. This
means, that every o-value corresponds to one point on the z-axis and on the y-axis the corresponding
value of Z, is plotted. The red line means negative values and the blue line positive ones. For m = 3,4
the distribution of the positive and negative values is nearly the same, which can also be seen in the
value of sign, which is written on top of every plot. For m = 0,1 the positive values dominate the
negative ones indeed, but as it can be seen in Fig[I2] this property vanishes for increasing 3, at least
for m # 0.




3 PARTITION FUNCTION AS A FOURIER SERIES 33

3.4 Approximated New HS transformation

Taking Z(v) in the approximated New HS transformation with the variable v = —i(h, the Fourier
coefficients have the form.

(49)

Zmz; Z / v (im=1gh /R 2o g,

IQNM+11
ae{:tl}NXM -

det <E + H ( Variuje@ tAr%))

Because the Trotter error of ({L0) is made anyway, the New HS transformation in chapter 2 was
further simplified by the Approxmated New HS transformation . Because of the v2-term in the
exponential, the integral is still not analytically solvable, but at least the determinant does no longer
appear in the integrand, which makes it much easier to compute numerically. Although this leads to a
lower computational effort, it is obvious, that, because the sign problem was not solved in the original
New HS transformation , it will not be solved in the approximation either.

It will be seen in section 3.6, that this approximated version is very similar to the one of the Continuous
HS transformation, but has only a two-element sum over ¢ instead of the continuous integral. This
reduces the size of the phase space for Monte-Carlo simulations by magnitudes.

3.5 New Asymmetric HS transformation

The first transformation, where one can do a little more, than just applying , is the Asymmetric
HS transformation . Here the integration variable v does no longer appear in the determinant,
and also the v-dependence of the prefactor is, although it is a large product, simple enough to allow
an analytic solution of the integral. This looks very nice in the first glance, but the analytic solution
I, is not that simple. It consists in general of a fivefold sum, each of order O(NM). This gives
@) ((NM)5) elements, which can be sometimes harder to calculate, than just accepting the error and
doing the integral numerically.

However, if the integral should be done numerically, it is advantageous anyway to use the Approximated
New HS transformation . So the main reason for this transformation is the analytic solvability of
the Fourier integral.

2
M
L = Z I, |det [ E+ H (ei%G(J)etAThk‘") (50)
ce{—1,0,1}NxM j=1
With i = #{ (127) € {1s-r NV x {1,.e. M} |0y = =1}
no—#{(z J)G{1,...,N}><{1,...,M}|0ij:0}

np=#{(,j)€{l,.... N} x{l,..., M} |o;; =1}
N Mm—J Mg Mp Np—S itk
(—1)ithtott N no Np Y.
Lng = Z:: Z0 lZOsZO tz() N M SR < 5k > ( ! > ( st )

m+j7k+nol\/;2l+37t )7‘{')

e ST (GHktnotstt)+i g (—k+t—s) sin(( i
m+_7—k+noj\;2l+s—t

e
D, = % (1 — et (cos(l’CI) + sin(ﬁ)))

2
M N

Zm:ﬁ > fe“’m<HHD )dy
oce{—1,0,1}NxM —1

j=1i=1

M xa@) A
det | E+ [] (eziG et Th“")
i=1

J=
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To calculate this integral, first the factors D, of the integrand are written in a proper way.

D=1 (1 — 3B (@ (1) + e (1-0)) )
Dy = %e 2 (eiﬁ —|—e‘iﬁ)
1
2

U

Dy =3 (1= 325 (6 (1= i) + e (144)) )

In the integrand above, products of these coefficients D, appear. In order to simplify these terms, the
following multinomial formulas are used.

n n—j n
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In terms of the sign problem, the addends Z, in this transformation are given by
My 2
i () ’
Zo' = I77LO' -|det | E + H <€Z2G ’ etAThk'"> (51)

and Figl14] shows, that the sign problem still occurs.




3 PARTITION FUNCTION AS A FOURIER SERIES 35

1x2-grid, t=1, U=-1, Ar=0.5
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sign

Figure 14: For the addends Z, of , the sign is plotted as a function of the inverse temperatures (8
for every positive magnetisation m. The plot shows, that with increasing 8 the sign converges to zero
for every Fourier coefficient Z,,, (except m = 0).

3.6 Continuous HS transformation

The last transformation of chapter 2, was the Continuous HS transformation . In this transformation
in principle the same properties as in the Approximated New HS transformation were found,
namely a h-independent determinant and a exponential prefactor with a quadratic h-dependency. In
the Approximated New HS transformation an expansion of the coefficients A, ¢ was the reasen for these
properties, here these properties arise from a continuous degree of freedom o. Also in this version of
complex valued magnetic field, these two transformations behave similar. So the sign problem also
appears in this Continuous HS transformation, like it did in the Approximated New HS transformation
@9).

At the end of this section another try is given to change the interval of the Fourier integral in order
to change the distribution of the values of the integrals. But this did not improve things, the overall
sign stayed the same.

L|ke in section 2.4.3, only the important attractive case (U < 0) of the H1 model is considered. Using
, the Fourier coefficients for every fixed m € {—N, ..., N} have the foIIowmg form.

2
2 e 77\ 2A M
Z = — ¢ 20T (o ‘U‘T>dy 171 | det ( H ( iWearuIe) m”‘km)) do | (52)
NM 4 "
2m 2 RNXM —m =t

j=1li=1
2 g X 2
0% = > >
j=1li=1
01j 0
GQU) = :
0 O’Nj
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The Fourier coefficient Z,,, is definied in and has the form

. v2N —|o?|—|o| %, /28T
A L [ eivm__1__ = 35107 e BY 0T
™ RN x
M 2
; ) .
|det | E+ ]1 (eZVZAT‘mG etAThk'") dodv =
Jj=1
‘ﬂ' o lol [2A7 _ _ N 2
= e [ fe”(”” BB - g el
2T 2 RNX]\/I —T
M 2
i @7) .
Jdet | E + H <€n/2AT|U\G etA‘rhk,"> do . [

j=1

To apply a Monte Carlo method, the positiveness of the integrand has to be verified. The el as
well as the absolute square of the determinant are always positive values, the only thing left to check,
is the integral

L;Z/e‘%e”(m“g‘ B aw |, (53)

—T

which is done in Fig[I5]

3x3-grid U=-1 =1 M=10
m=0 m=1 m=2

—Re(l)
-Re(l)

/
|

integrand
integrand
S
//
/
N
AN
.
N
N
integrand
/
Vs
AN
\\

/
S/
AN
e
.
\

integrand
e
integrand
b
//
3
integrand
/

T
3
i

%
N

integrand
J
Y
integrand
integrand
//
/
\
AN

J

)

)

)\
)/

]
3,
7

Figure 15: The values of the Fourier integral can be seen for every magnetisation m separately.
Unfortunatly, they can get negative and grow exponentially with |o|. Because the whole integral is
interpreted as a partition function with constant magnetisation, it has to be positive. So the negative
part (drawn in red) has to be dominated by the positive part (drawn in blue). This is possible, because
the integral gets multiplicated with e~17%1 which gets small for large o and also because of the many
realisations with small |o| and not that many for big |o|.

To get a complete calculation of the sign of , not only the Fourier integral has to be considered,
like it is done in Fig but the whole integrand is needed. This means, that also the values e~lol?
and | det(...)|? have to be multiplied, before judging whether the integrand is positive or not. Because
the determinant is not a function of || anymore, but of every single value o;;, the numerical effort
increases rapidly. So this cannot be done for the 3 x 3-grid and M = 10 Trotter timeslices any more.
One has to reduce both values in order to show the whole distribution of the integrands. In Figll6] this
is done for a 2 x 1-grid and a M = 2 Trotter timeslices.
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Figure 16: The values of the whole integrand of , including the Fourier integral , the expo-
nential e~1°I” and the determinant | det(...)|? can be seen for a small 2 x 1-grid and M = 2 timeslices.
Like in figure 15| 5 = 1 is used, which gives Trotter timeslices A7 = 0.5. Every o-value corresponds to
one point on the z-axis and on the y-axis the corresponding value of Z, is plotted. The red line means
negative values and the blue line positive ones and so one sees that positive as well as negative values
appear. The important quantitative value sign , which describes the ratio between the difference
and the sum of the positive and negative values, is calculated for every magnetization m. Always two

plots (one above the other) belong to the same setting. The plot below is just zoomed into the region
of the largest values.

Another tuning parameter, one can use to improve the sign, is given by the interval [vg, vy + 27] over

which the Fourier transformation is done. Different values of vy can be tried, in order to make the
integrand positive.

As an example, the case vy = 0 is tried here. It can be seen in the following Fig that the Fourier
integral keeps its positive and negative values, but shifted them to more negative values of |o|. One

can think, that this could improve things, because the negative values get damped by e=19%1 but Fig
shows, that the value of sign does not change.
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Figure 17: The values of the Fourier integral over a shifted interval fo% dv can be seen in these
plots. Every o-value corresponds to one point on the x-axis and on the y-axis the corresponding value
of Z, is plotted. The red line means negative values and the blue line positive ones, which shows that
the integrand becomes negative, but grows exponentially just on the negative side of |o|. Unfortunately
this does not improve things at all, like it can be seen in Fig[I§]
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Figure 18: In this figure the values of the whole integrand of , including the shifted Fourier integral
0% dv, the exponential ¢~1°* and the determinant |det(...)|* are plotted for a small 2 x 1-grid and
M = 2 timeslices. Like in figure B = 1 is used, which gives Trotter timeslices A7 = 0.5. Every
o-value corresponds to one point on the z-axis and on the y-axis the corresponding value of Z, is
plotted. The red line means negative values and the blue line positive ones. Analogously to Figll6]
one sees, that again positive as well as negative values appear. Always two plots (one above the other)
belong to the same setting, the plot below is just zoomed into the region of the largest values.

The idea in chapter 3 was, to treat the partition function as a function of complex valued magnetic field
and derive formulas for its Fourier coefficients. The hope was, that the sign of the Fourier coefficients
has better properties, than the sign of the partition function itself. But in the same fashion the sign
vanished in chapter 2, all the considered transformations in chapter 3 led to a sign which goes to zero
as beta increases.




Il The Hubbard-Holstein model and
new transformations






4 INTRODUCTION 41

4 Introduction

In this second part of the thesis the Hubbard model, which only treats electrons, is enlarged by phonons.
With harmonic oscillating phonons and a linear coupling to the electrons one ends up with the Hubbard-
Holstein (HH) model. The HH model is one of the simplest ways to combine the electron-electron as
well as the electron-phonon interaction in a solid. Although it has a quite simple structure, it is a
very reliable model in a variety of physical problems and therefore of great interest in analytical and
numerical studies. For large electron-phonon coupling, two electrons pair together and form a bipolaron
[10, 11, 2], which can be important, for example in the appearance of supercoductivity [13} [14].

The Hubbard-Holstein model became even more important, as in 1994 the one-electron spectral func-
tions for a one-dimensional continuum model, including electron-phonon coupling, were calculated
exactly [15].

In chapter 5 the Continuous HS transformation of section 2.4 is applied to the HH model by using an
effective chemical potential which is shifted by the coupling constant of the electrons and phonons.
This transformation does not change the Gaussian behaviour of the phonon part and so the phonon
trace can still be calculated analytically. This leads to a form of the partition function with an arbitrary
number of Trotter time slices , which is a generalisation of the commonly used limit case AT — 0.
In section A.4-A.6, extensions of this chapter are made.

In A.4 the partition function is calculated without the above-mentioned Continuous HS transformation
and the phonon trace is integrated out directly.

In A.5 it was tried to rewrite the partition function of chapter 5 in the Standard HS transformation.
This means after the Continuous HS transformation was applied and the phonon trace was integrated
out, | tried to undo the Continuous HS transformation again and write it in the form of a Standard HS
transformation (section 2.1) with site dependend parameters. It turned out that after the transformation
number operators of different timeslices are coupled to each other and it was not possible to end up
with an effective Hubbard model onto which the Standard HS transformation could be applied.

In A.6 the two ways of writing the partition function (with or without the Continuous HS transformation)
are compared for a small system.

The common way to treat the phonon degree of freedom in the HH model, is to integrate it out
analytically straight away. The idea of this thesis will be, to apply the Continuous HS transformation
of chapter 2.4 first and integrate out the phonons afterwards. This leads to an improved version of the
partition function, which can be compared in chapter 5 and 6. However, in both versions the integral
over the phonon degree of freedom causes a coupling between different Trotter timeslices. The analytic
solution of this multidimensional gaussian integral is one of the main results of this part and done in
two different ways [Appendix A.2 and A.3]. The numerical effort to calculate the partition function,
raises rapidely by introducing the Continuous HS transformation. Therefore in chapter 7, it is tried to
replace the continuous transformation again by the discrete one, but unfortunately this did not work
out in the end. So in this favorable form of the HH model in the Continuous HS transformation, one
is faced with an integral of dimension N (number of sites) times M (number of Trotter timeslices).

The Hamiltonian of the Hubbard model without external magnetic field is given by .

N N N
H = 7tz Z (chch + CLCN) + UZ”ian + ﬂZ(”iT +niy)
i=1jEN; i=1 i=1

Additionally to the Hubbard model, phonons are introduced, which are described by a harmonic oscillator
and couple linearly to the electrons on every site ¢, with a coupling constant «.

Thus, the Hamiltonian of the Hubbard-Holstein model looks like

H= 2; —t ;v (chesr +elyen) + Unigniy + (i — o) (nag + ) + 5+ =5 || (54)
1= J i
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To make the notation easier, consider the appearing parameters in atomic units.

ot — o — L with e q( atomic radius
h ao
o U — E% *w— B e m electron mass
g h
o e /o planck’s constant
L °p— % p
ag 2
o o 2 e E), = '~ Hartree energy
L o« B BB me3

ag

in which the Hamiltonian has the simpler form

N
H = Z —t Zj\/ (CzTTCjT + CI¢Cj¢) + Unmnw + (‘u — axi)(nn + nii) +
=1 JEN;

b, Wiz}
2 2

2
)

For a shorter notation define the following Hamiltonians.
N
Hcou =U Z NN
i=1
N
Hyo = > (0 — azi)(nit + niy)
Hiin ==t > > (CZTCJ'T + Cl‘lcji)

p2 w?z?
Hose = Z (j‘f‘ 21)

(55)
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5 HH model in the Continuous HS transformation

In chapter 4 the Hubbard Holstein (HH) model was introduced as an expansion of the Hubbard model,
which additionally includes the interactions between electrons and phonons. The coupling constant «
in , acts like a shift of the chemical potential. Therefore, a HS transformation similar to section
2.4 can be applied here. This will lead to a coupling of the HS-coefficients in between the timeslices,
but not in between sites (59).

To write the partition function in section 5.2 in the form of the Continuous HS transformation, the
condition (57 is needed, so the investigations in this chapter are restricted to models in which this
condition is fulfilled. The attractive model (U < 0) is valid anyway and the repulsive model (U > 0)
only for sufficient small coupling constants «.

The HH model in the form of the Continuous HS transformation is very common in determinantal
quantum Monte Carlo methods, but mostly written in the limit case A7 — 0 [16] [17]. Our result will
be slightly more general, by allowing also finite values of A7, which will also be the main result of this
chapter . The main advantage of this formula is, that espcially the phonon parameters o and w
no longer appear inside the determinant. Therefore one can easily differentiate with respect to them or
simply use different values for this paramters.

In section 5.5 the limiting case U — 0 of this formula is taken. This limit is not obvious, because in
the Hubbard-Stratonovich transformation itself one has to exclude U = 0, but in the end it turns out
that the limit exists and leads to a result, which only couples neighboring timeslices anymore.

5.1 Continuous HS transformation

In section 2.4.1 the Continuous HS transformation was calculated for the H% model lj Because the
electronic part of the HH Hamiltonian is the one of the H;,—g model and the fact that these models
are equivalent (according to (f])), a similar transformation exists for this model.

Basically the Continuous HS transformation can be done either in the initial form or in the particle-
hole symmetric form of the Hamiltonian. Both transformations lead to the same result , so the
shorter one is presented here.

o0
o AT(Ungn tp(natny) _ L agus o1y / o= oAt 1) g (56)
S

with the HS coefficients: A = /—2A7U

Proof:

00 2 - 2
Using the identity [ e~ +brdy — \/me'T , the right hand side becomes 5 (5-3) iV rtnutE-3)°,
—00
and so the equation, which has to be fulfilled for every ny,n; € {0,1}, is
ATU
2

Simply testing all possibilities of 4+ and n, gives the needed result.

—A7 (Unyny + p(ng +ny)) = — (nr 4+ ny)(ng +ny +2(5 — %)) .

U

ny=n; =0 0=0 fulfilled
ng=n, =1 —Ar(U+2p)=-AtUQ2+2(4 —1)) fulfilled
ny #ny: —Arp=—270(1+2(4£ - 1)) fulflled W

5.2 Hubbard-Holstein partition function in the HS transformation

The HS transformation (56 can now be used to rewrite the partition function Z = tr (e7##) of the
HH Hamiltonian (55]) in form of a determinant. The value j in is chosen to be the shifted chemical
potential y — a;.
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To make the HS transformation applicable at all, the Trotter decomposition ([10)) is used for the expo-
nential e #H
In order to exchange the integration regarding to x and o, the condition

042

U
will be needed, which is anyway fulfilled for the attractive model U < 0.

2

w* > (57)

N TN 2
M ((7”A(n- +n, )7a1-(A7'c+ 4 >+7Am 12>
olol2Hlolre | (H eigl ij A tngy i U 20U %) —Ar(Hygn+Hose) | g, (58)
j=1

Proof:

The partition function in the Trotter decomposition leads to a form where the Continuous HS
transformation (56]) can be applied. It looks like, that this could cause problems, because the chemical
potential has to be replaced by the opertor valued u — aZ;. But the spatial trace can be carried out in
front, and the operator Z; becomes the spatial integration variable x;.

M

N
—A Unitng - i i @
Tigl( nigpng +(p—az;)(n T+mi))e*AT(Hkin+Hosc) _

Z =tr e
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<
Il

— 00

M
Cows P Cvms
- (( %l?%(%*%) [ e oM ni i+ z?”"é>d0> eAT(HkﬁHOSC))
T
=1

Using the definition of ¢ the exponent can be simplified and ordered in terms of n;, and z;.

v, 2 P

L;J(%f%) 7(;2+g)\(ni¢+nu+%,%):
2 2

=&t (c2 + 5t — 2c—agi) — o2+ oA(nip + iy +o— %) =

oMt +niy) — az; (Ate+ 32) + A{{j‘z 2? + 2702 — 02 + oAc

In the next step, the integration over ¢ should be exchanged with the phonon trace, which contains
the phonon integral over x. This is mathematically only allowed, if the integrals still converge after
the exchange. The integral over x becomes a Gaussian integral with a prefactor —%(wz — %2) of the
quadratic term z2. To ensure convergence, this value has to be negative and so the condition is

necessary.

BU 2 % Zlo|2+]o]A M % (Uij/\(ni‘r“'nilv)_(’-ri (A7c+ ng>+A2T{;2
Z=\%x [ oeTlolrialde g | T e=t
Jj=1

RN XM

2
ﬂCl)e_AT(I'IkIn“'I'IOSC) do

5.3 Determinant representation of the Continuous HS transformation

In the HH model the situation is now a bit more complicated, than in the previous Hubbard model ,
because the trace is not only the fermionic sum over all possible occupations, but also the integral over
all phonen states z. Fortunately this phonon integral can be done analytically and for the electrons the
determinant representation of the trace can be used again.

This finally leads to the following partition function.

w2

BU2c2,2 N a2A72 = AeUw?
- T(pt——=<2a:2 __ plg,
Z=\m Q?WUW?TQ q- ™ [ e 20 Pt ey 1) itlelozza
g ( - )( - ) RNXI\/I
(59)

M @ ’
det | E+ [] (e’\G etATh“") do
j=1
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Withoa:%ﬁ(wQ—%)—i—l
eN=a++Va?2-1
e Ry = Q- li=il L Q—M+li—jl

Like in (58)), this representation is only true for models which fulfill the condition ((57).

Proof:

Because there are no spin-flip-terms in the Hubbard-Holstein Hamiltonian (54)) and because the trans-
formation ((56)) brakes up the coupling between z; and n; as well as the coupling ny and n, it is possible
to separate the partition function ((58)) into a product of three exponentials (spint, spin] and phonons).

N
N
> M AN
BUCZ\ 2 .2 20 0ijANis )
Z= ()" [ elHeben | ] (R e arthn

e se{hu}i=1
N 2 i\
M (AT” 22 —ax; (Aret+ i ))
. H 6"21 2 ( v e~ AT Hosc do
Jj=1

Now the trace is has a form tr(O+O}Ophonon), Where all three operators only act in their respective
subspaces. So the trace can be replaced by the product of the three subtraces try, tr), trphonon as well.

N,
N
2 M AT
BUC2 2 -2 Eal‘]An‘lS _ X
z= ()" ] el qT T [ eS T e At
RN XM se(nyy =t
M %(AT&Q 2 Aret Zia
) 0 zifozmi( TC o] )) B
'trphonon H ei=1 e AT Hose do
Jj=1

Using the representation of the fermionic trace as a determinant together with the matrix form of
the exponent ([20)), the electron trace tr; can be written as a determinant.

2\ % M ?
BUc 2 R
7 — € - €—|rr2\+\(7|>\c det | E+ I | (ekG(J)etAThkin)
™ )
RN xM Jj=1
M % (AT‘"2 z?—aux; (ATch 01:,‘)\))
22U Ti i U _
- trphonon I | ei=1 e AT Hose do (60)

j=1

Until here, just the trace of the electron states is rewritten and the partition function looks similar to
the one of the Hubbard model with the additional phonon trace. This phonon trace (integral over
spatial coordinates) can be done analytically and will cause a coupling between o-values of different
timeslices j.

N a2 T
trphonon lj\_/I[ ei§1<A2((fy w?*aa:i(A‘chr > ))e_ATHosc _
j=1
N - N 2 2,2
= [ @O (S5 et (arer 22) ar £ (5455 IF0Y gz ) —
RN Jj=1
X . 2 ‘ o A X
= [ ﬁ <f(j)}ei;(f%(&fv)m?*azi(ATH 4 ))e E i;p? FUtD) | dz =
]RNX]VI J:l
M 5 <—%(w2—%)x5j)2—a$§j)(ATC+L[§/\))  _as jz\’;pf

— f H ei=1

RNxM j=1
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By inserting a full set of momentum basis vectors |p) and the identity (7’| Z) = —x e~ *#%)  one can
(2m)2
2m) 2
evaluate the corresponding terms in the equation above.
4 3 4 3
Zle = — Zle = D dp = #N ei<ﬁ,f—ﬂ>e—%|ﬁ|2d"
] P (P 9) dp' = 55 7z

RN RN

The pintegral inserted above, became Gaussian and can be integrated out analytically again.

N
3y S 1 s
@e * =" | = ( ) ¢~ 7az (T-0)° (61)

This solution can now be used to simplify the phonen trace, where now the spatial integral will become
Gaussian. There is no coupling between the sites ¢ and so the trace can be written as a product of traces
acting only on a single site. Because of the coupling between Z and ¥ in , this separation is not
possible for the time slices j. So this Gaussian does not further reduce to a product of one-dimensional
Gaussians, but stays M-dimensional and therefore, needs the more complicated identity to be
solved.

N 2 Tii N

Ara? 2 ij

troh H ei§1( 30w —eri(Aret g >) efATHOSC
phonon

j=1

NM M N L o2 i i Tii A
1 2 > (f%(wtv)rﬁ”zfazﬁ“(ATHTJ)) — 5k (7D —g+D)? R
= 97 A H ei=1 e 24T dx =
TAT
e
RNxM J
M . . P . )
1 NM N b> (,(%(w2,%>+ﬁ)z(1)2,axu)(ATC+ gk>+ﬁwmxu+n> B
= A H ei=1 ar
TAT
i=1
RM

_ (;ﬂ)l\’zMﬁ/ ejé(—(%’z (wz—‘%ﬁl)ﬁﬂ?—a\/ﬂmw<ATC+“ZX)+m<”zU“>> . (62)
1—1R 1

Where in the last equation the substitution Z — v/ A7Z was made.

The anyalytic calculation of this integral is done in the Appendix or rather , with the coefficients
Q and R are given in (59). At this point also the condition is needed to ensure that a > 1.

M %(A;gQ:c?—aqu(ATc-&-gig/\)) ArHL
i= —AT _
1:rPhonon Hl e=t € o -
J:
3 3
Y (2™ TN 2280225 TRy, aArre(29YFR2 |5+ MaAr3c)
= (ﬁ) ((QMfl)(lfQ*M)) Hl EXP | Ja—a Myvar—1 + 2(a—1) =
i=

azc(Z%\o\+Nﬁc)

_/ N
2 2 2
2(w2-95) a”AT T P>
€ exp (2U(9—M—1)m iz_laz RG;

N
2

1
(m)

This is now the analytic expression of the phonon trace, which was needed in . Plugging it in, leads
to the asserted representation of the partition function.
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2
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BUC2 1.2 ) ) .
_ (.ewM ) [ emlofHae det | B+ ] (eAGJ etAThk,n) )
RN x M j=1

a2c(2%\a\+Nﬁc) N

T o22oaZy o?Ar? N ZTRg —
e eXp | sraro 1y TL%;JZ R&; | do

N
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1

N

sU2 2 N
Uw?2—a?2 — 2A 2 = AU 2
= (M’(Qifl)(lszf‘f)) J exp (_ 3 (E + 2U(1—%wf‘)mR) i+ o] ULS?wa‘Z) :
1
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2
M AGD) tAThL
det | B+ [] (e G etAT k'") do ®

Jj=1

5.4 Determinant representation with Fourier transformed HS parameter

A decisive part of the proof of , was the calculation of the multi-dimensional Gaussian integral in
(62). For this, the identity was used, which was calculated mainly by inverting the matrix B
directly. This Gaussian integral can also be calculated by using Fourier transformation ([84]), which leads
to a different representation of the partition function.

B 5 > 5" 2 Ba?Ar MAcUw?
TwZ—aZ E E (G | M4 BT ) 450 22U
Z = M(Q?W,l)(l,(zfzu) f er=t\ k=l (a—cos( Wﬁ)) .
" RN X M
M ik 2 (63)
M A e~ 2T Gr(k) N
~det | E4 ] |e == et AThiin do

j=1

Wlthoa—A—TQ(w2 2)+1

e =a-++Va?—

Mo
evie{l,...,N},je{l,....M}:6,; = 35 2627”%0%
k=1

Like in the previous representation, also here the constant a has to be greater than 1 and so the
condition (57)) is necessary to make this representation valid.

Proof:

The first part is the same as in the proof of . Only in the calculation of trpnonon(. - . ), the different
way of doing the integral comes into play.

N 2 i A
M > <7A2T[‘j‘ z?—awx; (ATc+ 1& ))
trphonon H ei=1 e~ AT Hos =
j=1
Ma2Ar3e2 MuAT%m\/E%aiM M M 7“2327’\2\51,@\2
(1 Nm N H \/ 27T i3 G + 2(a—1) +7,§1W
= (35) = (1 a7y =

N
2

_ M 2n15. 12
ﬁazczU 5 [ ae ;AaizM _$h __saarioyl
_ eUwZ—a2 pim1\ Vet = 2U(a—cos(2ﬂ%))
=\ @

—D(I-—0-M)

This can now be inserted in and leads to the following partition function.

2
&2 X M B
Z= (effif ) [ emlotHlolre geg <E+ I1 (e*G“)etmhkin)> :
]RNX]\/I

j=1
N N 2y = M 2 -
Ba2c2U S Ma2eX&in s BatAT|5, k\
eUwZ_aZ i\ veZ-a2 = oy (a—cos 2m J _
. —_— e dO’
@7-Da-a M)

N M 2

BU2624,2 s (=5 5 M+ BaZar 6 MAch

= v QiIUW57T2 QM f e=t k=1 QU(CHC'OS(%%)) vutoa? .
T | )

2
M 2migh

M A > e aG®
cdet | E4+ ] [e *= et AT do 1
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5.5 Limit for zero Coulomb Energy

As a special case the limit case U — 0 should be investigated.

Simply setting U = 0 in this determinant representation does not work, because already in the first
step, the HS transformation is only valid for finite U. Also taking the limit leads to some problems,
because the condition , which has to be fulfilled in order to make the representation (59)) valid, will
be violated for very small positive values of U. The limiting process is therefore restricted to negative
U.

The partition function Zy—o = lim (Z) in this limit is given by

U—0—

~ /3“}22'2 N
e 2c

Z=| g [ e®
T2 AT RN xM

2
-det <E + ﬁ (eo” QATG(HetATh“")) do .

N
2 5 (B-(ar%w’ 128 B)G,—|o| Y2o1ue

(64)

Jj=1
01 0 0 1
1 0 1 0 0
01 0 0 0
with B = .
0 0 O 0 1
1 0 0 1 0

The complicated matrix R from (59)), which couples all the time slices j, reduces to a matrix B, which
couples only to the neighboring timeslices.

Proof:

After a closer look at the partition function (59)), one sees that in the limit U — 07, the integral in the
nominator as well as Q" in the denominator diverges. Because it is not allowed to exchange the order

of integration and the limiting process in this =’ \/7 part, by

o — —V;U o, has to be done first.

U202 a2 N =T a?2Ar2 a\/ ArcUw?
7 ( 02M o T2 =02 f o7 12:1 G; E+—2U(1—Q*1W)\/a27 Gitlo| 5
= | = = .

w|2

— M M _ _(O—M
OF@T-n-a |

2
M )
-det <E + 11 (e‘“ QATG(J)etATh“")> do

j=1

The limit U — 0~ can now be performed by doing some expansions.

¢« Q=27 (y ——+1+\/ (A8 (w 2)+1)2—1:
_ A;yozz A‘ra +O _
_ ATa +O()

e 1-07M 1 (-2t o0 ))_M:
:1—(—W+O< )"
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.\/cff\/A” 2y 11) —1=

_ 2,,2 A‘r w? AT202 (AT202 At4at _
= \JArn (At g 1) - Amet (8t 1) 4 Spgt —
ATQOcQ(ATw

= —Appt e nn ) o) =

— A;Ua Arw +1+O( )

e R=E+Q'B+0(07?

=R=FE+—>+——B+0(U?
== A‘réa2 +0(1) ( )

=E+ (- i <%= +0U?)B+0(U?) =
=E- x5 azB+O(U2)

1 _ 1
* vt s (1+ow™)) (- A*""*2+A* “1+0()) (5=

(AE’LZ - U2+0<US>) (E - 5% B+0W?)
=P+ 2 AT4 ; ( — (AT 4+ 2)E) + O(U?)

A72a2 B+ O(U2)) =

Thus, the partition function in the limit U — 0~ becomes:

_ Bw?u? N 1
_ e 2a2 f 6A72 i
n% ATM RN XM

2
det <E+ (eavaTG(j)emThk'")> do W
Jj=1

2
&l (B—(AT?w?42)E)G;—|o| 2RI

it

N

==

In order to prove the correctness of this formula, the special case '1 site’ is calculated in the Appendix
and compared with the direct result of the definition of the partition function Z = tr(e~#H(U=0))
of a Hamiltonian without Coulomb term.

Also in the Appendix , the phonon trace is calculated out directly without applying the Continuous
HS transformation in the first place.
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6 Conclusions

In order to solve the sign problem in the repulsive Hubbard model away from half filling, new Hubbard-
Stratonovich transformations were introduced in the sections 2.2 - 2.4. All the transformations achieved,
that the main part of the formulas, the determinant, became positive, but the sign was shifted into the
prefactor instead and the overall behaviour of the sign did not change at all. In particular the sign as a
function of the inverse temperature /3 was investigated, which turned out to decay exponentially with
increasing 3 (see figures and .

In chapter 3 all the transformations of chapter 2 were combined with a complexification of the magnetic
field , which leads to a form of a discrete Fourier series, where the Fourier coefficients are
given by the canonical partition functions for a fixed value of the magnetisation. The representation
of the partition function in the different HS transformations ([48), and are the main results
of this chapter. They gave hope for a solution of the sign problem, because in an approximation for
B|lU| > 1, the addends of the New HS transformation seemed to converge to something positive.
Unfortunately these approximations were too rough to make the Trotter error converge. Instead, the
sign still decays exponentially with growing S for every magnetisation (except of m = 0) and every
considered HS transformation. This can be seen in the figures[12] and

Nevertheless this representation with canonical partition functions has the advantage, that one is no
longer faced with the partition function over the whole grandcanonical ensemble, but only has to
calculate the partition functions with respect to the smaller space of constant magnetisation. Another
advantage appears in the Approximated New HS transformation , namely the sum only consists of
two elements o € {£1} and the determinant is h-independent. This keeps the computational effort
small and allows to consider different values of the magnetic field with only a small amount of additional
computational time.

The HS transformations (especially the Continuous HS transformation) from the first part of the thesis
are also applicable to the more general Hubbard Holstein model. There, the coupling between electrons
and phonons lead to an effective shift in the chemical potential and in the end to a coupling between
different Trotter timeslices, which shows up in the appearance of the nondiagonal matrix R in eq..
The phonon trace of the partition function can be integrated out analytically and leads to a form of
the partition function in the most general case with finite Trotter timeslices A7. It contains no approx-
imations except of the Trotter decomposition, but has the disadvantage of the (N x M)-dimensional
o-integral. It turns out, that in the Continuous HS transformation the phonon parameters do not
appear inside the determinant, but only in the quiet simple exponential prefactor. Two nice practical
advantages which follow out of this are, that one can calculate the partition function for different
phonon parameters simultaniously with only a small additional amount of computational effort and one
can also rather easy differentiate with respect to these parameters.

Future investigations can try to apply the promising Approximated New HS transformation onto the
Hubbard Holstein model. This transformation has mainly the same advantages as the Continuous HS
transformation, but a simple two element sum, instead of the high-dimensional integral.
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A Appendix

A.1 Fermionic trace as a determinant

In a lattice with IV sites, the corresponding grandcanonical phase space has dimension 2V x 2V because
of the two possible occupations on every site. So the trace of an operator in this space is the sum
over the diagonal of the respective 2V x 2V-dimensional matrix. If in addition Trotter timeslices are
introduced, this sum has to be calculated for every imaginary time slice j € {1,..., M}. Because of
the large computational effort, alternative ways of calculating the trace are beneficial.

For a fermionic trace, one of which is to hide it inside the determinant of a NV x N matrix. This is
possible, because the definition of the determinant is also a sum over 2N elements. But because there
are much more effective ways to calculate the determinant, this form will be very beneficial. Also in
numerical calculations this determinant can be calculated recursively by updating the determinant of
the previous step, either exact or by an approximation.

The goal of this section is, to transform the fermionic trace of an arbitrary operator, acting in a 2V-
dimensional phase space, into the determinant of a corresponding N x N-matrix. The proof will mainly
follow [18] and is splitted into three parts. The first two parts are the statements and , followed
by the main equivalence statement ([69).

Statement 1:
Let (T5,)L_, € CVN*N diagonalizable, P € CV*M | then the following identity holds

M M L
(He nc>H<c**P>m|o>H(E*(He“)ﬁ 0 ©)

n=1 m=1 m=1

Proof:

The proof will be made by induction with respect to L.
Induction basis: L = 1:
Because T is diagonalizable it can decomposed in the form

3U,D e CNXN . U unitary, D diagonal, T = UDU"

Define ¥ = &tU A 4 = UG, then 7 satisfies the fermionic anticommutator relations.

b {7277J} = Z Z U;l{ckﬂcl} =

=1l=1

o (vl = Z ZUszzg{% ¢} =0

=1l=1

N
. {%,%} = Z Z Ul Ui jder cf} = {cr.c]} = k; Ul Uiy = (U0, = 64

=1l=1

Where the anticommutator relations {cx, ¢;} =0, {cL,c;r} =0 and {ck,c}} = 0 were used.

This new fermionic operators 'y;r can now be used to some kind of diagonalize the right hand side of
with respect to &',

M

e TE ] (E1P)y, [0) = €77P7 H( fUTP),, 0) =
m=1
Z Dyl
= [T 5 AU Py [0) =
m 1k=1
N Z Divivi

= Z H ’Yk (UTP)km,m |0>
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Because of the anticummutator relations, 7~/ [0) = 0 is true and every product [_, *y;im has to

consist out of pairwise different creation operators.

. M N %D'VH- M
ST E Py = > e=m T A U Pk, m [0) (66)
m=1 ki1##kp=1 m=1

The exponential shall now be shifted to the right side of the product, or at least as far as possible. For
this, the following three properties are needed.

a) Fori# k it is: eP:im A=At ePi7 because i,y =0

L [e o] o0
b) For i =k itis: ePii 4l = Zoﬁ(DwZ%)”vJ = ZoﬁD?vJ =eli 4]
n= n=

Where %T%.%T — 7;[(1 — %?L%-) = W’T was used.

(3

e8]
©) €P710) = 30 5(Dini)" 0) = 5710) = J0)  because 5 [0) = 0
n=0 7

Property a) says, that the exponential can be shifted through the product, as long as i # kp,. If a
factor i = k,,, is met, property b) comes into play and the exponential operator becomes a simple factor
ePi at this point. This can happen only once, because the (vx,, )_, are pairwise different. If there is
no i = k,, in the product the exponential can be shifted to the very right and makes the whole term
vanish because of c).

Not every exponential has a corresponding 7, in the product, but because every i € {1,..., N} appears
in the exponential, every 7, of the product has exactly one correponding 7, in the exponential. All
the others vanish.

So the left hand side can be written as

M N M
N[ EPmly= > ] ™Al (UTP)k,.m0) (67)
m=1 k1#--F#ky=1m=1

To make this argument work, all duplicate k,, were removed in (66]), but with the same argument they
can be added again in (67)). Afterwards the transformation 5 = UT¢ is reversed again and leads to the
stated formula.

I N M
e T¢I (€1P)m [0) = I1 ePennf (UTP)g,, m|0) =
m=1 K1y kar=1m=1 "
M M t
= II X Py (U P)im |0) =
m=1 k=1
M
= I (71ePUtP) |0) =
m=1
M
= [I (€te"P),. 10)

The easier part of the proof of this first statement is the induction step.

Induction step: L — L 41

At first the induction basis can be applied to the matrix 77,41, in order to shift into the right product.

L+l \ M Lo\ &
(H T) IL P l0) - (Hee T"c> [[@te=p)nl0)

n=1 m=1 n=1 m=1

This right hand side looks like the induction assumption, but with a different matrix P — eTt+1 P. But
because the matrix P was arbitrary, the induction assumption holds also for this matrix e’%+1 P.
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|
3
Il
L
N
o
i
-
L=E
(9]

5
N———
=
N———

3
S
|

The second statment gives the link between a matrix element and the determinant.

Statement 2 :

Let P,Q € CN*M two arbitrary matrices, then the following identity holds

1 M
(0] < I ®P'&m- H(éTQ)z> 0) = det(P'Q) (68)

m=M =1

Proof:

The matrix-vector multiplication (Pf&) can be written as a sum, and the sum carried out in front of
the product.

1 N 1
II Fam="> I Phi.cn
m=M 01y ipmr=1m=M

M
The same can be done for the second product ] (¢fQ); on the left hand side of .
=1

M N M
[[E@.= > HCLle,z
=1 Ky kar=11=1

1 M
So, the main elements to investigate are (0] ( I1 P;mmc,;m) (H C/Tngkl,l> |0).
=1

m=M

This expression starts and ends in the vacuumstate. Thus, all the particles created by the cLl have to

be annihilated by any of the ¢;, .

N
For this, the elements (k;), have to be a permutation of (i,,,)}/_; and thesum > reduces to
k1,...y kyv=1
the sum over all permutations " .
TESM
1 M N 1 M
o ( I (P'o H(E*Q») n- > Yo ( 11 an) (H *Q) 0
m=M =1 01yt =1 TESN m=M =1

The product of all the prefactors ij.m and @i, can be written in front of the inner product and
1 M
it remains (0| < 11 cm,) (H cgﬂ(l)> |0), which would equal 1 if the creation operators were in the
m=M =1
correct order. But because of the permutation 7 this equals (—1)!7!.

1 M N M
(0] ( 11 <PT6)m-H<8*Q>l> o= > > (H P;,%Qim,ﬂm)) (—1)!!

m=M =1 1yt =1 TESN

Where for coefficients, which are complex numbers, the order in the product plays no role any more

M M
and [] Qipyt = [T Qi =1y can be used.
=1 =1

M
Thesum )" can be written insight the product again and leads to final result of this statement.
EVESS
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<0|( 1 (P1e),. ﬁ(am) 0= 5 (0 T 3 P Qi =

m=M =1 TESM m=1i=1

= Z ( )‘ﬂ—l H: (PTQ)m w(m) =

TESM

—det(PfQ) ®

With the two statements (65 and , a fermionic trace (which is a sum over 2%V elements) can be
written as a determinant of a N x N matrix.

Equivalence of trace and determinant

Let (H,)L_; € CN*¥ be diagonalizable matrices, then the following statement holds.

tr (H eETH"/Cﬁ) = det (E + H eH"> (69)

n=1

The trace is ment to be the sum over all possible states with every possible number of particles in the
system (grandcanonical ensemble).

Proof:

For a simpler notation define

= H efln (70)

then the determinant on the right hand side has the form.

det(E+B)= > (- '”‘H (i) + Bri).i)

TESN

This product can now be extended and sorted after powers of B.

N N M N
det(E+B)= > (D> > [ Betiwrin I rru (71)

reSN M=0i1>-->ipy=1m=1 =1

1g¢{iy,..., ing}
A closer look at one part of the sum
M N
S’il ..... in Z (71)|7T‘ H Bﬂ(im)ﬂ;m H 571'(1),1 (72)
meSN m=1 lé{ill%.l..”u}

gives some further simplifications.

Because of the J-functions, the sum over all permutations in Sy is restricted to all permutations in
Sur. To make sure that the new permutations m € S); access the right elements of the matrix B, B
has to be restricted to its rows and columns {i1,...,ip}. This can be done by multiplying B from left
and right with a matrix P € CV*M of the form

Pi1=---=P;,, »m=1and P, ; =0 everywhere else. (73)

Si1,m7iM = Z (_1)|J| H (PTBP)G(m)ym (74)

oeSM m=1




A APPENDIX 55

The sign (—1)I7l = (=1)l°l stays the same, because all elements [ from 7 that vanished, had the
property 7(l) = [ (because of the d-functions), and therefore, these elements had no contribution to
|-

The righthand side of is now exactly the definition of the determinant of the of the M-dimensional
matrix PTBP.

Siying = det(PTBP)

With the help of statement 2 this determinant can be written in terms of creation and annihilation
operators.

Siyenine = (0] ( I1 (PTéﬁm> (H(ETBP)z> 10)

m=M =1
Putting in the definition and using statement 1 (65), leads to the equation

Sih.--,iM = <O| < ﬁ (PTE)m> (ﬁ BETHRE) (ﬁ (E]LP)1> |O> .

m=M n=1 =1

Because the explicit form of P is known, also the expressions PT& and &P can be calculated

N M
° % = Z P mei = kzl Oir,mCif, = Cim

=1

o (€1P),, = (PTO)}, =l

and so the addends S;, reduces to

M

1 L - B M
Siv i = (0] < 11 Cz) (H e H"'C> (H C;) 0) .
m=M n=1 =1

Now putting this addend back into , the determinant finally becomes

det(E + B) % % <0|< 111 cim> (i[lef”fn5> (ﬁcjl>|o>:

M=01i1>-->ipy=1 m=M
N N

L
. . et gl .
Z Z <7’1>'--521W| H e H”°|Zl,...,l]\4>:

M=01%1>->ipy=1 n=1

Lo
tr ( IT e° H"C> : |
n=1

A.2 Calculating the integral |

The task of this section is the calculation of the following multi-dimensional Gaussian integral, with a
periodic nearest neighbor coupling ;2,41 in the quadratic term. Additionally, the coupling is constant
in every dimension j. These two restrictions lead to a closed expression of the Gaussian integral.

M
> (bjwj—azi+w;z;41) . (2m)M 1 -
/ = 4z = \/(wM "D —w ) Pl SV =1 2 bRy || (75)

RM Jrk=1

with R, =w " 4+w Mt and w=a+ Va2 — 1

and arbitrary coefficients ¢ > 1 and (bj)éw:l eR.

Proof:

The exponent of the integrand can be written in the following matrix form.
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Q
\
—
o
o

0 a 0 0

I= [ BD-EADGE  with A= | :
RM

0 O a —1

-1 0 0 a

Define d = (A+ AT)"'b and f =
ishes, because of

%Z;T(A + AT)=15, then the linear term (b, ) of the integrand van-

f= (@ = d)TA@E~d) = (b,7) — (¥, A7) .
The prefactor el can be written in front of the integral and by a transformation & — & + d the vector
d vanishes. The remaining integral has the form of a standard multi-dimensional Gaussian integral.
[ — o3BT (A+AT)E (2m)M (76)
det(A + AT)

But because of the special shape of the matrix A, the terms in this analytic expression can be further
simplified.

So the two remaining tasks are: e calculating the determinant det(A4 + A7)
e and the exponent b7 (A + AT)~'b.

To make notation easier, define the symmetric matrix

2 -1 0 -1
-1 2a 0 0

B=A+AT=| © 1 (77)
0 0 ... 2a -1
-1 0 ... =1 2a

Before any calculations in the exponent are done, some determinantes will be calculated, which will be
the main ingredients to the solution of the integral.

The first statement is about the determinant of the B-matrix without periodic boundary conditions.
This determinant will be needed for det(B) and also for the inverse matrix B~!.

2¢ -1 ... O 0
-1 2a¢ ... O 0 . 1
. _ . . . . . o M+1
Statement : d]y[ = det : : - : : = m ((JJ — wM+1> (78)
0 0 ... 2a -1
0 0 ... =1 2a

This statement will be proven by first calculating a recursion formula and then solving this recursion.

By applying the Laplace expansion onto the determinant, one reduces the dimension of the matrix and
gets from dy; to dps—1 and dps_o.

2a | -1 0 0 0
—1][2¢ -1 ... 0 0

d7M — det]w 0 -1 2a 0 0 —
0]0 0 20 —1
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—1]0 0 0
—1 | 2a 0 0
= 2adp—1 + detpr—1 : s : : =
0 0 20 —1
0 0 -1 2a

= 2adpyr—1 — dp—2

This recursion is true for M > 2 and for M = 0 and 1, one gets the starting values dy = 1 and d; = 2a.

This is a recursion formula for the determinant and the remaining task is just to prove this recursion.

First it is obtained that all the powers of w = a + Va2 — 1, from 1) can be expressed by a linear
function in w. Up to the power w? this representations are needed and calculated below.

w?2=2a2+2avVa2—-1—-1=2aw—1

WP =w(2aw—1)=2a2aw—1) —w = (4a®> - 1)w — 2a

= (2aw — 1)? = 4a?(2aw — 1) — daw + 1 = 4a(2a% — 1w — 4a® + 1

* do= 2(w17a) (w - %) = 2(w217aw) (w2 - 1) = 2(a¢i71) (2(1(4) - 2) = ;
* b= 55 (W - 2) =

1
- 2((4&211)w—2a—a(2aw—1)) (40“ (20’2 B 1) W= 4a2) =
= s o= ((20* — 1w —a) =2a

® 2adpy—1 —dy—2= Qam (WMt — = MH1) 2(w > (w2 —M+2)
= 5oy (aw — D=2 — (20w — w?)w™M) =
= 2(w1—a) (w2ij 2 - 7M) =du U statement

For the calculation of det(B), again the Laplace expansion is used to reduce the determinant to lower
dimensions. At some points the determinants djy; from ([78]) will appear, which will then lead to an
analytic expression.

2¢|-1 0 ... 0 -1
1|2 -1 ... 0 0
0|-1 2¢ ... 0 0
det(B) =dety | | =~ " =
00 0 ... 2 -1
—1\ 0 0 ... -1 2a
-1]0 0| -1
—11 2a 0 0
= 2adpr—1+detpr—1 : SR : —
0 0 ... 2a | —1
0 0 ... =11 2a
1] 0 0] -1
2¢ | =1 ... O 0
(=DMt dety 1 | -1 2a 00 |[=
0 0 ... 2al| -1

=2ady—1 + (—dy—2 — (DM (DY) + (DM (= (=DM = (-D)Mdy—2) =
= 2(1d1y[_1 — QdM_g -2
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At this point, det(B) is reduced to the determinants of ([78)), which gives immediatly the analytic
expression

det(B) = 2a2(w o (W = ) — 2@ (WMt — 7)) —2=
L (0w = D1~ (0 - M) 2 =
—(”+w -2=
=@ -1 -w),

2

where at some point the identity aw — 1 = w* — aw from above was used.

The last step is the calculation of the inverse matrix B~1. This will be done by calculating the
determinants of the matrices B(*/) (which is the matrix B without the i-th row and the j-th column).

To make notation easier, every index should be understood modulo M from now on.

Because Vi € N,k € Ny : By = Biyg,1 is true, this has to be true also for the inverse matrix.

VieN,keNo: B, =B, (79)

So it is sufficient to calculate only the elements of the first column B, Kl L of the inverse matrix.
This determinant can also be represented in terms of the determinants dps and has according to
the following analytic expression.

-1]0 0 ... 0fJO|O O ... O]-1 1
2a/-1 0 ... o|lo|lOo O ... O0]O 2
1|2 -1 ... 0]|0|0 O ... 01O
00 0 ;100 o0 00
det(BRD) =detpy_1 | 0| 0 0 2a|-110 0 00 %1 |=
00 o0 0|-1|2a -1 00 &
00 0 0/0|-1 2a 00
0/l0 0 ... 0|lO0O|O 0O .. 2a]-1
0(0 0 ... 0flO0O|O O ... -1[2a m-1

— _<_1)k_2d]wfky _ (—1)A4dk,2(—1)M_k —
k—1
_ (2—(;))7@ ((wM—k-H _ w—M+k—1) + (wk—l _ w—k-‘,—l)) _
_ (*1)k71(WM*1)R
k—1

2(w—a)

Where in the last line the definition R, = w ™™ + w~ M+ of was used.

Putting all parts together, gives tho following expression for the exponent.

In this formula, for every fixed row ¢ the sum over k is taken over every column. Instead of this, one
also can sum over the diagonal elements (i + k — 1, k). This principle is shown in the following figure.

bT(A+ A7)~

I\D\H
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Rearranging the sum this way, leads to the result

-1
bi+k71Bi+k_17kbk )
1

E
Il

_l\')\»—l
NE

%ET(A+AT)‘15:

which is favourable, because the elements of B~! on every diagonal are the same.

) LM M
5?(14 +AT) = 3 Z Bi_,ll Z bitk—1bk
i=1 k=1

The elements of the inverse matrix were calculated above and are given by B;l1 = (71)”1%{;;))
1 1 M M
b (A+AT) = Ri-1Y bipk-1b 80
T ) 4\/a2—1(1—w_M); 1,; B (80)

Where also the definition w = a + v/a? — 1 was used.

With the property Ry;—,, = R,,, the sum on the right hand side can be simplified even further.

M—k+1

M
Ri,1b¢+k71 + Z RilbiJrkl) =
=1 i=M—k+2

1=

M M M
Yo Ric1 Y bigr—1by = > by
i=1 k=1 k=1

M M k—1

=2 bi| 2 Rjkbj+ X Rijyn—rbjyn | =
k=1 =k j=1
M M

= 2 2 beRj—jibs
E=1j—=k

This sum together with and ([76)) gives the analytic expression of the integral.
M
/ 2m)M
I = (WM—(l)(i—w—M) exp (4(1—w—1‘14)\/m 4%:1ka|k—jbh> |
k=

This expression ([75)) was the main result of this section. Except of the matrix R, it consists out of
simple objects. To do some calculations with the matrix R later on, some properties will be useful.

The sum over all columns is the same for every row.

Ri= /" (w1 (81)

Proof:

Leti e {1,...,M}, then
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M
(RI); = 3 (w =il 4 = MHli=il) =
=1
Jvifll [V Mo M
— Bt S (@)t 3 () e S
j=1 j=1 j=i =
. ) b a_gptr
Applying the formula for the geometric sum q = % gives
k=
T ; i 1 1 1\ M+1
(R1); = w™'e=2 _|_w—M+1w 7(;) i (2) (g) y-M—iw 171”1 _
= o™ - D g (l-wm) =
o= LT

The prefactor & ‘““ can, due to the definition, be rewritten in terms of a, which will complete the proof.

+

1 _ atvaZ—1+1 _ Va+ti(Vafi+va—1) _  [a+1 ]

w

w—1 at+va2—1-1 ~ Va—1(vVa—1+va+1) — a—1

|

-

For applications in this work, the vector bin will have the special form b = 1. With the help
of 1) a simplified version of the product b” Rb can be calculated.

a+1
-1

-,

T+ 1) "R(@+1)=d"Ro+ (1 —w M) (27 + M) (82)

M
Where |] = > v; means the sum over all elements.

The formulas and combined now give an analytic expression of the integral with the special
choice of the vector b = 7 + yT.

M
X (wity)mj—anitwiwien) (2m)M 7T Rv y(2|7] + My)
/ ei=1 dz = exp + (83)
(1—wM)(wM —1) 4(1 —w=M)y/a2 — 1 4(a —1)

rRM

A.3 Calculating the integral Il

In section A.2 the Gaussian integral is done by inverting matrices. Because of the constant coeffi-
cients a and 1 in front of the quadratic terms and the coupling of only nearest neighbors (including
periodic boundaries), the exponent should be diagonal in Fourier space. So with the help of Fourier
transformation another representation of the integral is found.

% (bjzjfaw?+a:jzj+1) (27T)M M M |6k|2
Jj=1 r — _ Ry 4
[ d”” %wM—l)(l—wM) b | T2 z (84)

RM k=1 1 —cos (ZWM)

with arbitrary coefficients  a > 1, (b; )] 2l € R

ew=a++va?
N M )
obk— Z 5\7
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Proof:

Applying the Fourier transformation means, doing an integral transformation with the Fourier trans-
formed variables (#4),, defined as follows.

M M
Vke{l,...,M}y: G =4 > e 2Ny, =>vVje{l,...,M}:z; = 2 midh 5,

Jj=1

These variables have the properties:

M
1 ik
o Vke{l,... . M—1}:ay_r=— Z Sty = S i = (85)

1 M
o zﬂzla:JGR
j=

The exponent can now be written in terms of the new variables and one sees that it becomes diagonal.

M i Mo
. be] Zb ZeQmeﬁk—Mkzli‘kbk

j=1 j=1
Mo MMM
o Dxi=3 XTI ) e Moo=
j=1 k=11l=1 j=1
M M
= > > # @M (Skyi,m + Okyi2m) =
k=11 )
=M ¥ |@y]?
k=1

& S NPT L ol N ot L omid -
o Yo mimipr = ) (e WMay | | Yo e @y |+ Yo ety | (> et | =

<.
I
-
-
I
=

Because the initial integral had M independent realvalued variables (x])évil the complex variables

()M, have to reduce to M independent real variables as well.
To get the M independent variables of (#4), one has to distinguish between M odd or even. Because
the calculations in these two cases are the same, only the odd case is presented here.

Because of the properties (85)), the variables (ik),]cwzl can be expressed in terms of the following M

]\/; M—1
realvalued variables (u), 2, and (vg),2 .

= X1 = u1 +1n

TM-1 =UM—1 +1UM-1
2 2

i‘M+1 =UM—1 —UM_1
2 2

Tp—1 = up — 101
571\/[ = Up

The transformation in this variables looks like
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S
|
A

. 2 ik . Mt ik .
Vie{l,...,. M} :z; = 2™ (uy +dv) + Y, €M (upr_g — fvp—g) + Ug =
- 7 k=1 fo= M1

M—1 M—1
N omidk - S —omidk ,
= e2TVr (uk+zvk)+ Z e M (uk—wk)—&-uo =
k=1 k=1
M-—1
2 ik - ik
=g +2 kzl (uk cos (QWM) — vy sin (27rﬁ)) .

To apply the integral substitution, the integrand has to be written in terms of the new variables
1—1 —1

LY M —
(ur)p2o > (vk),2; and the determinant of the jacobian ﬁ has to be calculated.

M—1
== . M—1 _ _
M < Z (uk + ivk)bk + Z (UM—k — Z"L)M_k)bk + UObM> =

M
® > bjz;
j=1 k=1 e M1

2

M—1 M—1
M ( S (ug +ivp)br + Y0 (up, — dvg)bk + UOBM> =
k=1

k=1

=M (uOBM 423 (wRe(l;k) - vk|m(5k)>>
1

=

M M Mo
2
« Yal=MY |El =M u%”,?l(uzw%))

<
Il
—
<
T
—
—

M—1
M 5 . M-—1 .
o Y wmip =M ( S (uf +od)e A+ S (ud_y + 3,y )e 2T +u%> =

c—= _ M+41
k=1 k=2t

2

M—1 M—1
2 . .
M ( (w3 +0)e 2 + 3 (] + o) + u3> -

k=1 k=1

M—1
2

M [ u24+2 > (u? +v?)cos (2m L
2 Wt M

M

det (#fﬁ))‘ — oM MY

M—1 M—1 .
The integral in the new variables (uy), 2, , (vx), 2, has then the form stated in 1

M

=2 271]\4%f6MBMUO—M(afl)ugdu(y
B R
M-—1
P ~ . -
. H <f e2MRe(bk)uk72M(a7cos(2ﬂ'1{‘7))uiduk fe2M|m(bk)vk2M(acos(27r1§1))vid,uk> _
k=1 \R R

M252,

M—1 M p M
— / IM(a—1) .
=922 M= M(afl)e ( )

M—1 4M2Re(by)? aM2im(by)?
2 T 8M ( a—cos 27\'L T 8M ( a—cos 27ri _
) kl;ll < 2]\/[(afcos(27r%))e ( ( M)) 2]%(0,7005(271'%))6 ( ( M))>
M MB3, ML ( M‘E(k\z . ))
— 2 a— 1 2(a—cos(2m 47 _
- ﬂafleél( Y kl;ll a—COS(Qﬂ'%)e M -

M IVII-:2 M—1 LIE‘Q
_ n2 64(03{) H < 1 64(acus(2w1’\j[))> _

a—cos(QTr%)

M M|by |2
:W% H ( 1 — 64(0.(:05(2171\];})))

The last step is to simplify the prefactor.
Comparing this result with for b = 0, one can identify the two prefactors and get the solution 1)
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oM _ 1
(WM -1)(1-w=M) — u

1 CL*COS(27T%)

=

Similar to 1) also in this representation of the Fourier integral, the special case b =7+ yl is
considered.

o 5 M B 2
_;((ij)xj7am§+xjmj+1) B (2m)M 4% 21>+§§31 My 2L k; ﬁ
er= dz = (WM —1)(1 - w_M) (86)
]RIM
M "
with 9, = ﬁ S e?minry

Proof:

The only thing to do is calculating the Fourier transformed by,

M
~ 1 ik ~
by = i ;ezmM (y +vj) = yor,nm + Uy,

Using this in gives the expression for the integral.

v X lyok vtk

(2m)M 4 = a—cos(2n £
L= \/(wM 0( 1 —w-M)€ Grke) =
My2 | Myd M A 1712
(2m)M 4(@ 1)+2(a 11”) T ,;1 a—cméﬁ
(wz\/f 1)(1 w—]\[) M .

A.4 Integrating out the phonons without HS transformation

In chapter 5, the Continuous HS transformation was applied in order to rewrite the electron trace as a
determinant. After that, the phonon trace was integrated analytically. Now, with the in principle same
calculation, one can solve the phonon trace also without HS transformation.

Like in chapter 5, also here, the partition function will be calculated in the more general form with
finitely many timeslices A7. However, in A.4.2 the limit A7 — 0 is done, to make sure that this form
is indeed a generalisation of the commonly used continuum limit [16}, [17].

A.4.1 Partition function for arbitrary timeslices

In the proof of 1} the HS transformation led to an additional A{g x? term in the partition function.

This term was carried through the whole calculation, until in the end the term appeared in the parameter

a of (59).

By integrating out the phonon trace without HS transformation, this factor never appears and also the

~ . . . 2
parameter @ does not contain this additional factor AQT{} .

The disadvantage is, that after the phonon trace is integrated, the number operators n; @) of different
timeslices are coupled to each other and it is no longer possible to apply a HS transformatlon and write
the electron trace as a determinant.

w|Z

1 M s
Z= (m) S I (D) e

RO, A j=1

a2 Ar2 N (87)

>
PEIEE o5 M)\/AT PENT

; ( )R\k—j\"gj)
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The Hamiltonian of the Hubbard-Holstein model is given by

N 2 .
H=He+ 3 (—azilni +niy) + 5 + 5 a?)
=1

with He = Hyin + Heou + H,, acting only on the electronic part of the state and will be not of great
interest in this proof.

The electron, as well as the phonon trace of the partition function, can now be written as a sum or
integral, and the Trotter decomposition can be applied in order to split up the momentum part of the
Hamiltonian.

w? =2

zZ=3 f <7‘i(1),f(1)| (e—ATHeeAT(:i’

- = 2 M
e(Em) -ark ) |0, 2D dz)
A(LRN

Between every of the M timeslices the identity operator Y [0~ |71, Z) (71, Z| dZ can be inserted, to get

to the form.
M ) )
7 = > f I <ﬁ(]) f(.7+1)> dz
A R(M)RNXM j=1
_@=9?

. o _ArE
In 1' the matrix elements (Z] e 272 |§) = (3zx7) 2 €~ 2a+ were calculated and can be used here
as well.

2 . N
. A7 w72 _o(z0) 5+ ) . =2
e—ATH. -.(]+1)>e T( 5 T (&), 7 ) <f(3) AT

w|2

M
7 — ( 1 )T Z H <ﬁ(j)‘efAfrHc

A, ... A =1
M o2 o 0 20) _gG+1))2
f H (e_AT(Zx(J)z O‘(x(J)v"(ﬁrl)))e (L;i AT)> 7 =

ﬁ(j+1)> .

RNxM j:l

1 N2M M Z()] —ATH. |=(+1)
= (2) > I (@W]e e [RUDY.
A, A =1
M 3Gy GHD [ Ar2e? o )Gt 1)
: lj_V[ f €j§1(aATzz] n;’ <A72 +1)r] 24 (@) U+l )d_’\
1=1RM

Where in the last equation the substitution & — v A7Z was applied.

The partition function is now in a form to apply the analytic expression of the multi-dimensional Gaussian
integral ([75]), which leads to the final form.

N M
_ 1 =) | p—ATH | 2(G+1)\ .
Z= ((m,l)(l,@M)) ()| AU+
7O, A0 =1
N a2a-3 S R n®
-H64(17Q7M)\/a271 PR I m
i=1

A.4.2 Partition function in the continuum limit

In (87) the partition function is given for an arbitrary number of timeslices M. The only error in this
transformation is the Trotter error, which vanishes in the limit A7 — 0. For this reason and to compare
the formula with given results, this continuum limit is done in this section.

To do so, the main part is to expand all the main A7-depending paramters of (7).
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.\/a271:\/(%2“’2+1)271:
= ATw\/iATj‘”Q +1=
= Atw + O(AT3)

° ~_d—|—\/~ —1=

AT‘“ +1+A7'w+(9(A7')
AT“’+O(AT)

° Rn _ an + Qflern _ 67nATw + efﬁwenA‘rw

Thus, the continuum limit of the partition function is given by

¥ M s & 5 M R(k-j) P Ar?
= (-1 )\ 70) e RGN paw=e™P9) 2y 52y : _
é - (2(cosh(6w)71)) H <n |€ n >€ ! -
RO, GO j=1
X M e S5 Pl R(ls—rlni(r)dnd
a5 X . 7w nL K K—7|)n;(7)drdT
(1 ) [ (79)|e e [FUTDY g0 =Y
2(cosh(Bw)—1) :
RO, 70D j=1

with R(7) = e 97 + e Pwewr

This formula can be compared with the solutions in [16], [17] for the same problem.
(87) is the generalisation for an arbitrary number of timeslices M, and the main formula applicable for
numerical calculations.

A.5 Rewrite as Standard HS transformation

The Hubbard-Holstein model in the Continuous HS transformation is a form, from witch the
partition function can be theoretically calculated. But due to the fact that M has to be large to
make the Trotter error small, the calculation of the (N x M )-dimensional integral becomes very time
consuming. The origin of this integral is the Continuous HS transformation ((56)).

The try is now, to undo the HS transformation again (i.e. integrating out the o-integral) and get
back to a form of a generalised Hubbard model with site-dependent parameters. The Standard HS
transformation could then be applied to this Hamiltonian and one had reduced the continuous
integration over RV*M to a simple sum over {£1}V*,

QATQ
For a shorter notation define A = E' + T o M)varT
5_ ch2 ]__'
T Uw2-a?

BU2c202 z
TwZ—aZ .
C= <7TM(934U1)(1QM)> for this chapter

To undo the Continuous HS transformation, the determinant has to be rewritten as the electronic trace,

see ([69).

N 2
> (=37 Ag+26T 3, M i
Z=C f o= ( )det <E + H (e/\G( )etAThkin)> do =

=
-

RN XM Jj=1
N —
> (—67 Agi+Ab75) M [/ N
=C [ e= tr| T ( I o™ ) e~ A7 Han | do
RN XM j=1 \i=1

The trace is still o-dependent, this means, that it has to be pushed over the integral, to add the o;; to
the exponent.
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N —
> (—67 AGi+Ab75;) . M /N .
Z — C ei=1 <n(1)’ H H 6A0'7]n1 e_ATHkin n(1)> dU —
RN xM 1) 7j=1 \i=1
N —
S (—-&F Az +2075; M ) N )
=C [ ei=1( ) 3 I1 <ﬁ(])‘ [T erismi | e=A7Hen ﬁ(]+1)>da -
RN xM ﬁ(1)7...,ﬁ(M) Jj=1 1=
N T g = 2L =2\T = M . .
=C 3 I1 [ e AGEAOH) G g | T <ﬁ(ﬂ)’efATHkin ﬁ(]+1)>
A G0 \i=1rM j=1
. . . . . _iT AZ+BTZ 32 _ oM 1pT pA-1lp
Now the o-integral can be done analytically, using the identity [ e d¥ = Jot(A) ©°
RM
Z=C 01 22 BT A i) [\ 1] (70)] o= Ar Hian |G+
Z= > Il e ey ) 1L (AD]e Auvtl) =
A g0 \i=1 j=1
N A2 DN P 17 oFT g—lm =T g—1=
¥ AE S (BTAT 26T AT AT A ) M , ,
- M N7 4 g( e ‘ 7)) | e=ATHin |7G+1)\ —
=C (det(A) > e = IT (7 E nn )=
W) ,...,7M) Jj=1
N 2 N< _ NOOMo Gy
AZT 415\ 2 M 2 267 A7)0l 4 n! )A_ln,(.”) . .
ZC(W) s e AV IS AT )| =t |76+D)
A, g0 =1

To make further progress, <fi(j)| has to be carried over to the left of the exponential. But because
there are the number operators of all timeslices k € {1,..., M} in the way, and not only the one from
timeslice 7, this is not possible.

So the calculation stops at this point and it is not possible to end up with an effective Hubbard
Hamiltonian for the Hubbard-Holstein model.

A.6 Special case: 1 site, U=0

For the U = 0 case of the partition function (64)), the special case N = 1 is calculated exactly. This
is possible, because there is only one site and the kinetic term vanishes. This makes the matrix inside
determinant diagonal and so the determinant calculable.

Z= ! (1 o) 4 eQﬂ(Sz“”)) (88)
V@V - 1)(1—Q-M)

with @ = AT 41

Q—at Va1

or in the limit A7 — 0:

_ ! A3 ) | 28(2-n)
z T (1 +2 + ) (89)

Proof:

From with N =1 the partition function has the form.

7‘2“}2#2 = = vV Tuw? 2
Z =g | eAizJT(BA(ATQw1+%E00440F3ézL"(14%eavﬁz?wW) do
T2 ATM RM
With the transformation ¢ — %5 and the definition of the matrix B, the partition function becomes

M 3

2, .2 - w2
,BZEEQ > <0j,7]+1_(7A‘r2w +1)17]2-—¢7j4A QQM ) i 9
Z =20 [ e (1+ea T \ﬂ) do =

(2m) RM
M 5
22 9 o o
ei% ,Z:l (G.ig.i+1_(A72“ +1)0]2v—0-j%>
B * f “ do+
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(UJUJ+1 (AT w? +1)U +0j ATZ (af%))

+2 [ e=t do+
RM

% (Ujojurl—(#—i-l)oi-‘rojAT%(204—“7“’2))
[ e=t do
RM
Now the integral is in a form to apply ([83)
with 7 =0 and y = 7AT%MTW2 ory=Ar? <o¢f “—”2) ory=Ar3 (20[7 ’%2)

This gives the solution for an arbitrary number of time slices M.

2 2

,['}W22H2 (2 )M ]\/IATBf;LzE"4 MAT3 a—}“;)i) 1\4A73(2a—“(¥i)

P

Z=""5\/rnaa e A@h 42 @D e a@D =
= £ 1\4_1)(1_9—]»1)

(2m)2 (

242 2\ 2
5;2#2 ﬂuig“ B((xfiu': B(Zufﬂ'—: )
c & e 202 4+ 2e 2w2 +e 202 =

IRVGEET

<1+26ﬂ(‘§ju) +626(f;u))

_ 1
R )

The only part that remains being A7-dependent, is 2. So, for the limit A7 — 0,  has to be expanded.
Q=a+va2 -1

:AT2w2+1+ATW\/W: [ VItz=1+0()
= AT L 4 Arw + O(AT3) =
- s olar)

Thus, the partition function it the limit A7 — 0 becomes
1 5(L2—u) 26(%—#)
= 1+ 2e"\2 +e\e =
V(ePe—1)(1—eFv) (

L (1 12e8(50) +62ﬁ(53ﬂ>) . m

2(cosh(Bw)—1)

N

To compare this result with the exact result of the partition function, the trace is calculated directly
from the definition Z = tr (e’BH), in the special case U =0, N = 1. Because of U = 0, the Coulomb
term H,, vanishes, and because of N = 1, no hopping can take place and the kinetic term Hy,
vanishes.

Z =tr (e_ﬁ((“—w>n+f+“2é’2) =

2.2

_ Zf<n,x| ((u ax)n+ 5 +“’ x ) |n,x> _

2,2

_Zequ‘(am%wz
- g ) g H

R

) oy —

The integral now ist the standard partition function of a harmonic oscillator. It can be replaced by the
sum over all eigenvalues Ej, = w(k + 1).

a2n2 [o'e)
.Z. — Ze_ﬂoin—m*) Z €7ﬁw(k+%) —

n a2n2 k=0 w
- Zefﬁ(’mi ) 1o =
) 4 P2
<]_—|—26 (ﬁ })—l—e (‘g H>>2(coshl(,8w)_1)

This is the same result as in , and it is proven that the formula (at least in the case N = 1) is
correct.
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