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1 Introduction

The investigation of quantum many-particle systems is a central goal of modern
condensed-matter physics. Complex physical phenomena such as high-temperature
superconductivity [101], heavy-fermion behavior [72], and correlation-driven metal-
insulator transitions [78] are central aspects of this particular field of science.

The Hubbard model [76, 63, 91] is a paradigm of correlated-electron physics. The
model describes interactions between electrons in the most basic way by assum-
ing the Coulomb repulsion to be local to each lattice site. It is one of the simplest
quantum-mechanical lattice models capable of capturing relevant physical aspects of
strongly correlated electron systems such as high-temperature superconductivity [5]
or correlation-driven insulators [78]. Outside of condensed-matter physics, the Hub-
bard model plays an important role in the explanation of many-body phenomena
observed in ultra-cold atoms trapped in optical lattices [23]. These systems present
a remarkably pure realization of the Hubbard model and other quantum-mechanical
lattice models [80]. In contrast to condensed-matter systems, the model parame-
ters can be precisely controlled offering the possibility of a systematic experimental
study of models that were initially formulated for applications in condensed-matter
physics.

Despite its simple structure, the Hubbard model cannot be solved in general. Es-
pecially for lattices in two and three dimensions no exact solution exists. Therefore,
numerical methods are of prime importance of the investigation of its properties.
In this thesis, we study the three-dimensional (3D) Hubbard model using quan-
tum Monte Carlo (QMC) simulations. Our aim is a precise numerical study of its
properties in the thermodynamic limit.

QMC algorithms are powerful tools to calculate thermodynamic properties of in-
teracting quantum many-particle systems, such as spin models [66, 158, 159] or more
generally bosonic systems [68, 162|. However, a direct investigation of lattice models
in the thermodynamic limit is generally impossible because QMC simulations cannot
treat infinite lattice sizes. A reliable finite size extrapolation to the thermodynamic
limit is very difficult, especially for fermionic systems such as the Hubbard model,
where the sign problem [184] limits simulations to either very small systems or to
special cases such as particle-hole symmetric models.

Therefore, approximative schemes that allow calculations directly in the thermo-
dynamic limit are advantageous. A widely applied approximation of this kind is the
dynamical mean-field theory (DMFT) [48, 96]. The DMFT maps the infinite-lattice
problem onto a single-site impurity model embedded in a mean field. The single-



1 Introduction

site problem is then solved by QMC or other suitable impurity solvers like exact
diagonalization methods [30] or Wilson’s numerical renormalization group (NRG)
algorithm [27]. The DMFT approximates all quantum fluctuations to be local and
treats long ranged correlations in a mean-field limit only, an approximation that is
only exact in the limit of infinite dimensions [118, 126]. The neglect of non-local
many-body correlations renders the DMFT incapable of capturing physical effects
such as spin-wave and spin-liquid physics or disorder-induced localization.

Cluster mean-field theories [109] represent a systematic extension of the DMFT
by expanding the single impurity to a finite cluster embedded in a mean field. By
systematically enlarging the cluster size, more and more non-local correlations are
re-introduced into the problem. The original lattice problem is regained in the limit
of infinite cluster size. Thus, cluster mean-field theories offer the possibility of a
systematic finite-size analysis. Two distinct cluster mean-field theory algorithms
have been developed in recent years: the dynamical cluster approximation (DCA)
[71, 70] and the cellular dynamical mean-field theory [97]. Since the difference
between the two methods is mainly of a technical nature, we use the DCA exclusively
for this thesis.

We employ QMC simulations to solve the effective cluster model of the DCA.
Alternative methods applied as impurity solvers in the DMFT context such exact
diagonalization or NRG are not applicable to the more complex cluster problems.
However, even when using QMC methods, the transition from a single impurity
to finite clusters dramatically enhances the numerical complexity of the simulation
requiring highly optimized algorithms and the application of high-performance com-
puting resources.

The quasi-standard for QMC simulations of fermionic systems used to be the
Hirsch-Fye algorithm [75] which suffered from a systematic error caused by an ar-
tificial discretization of the imaginary time axis. We use recently developed QMC
algorithms [152, 153, 59] which are formulated in continuous imaginary time and
are free of any systematic error. These QMC methods in combination with addi-
tional performance-optimized algorithms [56] enable us to do a precise study of the
thermodynamic properties of the 3D Hubbard model in the thermodynamic limit.

Important insight can be gained into the properties of correlated materials by
studying dynamic quantities such as single-particle spectra. The second focus of
this thesis is therefore the calculation of spectral properties of the Hubbard model.

QMC methods map the quantum-mechanical lattice model on a classical one at
the expense of an additional dimension, which is identical or at et least closely
related to an imaginary time axis [40, 34, 160]. For this reason, QMC algorithms
can only provide dynamical data on the imaginary time or frequency axis. The
necessary analytic continuation to the physically relevant real axis has proven to be
a difficult problem that has to be approached by advanced data analysis tools.

The maximum entropy method (MEM) [83] is the standard technique to handle
this problem. It uses methods of Bayesian inference [86, 61] to determine the most



probable spectrum subject to the incomplete information given by the QMC data.
We apply the MEM to the problem of extracting momentum-resolved single-particle
spectra from QMC simulations of the 3D Hubbard model. Furthermore, we discuss
and expand algorithms that were recently proposed as alternatives to the standard
MEM approach [157, 13, 176, 45] and provide a full interpretation of these methods
within the framework of Bayesian probability theory.

The thesis starts with an introduction to the Hubbard model and its properties
and presents its applications in the context of condensed-matter physics and cold-
atom experiments (chapter 2).

The subsequent two chapters deal with the theoretical and numerical methods
which were used to solve the Hubbard model within a cluster approximation. An
overview of the DCA as the applied cluster mean-field theory is given in chapter 3,
whereas the QMC techniques to solve the resulting cluster problem are described in
chapter 4.

As first application of these techniques, chapter 5 presents an expansive study
of the thermodynamic properties of the 3D Hubbard model for temperatures above
the Néel temperature. To make contact to cold-atom experiments, we focus on
thermodynamic properties, that could be valuable to experimental research and
compute properties of the model subject to an external trap.

The subject matter of the following two chapters is the calculation of energy
spectra. Chapter 6 introduces the MEM as a method used for the necessary analytic
continuation of QMC data. Additionally, a detailed characterization of stochastic
analytical inference, an alternative to the MEM, and its application to a test case
is given. Finally, momentum-resolved energy spectra of the 3D Hubbard model in
the paramagnetic and the antiferromagnetic phase are presented in chapter 7. The
thesis concludes with a short summary of the results (chapter 8).
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2 The Hubbard model

The single-band Hubbard model [76, 63, 91] is commonly defined as

H=—-t Z CZTJC]-U + UZ”Z‘T”N . (2.1)
(i.j)o i

The operators ¢/ (c,,) create (annihilate) an electron with spin o € {1, |} at lattice
site 4, n;, = ¢;,¢;, 1s their corresponding number density, ¢ is the hopping parameter
between neighboring sites (denoted by (i, 7)), and U implements the Coulomb re-
pulsion. Note that Coulomb repulsion is taken to be local at each lattice site. This
is characteristic approximation of the Hubbard model.

We study the Hubbard model in three dimensions on a simple-cubic lattice. For

U =0 eq. (2.1) simplifies to the tight-binding model for non-interacting fermions,

Hy, = —t Z c}acja = Z el _cr, (2.2)
(i)

ko

The second expression follows from a Fourier transformation into momentum space’
using the dispersion relation

€k = —Qthos(k:i) : (2.3)

The momentum k = (kq, ko, k3) is an element of the first Brillouin zone which — in
the case of the simple-cubic lattice — is of cubic shape. The bandwidth W = 12t of
this dispersion is used as energy scale for all results in this thesis.

2.1 The Hubbard model in condensed-matter physics

Although the repulsion between electrons per se is a strong and long-ranged force,
the Coulomb potential is screened by the presence of other electrons resulting in
a short ranged Yukawa potential. This effect combined with the high velocity of
electrons near the Fermi level cause electron interactions to be a small effect in most

'We use the convention i = 1 in all chapters of this thesis. Consequently, we do not distinguish
between the terms “wave vector” and “momentum”, or “frequency” and “energy”, respectively.
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materials. In this case, the system can be described by Fermi liquid theory [12],
i.e., by quasi-particles that effectively behave like free fermions with renormalized
coupling parameters. However, this is not always true and electron-electron corre-
lations can have a significant influence on the physical properties of the material.
The Hubbard model is one of the simplest quantum-mechanical lattice model that
captures this electron-electron interaction explicitly.

We can motivate the Hubbard model by starting with the general Hamiltonian
for interacting electrons subject to the electric potential of the atoms [39]. If we
employ the Born-Oppenheimer approximation and assume the atoms to be fixed,
we can describe the influence of the atoms by a conservative lattice potential Vi, (7).
The Hamiltonian of electrons of mass m, charge e, and spin ¢ in second-quantized
form is

1=y farilt (—v2+vL< ) 6t
+ = Z/drdr

using the fermionic field operators ,(7). An expansion in localized Wannier states

Wo(r —ry),

w*( YL, (1), (7 )by (r) (2.4)

Z CiaoWa(r — ;) (2.5)

with band index « introduces the annihilation (creation) operators CEL)U

lattice site. The result of the expansion is

B~d
H = Zt% ;raa Ciao +5 Z Z ?[kl’y C;rocockﬁcr’cl'yo’ jéo (26)

at each

ijoo zgkloa afyé
with
o2
Ve /drdr g Walr = WS = )W ) Walr =) (27)
and the hopping
h2
= /dr Wi(r —r;) (—%V2 + VL(T‘)> Wo(r —r;) . (2.8)

Now we employ the approximation that only one band is relevant for the physical
properties of the systems. This approximation is justified if the inter-band inter-
actions are small and all bands except one conduction band are far away from the
Fermi level. The single-band Hubbard model eq. (2.1) then follows from eq. (2.6)
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Figure 2.1: (taken from ref. [48]) Experimental phase diagram of VoOg3 as measured by
MCWHAN et al. [115] as function of doping or as a function of pressure.

if we keep only the most significant terms, i.e., the hopping between nearest neigh-
bors and the local coulomb repulsion U = Ve The second approximation is
justified if the intra-atomic Coulomb repulsion is large compared to the inter-atomic
interaction and, at the same time, cannot be neglected compared to the hopping.

This situation is believed to be realized in many materials such as transition metal
oxides, cuprates, actinides, or materials containing rare-earth elements [78]. These
materials often feature flat conduction bands consisting mainly of d and f orbitals,
whose strong localization causes a dominant local Coulomb repulsion between elec-
trons in the same orbital. These materials exhibit prominent evidence of strong
electron-electron correlations including various types of magnetism, correlation-
driven metal-insulator transitions, or superconductivity.

An example for a 3D transition metal oxide is vanadium(III) oxide, V503. Fig. 2.1
shows the phase diagram of this compound as a function of pressure and as function
of doping with chromium or titanium. The increase of pressure causes a larger
overlap between orbitals and thus enlarges the hopping ¢, or, alternatively, decreases
the fraction U/t. The doping with Cr** or Ti*" ions has a similar effect [115, 78].
The phase diagram exhibits an antiferromagnetic insulator at low temperature. A
transition line emerges from this phase which separates a metallic and an insulating
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paramagnet. The transition line ends at a critical point at larger temperatures,
above which only a crossover between metallic and insulating behavior is observed.
We will show in the subsequent two sections that the Hubbard model provides the
possibility to study both metal-insulator transitions and antiferromagnetism.

The Hubbard model is one of the simplest quantum-mechanical model of interact-
ing electrons capable of capturing — at least qualitatively — basic physical properties
of strongly correlated materials. For a quantitative description of real materials, the
precise orbital structure and lattice configuration must often be taken into account.
This leads to more complicated forms of the kinetic energy and Coulomb repulsion.
One can try to incorporate these effects by extending the Hubbard model to include,
for example, multiple bands [178] or non-local interactions [185]. But even in its
most basic formulation — despite its very simple structure — the Hubbard model can
only be solved exactly in one [39] and infinite spatial dimensions [48].

In one dimension, the Hubbard model can be solved in most cases by the Bethe
ansatz [103, 104]. Here even weak Coulomb interactions cause strong perturbations
and the physical features are distinctly different from systems in higher dimensions
[39].

In the other exactly solvable limit, i.e., D — oo, it turns out that all dynamical
renormalizations become purely local [118, 126]. As it can be related to a genuine
mean-field theory, the name dynamical mean-field theory (DMFT) has been coined
for this solution. Besides being exact in the limit D — oo, it is frequently used
to approximately treat two respectively three-dimensional systems. Within DMFT,
the phase diagram of the single-band Hubbard model eq. (2.1) is already well under-
stood. It features an antiferromagnetic phase at half filling, which will be discussed
in the next section. Antiferromagnetism is persistant off half filling up to a critical
doping and shows additional phase separation [185, 85, 202]. For very large values
of U and low temperatures, antiferromagnetism is replaced by a small ferromagnetic
phase off half filling [127, 131, 136].

To what extend these results are transferable to 2D and 3D systems is still an
open question. Especially, the 2D Hubbard model is studied intensely, since it is
believed to capture the physics of the superconducting planes in high-temperature
superconductors [200, 5, 109]. In the following, we will focus on results for the
3D Hubbard model, especially on the two mechanism we are mostly interested in,
antiferromagnetism and the Mott-Hubbard metal-insulator transition.

2.1.1 Antiferromagnetism

The Hubbard model eq. (2.1) at half filling shows antiferromagnetic order at finite
temperature for any value of U > 0. Antiferromagnetic order breaks the transla-
tional symmetry of the lattice causing a doubling of the unit cell. In momentum
space, this translates to a reduction of the first Brillouin zone. The resulting antifer-
romagnetic Brillouin zone possesses only half of the original volume (see fig. 2.2a).
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Figure 2.2: Panel a: the reduced first Brillouin zone of the simple-cubic lattice with an-
tiferromagnetic order. Panel b (taken from ref. [92]): the antiferromagnetic
phase diagram of the 3D Hubbard model at half filling as calculated by lattice
QMC [144] (denoted by “Staudt”), second order perturbation theory (SOPT)
[179], the Heisenberg model [154] Weiss mean-field theory (“Weiss”), DMFT
(denoted by “DMFA”), and DCA [92]. Note that the units refer to the hopping
parameter ¢.

Following an argument by SLATER [170], the back-folding of the conduction band
into the reduced Brillouin zone combined with the opening of a gap at the new
zone boundary causes the ordered state to be an insulator. This insulating behavior
is primarily induced by symmetry breaking and already exists at small interaction
strengths. It is not related to the correlation driven insulators discussed in sec-
tion 2.1.2.

At very large U, on the other hand, it is energetically highly disadvantageous
that two electrons occupy the same site. If we consider the model at half filling,
this implies that there is precisely one electron per site. No electron can move and
the system is insulating. In this limit, the remaining spin degrees of freedom can be
accurately described by the Heisenberg model [47] whose antiferromagnetic phase is
well studied [154].

The extent of the antiferromagnetic phase between these two limiting cases can
be determined by QMC simulations. Fig. 2.2b displays the antiferromagnetic phase
diagram of the 3D Hubbard model at half filling as calculated by second order per-
turbation theory [179], the Heisenberg model [154], QMC on finite lattices [144],
Weiss mean-field theory, DMFT, and dynamical cluster approximation (DCA) [92]
(cf. chapter 3 for details of the DCA). The figure shows how the DCA and lattice
QMC results interpolate between those from perturbation theory at small U and
those from the Heisenberg model at large U. The DMFT overstates the Néel tem-
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perature already at intermediate values of U and converges with the results of the
(static) Weiss mean-field theory [191] at larger interaction values.

2.1.2 Mott-Hubbard metal-insulator transition

The Hubbard model also features a correlation-driven metal-insulator transition
as first described by MoTT [124]. The argument given in section 2.1.1, that the
system is insulating at half filling and for U — oo, still holds for the paramagnetic
state. For weak interaction, on the other hand, the paramagnetic state can be
accurately described by Fermi liquid theory [12] and is therefore a metal like the
non-interacting system itself. A potential phase transition between these to states
is the Mott-Hubbard metal-insulator transition (MH-MIT).

Unfortunately, the low-temperature behavior of the single-band Hubbard model
on the simple cubic lattice is completely dominated by the antiferromagnetic phase.
Above the Néel temperature, only a crossover from metallic to insulating behavior
can be observed [144] while the whole antiferromagnetic phase is insulating by sym-
metry. Thus, the MH-MIT cannot be observed directly. However, it is nevertheless
possible to study the MH-MIT on the Hubbard model by artificially suppressing
antiferromagnetic order in the system. While this may appear unphysical at first
glance, it is the proper route to understand the influence of electron correlations in
the model, because it also allows to distinguish between effects that come from fluc-
tuations, hence are dynamical, and those that are due to actual symmetry breaking.

Studies of the MH-MIT at finite temperatures were performed for a Bethe lattice
in the limit of infinite dimension, i.e., within DMFT [28, 87, 181]. The DMFT,
like any other mean-field theory, offers the possibility to artificially suppress an-
tiferromagnetic order. Results calculated by the numerical renormalization group
method (NRG) [27, 28], QMC [87], and the so-called iterated perturbation theory
(ITP) [150] are presented in fig. 2.3. Note that the units of the graph refer to the
bandwidth Wgee of the Bethe lattice. The ITP employs only second-order pertur-
bation theory to solve the local problem and its results differ notably from those of
the other two methods. The DMFT exhibits a coexistence region below a critical
temperature? T, ~ 0.02 Wgene (according to NRG and QMC). Inside this region,
the solution is either metallic or insulating depending on the starting point of the
DMFT iteration (cf. section 3.2 for details of the DMFT/DCA algorithm). By com-
parison of the free energies of the two possible solutions, one can decide which one
of the two solutions is actually the physical one. Since estimation of the free energy
is particularly difficult for many impurity solvers including QMC (see section 4.1),
further DMFT studies with alternative methods that enable the calculation of free
energies, e.g., exact diagonalization techniques, show that the actual phase transi-

2We set Boltzmann’s constant kg to unity in this thesis and will therefore refer to temperatures
in energy units.

10
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Figure 2.3: (taken from ref. [28]) The MH-MIT of the Hubbard model in infinite dimen-
sions on the Bethe lattice as calculated by NRG [28], QMC [87], and iterated
perturbation theory (IPT) [150]. The dashed lines for 7' > T, indicate the
position and width of the crossover region. Note that the units refer to the
bandwidth Wgetne of the Bethe lattice.

tion line is situated close to the upper critical value of the coexistence region [28].
Collecting all results, one can also deduce that the transition line is of first order
and ends in two second-order critical end points at 7= 0 and 7" = T, [150, 48].

In order to locate the MH-MIT in the phase diagram fig. 2.2b, one should be
aware of the fact that the DMFT calculations were performed using a different
non-interacting band structure. Thus, energy units like the bandwidth cannot be
compared directly. Following the discussion in section 7.2.2, the upper critical end
point of the MH-MIT at T, ~ 0.02 Wgetne and U, ~ 1.2 Wheine translates to T, =
0.016 W = 0.2t and U, = 0.98 W = 11.7t, respectively, on the simple cubic lattice.
This demonstrates in comparison to fig. 2.2b that the MH-MIT is far below the Néel
temperature Ty =~ 0.3t for this particular interaction strength.

2.1.3 Magnetic frustration

The emergence of the MH-MIT from the antiferromagnetic phase as seen in fig. 2.1 is
the most obvious qualitative difference between the phase diagram of V5,03 and that
of the single-band Hubbard model. The predominance of antiferromagnetism in the
Hubbard model can be attributed to its simplified lattice structure compared to the
real material which exhibits a fairly complex corundum structure of vanadium ions
surrounded by an octahedron of oxygen atoms (fig. 2.4a). The oxygen effectively
mediates the hopping of electrons between vanadium ions. If we reduce the structure
and show the vanadium ions only (fig 2.4b), the partly triangular structure of the

11
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Figure 2.4: Panel a: the corundum structure of V503. Each vanadium atom (denoted by
red spheres) is surrounded by a octahedron of oxygen atoms (yellow spheres).
Panel b: The same structure reduced to the vanadium atoms and seen from
above. The dashed lines highlight the triangular structure.

lattice becomes apparent. Antiferromagnetic order relies on a bipartite lattice, i.e.,
a lattice which can be divided into two sub-lattices. The spins point upwards on one
sub-lattice and downwards on the other. A lattice with triangular structure elements
is not bipartite. Hence it is impossible to establish a complete antiferromagnetic
order where each spin is surrounded by spins of opposite direction only: the order
is frustrated.

We can incorporate frustration into our model by introducing a hopping ¢’ between
next-nearest neighbors (denoted by ((i,j))) to the Hamiltonian eq. (2.1) via

H =H-t Z cgacja .
(i.g))e

This will also affect the dispersion relation eq. (2.3) yielding

(2.9)

e = —2t Z cos(k;) — 4t [cos(ky) cos(kz) + cos(ks) cos(ks) + cos(ky) cos(ks)] (2.10)

with bandwidth

W= { 12t for [t'| < t/4 (2.11)

8t + 16|t'| for |t'| > t/4
DMEFT calculations on frustrated Bethe lattices have shown that the antiferromag-

netic phase of the Hubbard model becomes smaller with increasing ¢’ up to the point
where the MH-MIT emerges from the phase [137].

12
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2.2 Cold atoms in optical lattices

Besides its applications in condensed matter physics, the Hubbard model plays an
important role in the explanation of many-body phenomena observed in dilute, ultra-
cold atomic gases [23]. Major advances in laser cooling [116] in the 1980s and 1990s
led to the realization of artificial crystals of atoms bound by light at temperatures in
the micro-Kelvin regime. These systems can present a remarkably clear realization
of the Hubbard model and other quantum-mechanical lattice models [80]. The
model parameters are often under precise control of the experimentalist and offer
thus an opportunity to systematically study the properties of lattice models, hereby
expressing the concept of a “quantum simulator”.

Typically, neutral atoms — in most cases alkali metals — are confined in a magneto-
optical trap [145], a device that applies a combination of magnetic trapping and
Doppler cooling to reduce the temperature of the atoms. A system of laser beams
with frequency w slightly less than a resonant frequency wr produces light which
can only be absorbed when the beam is red-shifted due to the Doppler effect, i.e.,
when the atoms are moving towards the laser source. An additional varying magnetic
quadrupole field causes a Zeeman shift towards the laser frequency w which becomes
stronger with increasing distance from the trap center, thus providing a further
confinement mechanism.

After cooling, the atomic cloud is transfered to an optical dipole trap [52] con-
sisting of several laser beams. When the atoms are placed in the light field, the
oscillating electric field E(r,t) induces an electric dipole moment d(r,t) in an atom
at coordinate r. This leads to a Stark shift

V(r)=—{d(r,t)- E(r,t)) = —a(w) <E2(r,t)> (2.12)

of the atomic energy levels. Here a(w) denotes the atomic polarizability and (...)
a period average. The laser frequency w = wr + A is usually tuned far away from
an atomic resonance frequency wg, such that spontaneous emission effects from
resonant excitations can be neglected and the dynamic energy shift V' (r) behaves
like a purely conservative potential. It is attractive for A < 0, when the induced
dipole is in phase with the electric field (a(w) > 0).

A stable optical trap can be realized by focusing the laser beam to a spot size
w. If we assume a Gaussian intensity distribution along the radius r, the resulting
potential has the form

— 92
Vr(r) = Voexp< wr ) : (2.13)

where the trap depth 1} is proportional to the intensity of the beam. Expanding
around r = 0, the harmonic approximation of the potential radial to the propagation
direction of the beam is given by

v
Vi(r) ~ w—(;TQ . (2.14)

13



2 The Hubbard model

In order to confine the atoms in all spatial dimensions, two or more crossed laser
can be used. If the trap depth is continuously lowered by decreasing the laser
intensity, high-energy atoms leave the trap and the remaining ones thermalize at
a lower temperature. Thus, an additional cooling effect is achieved by evaporative
cooling [113].

A periodic potential can then be formed simply by overlapping two counter-
propagating laser beams with identical wavelength A. The interference between
the two laser beams forms an optical standing wave creating a potential with a dis-
tance A/2 between two minima. By interfering more laser beams, one can obtain
1D, 2D, and 3D periodic potentials. The potential as seen by the atoms is then

D
277y,
Vi (r) :Zv%cos?( 7;7“ ) (2.15)
n=1

with the potential depths Vj,, in each of the D dimensions. This periodic potential
can again be approximated around each minimum by a harmonic potential. An
important advantage of using optical fields to create a periodic trapping potential
is that the geometry and depth of the potential are under complete control.

Experiments on fermions are more difficult to realize than those on bosons. The
main problem is the cooling process. In contrast to the bosonic case, two-body
elastic scattering is mostly absent in a Fermi system at low temperature due to the
Pauli exclusion principle. This inhibits thermalization and precludes direct imple-
mentation of evaporative cooling. To overcome this problem, one uses a mixture of
bosons and fermions, which are cooled simultaneously [122]. Recent efforts aiming
at the implementation of the Hubbard model in a cold gas experiment [95] has led
to experimental signs of the Mott insulator [88, 163]. A major experimental achieve-
ment will be the detection of the antiferromagnetic phase, for which the slow and
ill-understood equilibration rates, the limited number of detection methods, and
cooling problems will have to be overcome.

2.2.1 Theoretical modeling

Early experiments on cold atoms focused on weakly interacting, dilute gases of
bosons in optical or magnetic traps [36, 102] and were mostly conducted without a
periodic potential. The main goal was to investigate quantum mechanical coherence
which led, e. g., to the first experimental realization of a Bose-Einstein condensate
[37]. More recently, the emphasis has shifted to strongly interacting systems. As
first pointed out in ref. [79], a system of bosonic atoms in an optical lattice can be
appropriately described by a Bose-Hubbard model. This identification can be gen-
eralized to a multitude of Hubbard type lattice models [80], including the fermionic
Hubbard model.
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2.2 Cold atoms in optical lattices

The Hubbard model can again be motivated by starting with the Hamiltonian for
fermions of mass m and spin ¢ subject to the external potentials Vp(r) and Vi, (7)
of the previous section,

H = ; /dr Wl (r) (;—EQV? + Vi(r) + VT(T)) Vo (7)

m

n %471’;1,;71 /driﬂl(r)d}i(r)wi(r)wT(r) ) (2.16)

Here the interatomic repulsion is already approximated by a local potential using as,
the s-wave scattering length. Additionally, other energy bands are assumed to be
high in energy and irrelevant for the effective description. Note that —in contrast to
a solid — this condition can actually be controlled experimentally. An expansion in
Wannier states at each lattice potential minimum yields analogous to the calculation
in section 2.1

H=—t Z C;rnga + Z V;TLZ'U +U Z NNy (217)
(i,4)o o i
with L a2
U= ”f; /dr|W(r)|4 . (2.18)

The notable difference to eq. (2.1) is the non-uniform onsite potential
Vi — /dr Vie(r)[W(r — r) ~ Va(r:) (2.19)

due to the trap. A closer inspection of the relevant energy scales shows that the
approximations in the derivation are justified and that the coupling strengths can
in principle be realized experimentally [80]. A sketch of an optical lattice system
with the parameters of the Hubbard model is shown in fig. 2.5.

Various types of Hamiltonians of Bose and Fermi systems can thus be realized
in optical lattices. This offers remarkably clean access to model Hamiltonians, that
were originally developed in the context of condensed-matter physics, providing
model systems for testing fundamental theoretical concepts. The observation of a
quantum phase transition between a Mott insulator and a superfluid phase in a
system of bosons [51] demonstrated the potential of this approach.

Theoretical modeling of atoms in a harmonic trap is more difficult than for ho-
mogeneous systems, because the trap breaks translational symmetry. This problem
is most easily solved in one dimension. QMC studies on trapped 1D systems have
been performed for both bosons [8] and fermions [147, 146]. For higher dimensional
systems, especially for fermions on 3D lattices, one has to revert to approximation
schemes.

One particularly common approximation [163, 38] is the local density approxi-
mation (LDA) which avoids the simulation of an spatially inhomogeneous system.
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2 The Hubbard model

Figure 2.5: Sketch of an optical lattice system in one dimension. Atoms (depicted by red
dots) with spin up/down (blue arrows) can move from one minimum of the
lattice potential to the other. The system can be effectively described by a
Hubbard model with local Coulomb repulsion U and hopping ¢. The ratio
between the parameters ¢ and U can be tuned by changing the height of the
trapping potential. Not the parabolic shape of the lattice potential.

Here one assumes that in the limit of large lattices with a slowly varying trapping
potential the influence of the trap becomes local. Thus, a series of calculations of
a homogeneous systems with chemical potentials u — V() is sufficient to take the
trap geometry into account. There exist a few approximate schemes that do not rely
on the LDA, e.g., the real-space DMFT [69, 171]. Calculations with these methods
have shown that the LDA is indeed a very a good approximation, at least for simple
thermodynamic observables [69, 161].

However, even within the LDA, the remaining task to solve the homogeneous Hub-
bard model on a 3D lattice with arbitrary filling is difficult. Since there are no exact
methods available for this problem, most authors use approximate methods like
DMFT [163, 38] or high temperature series expansions (HTSE) [161]. These calcu-
lations resulted in temperature and entropy estimates. The entropy is a particularly
interesting quantity, because the atoms are well isolated from their environment and
experiments are therefore carried out adiabatically at constant entropy. Since a di-
rect experimental temperature measurement in the dilute atomic gas is not possible,
thermometry is also an important issue. The temperature can be inferred from com-
parisons of experimental observables with those from simulations of the Hubbard
model. Previous works focused on the double occupancy as a experimentally mea-
surable candidate for thermometry [89, 49]. Results from these calculations have
already been applied to experimental data [89].

We provide entropy estimates and observables for thermometry based on an ap-
proximate solution of the homogeneous 3D Hubbard model with the DCA simula-
tions (see chapter 5). We focus on the direct vicinity of the Néel phase providing
data that could be experimentally valuable for the detection of the antiferromagnetic
phase.
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3 Dynamical cluster approximation

The dynamical cluster approximation (DCA) is an approximation scheme, that maps
the infinite lattice Hamiltonian described in the previous chapter on a finite cluster
embedded in a mean-field. Details and properties of this mapping are the subject
of the present chapter. Means to solve the resulting effective cluster problem are
discussed in chapter 4.

The numerical treatment of lattice models in the thermodynamic limit is generally
impossible. Limited computational resources restrict the tractable system sizes to
finite clusters with only a small number of lattice sites. Numerically exact solutions
of finite lattice systems are usually gained by exact diagonalization [192] or QMC
methods. Exact diagonalization is severely limited by the exponential growth of the
computational effort with system size, whereas QMC suffers from the sign problem
[184], that also restricts the simulations to small systems and special cases, such as
particle-hole symmetric situations.

Thus, a finite-size extrapolation to the thermodynamic limit is very difficult. In
particular, the identification of ordered phases, which requires a reliable finite-size
scaling, becomes exceedingly complicated. A direct investigation of the properties
of ordered phases possibly present in the thermodynamic limit is not possible, be-
cause finite systems cannot exhibit a spontaneously broken symmetry. Therefore, a
suitable approximation scheme allowing calculations directly in the thermodynamic
limit while including dynamical correlations in a controlled way is highly desirable.
Such methods have been devised under the name of dynamical mean-field theory
(DMFT) [48, 96] and cluster mean-field theories [109].

The DMFT maps the lattice problem onto an effective single-site model embed-
ded in a mean-field. The single-site problem is solved by a suitable impurity solver.
Examples for impurity solvers are renormalization techniques [27], exact diagonaliza-
tion [30] and, again, QMC algorithms, which will be discussed in detail in chapter 4.
An important technical aspect in the context of QMC algorithms is that the DMFT
completely avoids or at least strongly limits the sign problem in many cases. The
mean-field must be determined self-consistently, similar to well known mean-field
theories such as the Weiss theory for spin models [191]. Although it differs from
these theories in this respect, that it is dynamic, i. e., time dependent, and can thus
treat quantum fluctuations.

The DMFT becomes exact in the limit of infinite coordination number or equiva-
lently infinite dimensions [118, 126]. However, non-local corrections become impor-
tant in finite dimensions. Non-local many-body correlations are necessary to study
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3 Dynamical cluster approximation

the interplay or competition of formation of a Fermi liquid and more exotic states
of matter. Thus, the DMFT is unable to capture the physics of, e.g., localization in
disordered systems, spin waves in quantum-mechanical spin models, or spin-liquid
physics in correlated electronic systems.

Cluster mean-field theories approximate an infinite lattice problem by a finite
cluster embedded in a mean field, similar to the spirit adopted in DMFT. Within
this approximation, all physical effects local to the cluster including quantum fluctu-
ations and short ranged correlations are treated exactly. In contrast to conventional
finite size calculations, long range correlation are captured as well, but in a mean-
field treatment only. In the limit of infinite cluster size the original lattice problem is
regained. If the cluster consists of only one lattice site, the approximation simplifies
to DMFT, which only captures fluctuations local to the single lattice site and ne-
glects all spatial correlations. Thus, cluster mean-field theories can be understood as
a systematic extension to the DMF'T by incorporating more and more short-ranged
correlations as the cluster size increases.

Cluster mean-field theories have been applied to different quantum-mechanical
lattice models. Examples include the Falicov-Kimbal model [71, 70], the 1D Hub-
bard model [24], the 2D Hubbard model with [98, 135] and without [77, 125, 55]
frustration, and the 3D Hubbard model [92].

Two distinct methods have been developed in recent years, the DCA [71, 70] and
the cellular dynamical mean-field theory (CDMFT) [97]. The difference between
the two methods is mostly of a technical nature. While the CDMF'T violates trans-
lational symmetry, the DCA restores this property of the infinite lattice and can
therefore be efficiently formulated in momentum space. This simplifies, e.g., the
calculation of two-particle properties [70, 84]. The two methods also differ in their
finite-size scaling behavior [110]. We used the DCA for this work exclusively and
will therefore only briefly mention details of the CDMFT algorithm in the course of
this chapter.

3.1 Cluster structure

We study the simple cubic lattice in three dimensions. Each site of the lattice is
described by a vector
T = nlzi:—i—ngg)—i—ng% y (31)

where ni,ns,n3 are integers and &, y, 2z orthonormal vectors in the three spatial
dimensions. We tile the infinite lattice by finite-size clusters with periodic boundary
conditions by defining a parallelepiped spanned by the 3 x 3 matrix

lll l12 l13

Ci= (Ul l3) == |l loo los | (3.2)
l31 l32 lss
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3.1 Cluster structure
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Figure 3.1: The DCA illustrated for a 8-site cluster in two dimensions. In real space (a)
the origin of a cluster is labelled by 7. Each site of the cluster is identified
by R. Fourier transformation maps the coordinate » = 7 + R of each lattice
site to a vector k in the first Brillouin zone (b). The cluster momentum K
now identifies the centre of a cell in momentum space. All points inside this

cell are accessible by k. The DCA integrates out k and thus replaces the full
k-dependence of the lattice by the cells labelled by K.

where the entries [;; are again integers. The infinite lattice can be reconstructed by
translating the origin of the cluster by

r = n1l1 + Tlglg + n3l3 (33)

and thus tiling the whole lattice with the parallelepiped. The sites inside each cluster
are described by the vector R, so that » = r+ R. The size IV, of the cluster is equal
to the volume of the parallelepiped, N, = det C. An example for such a cluster in
two dimensions is given in fig. 3.1a. Although 3D lattices are the main focus of this
work, we will restrict the examples in this chapter to the square lattice in 2D for
simplicity. In case of 2D lattices C reduces to a 2 x 2-matrix. The figure shows the

cluster defined by
2 2
-(22) "

Because the DCA is formulated in momentum space, we also need to Fourier-
transform the cluster structure. In reciprocal space, the vector r is mapped onto
an element k of the first Brillouin zone. The vectors R and 7 are transformed into
K and I;:, respectively. The cluster structure described above is now equivalent to
tiling the first Brillouin zone into N. non-overlapping cells, each represented by its
central momentum K. All vectors inside the volume V' of the cell are accessible

by k (cf. fig. 3.1b for an example). This coarse-graining of the first Brillouin zone
forms the basis of the DCA, the details of which are given in the next section.
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3 Dynamical cluster approximation

3.2 OQOutline of the method

The central quantity for the DCA is the single particle Green function in imaginary
time 7, defined by

Goij(1) = —(Tre;p(T)ch,) - (3.5)

Here T, is the imaginary-time ordering operator, (... ) denotes a thermal expectation
value and c,(7) = e "¢ ef’™. The DCA is also applicable to Green functions
depending on real times. However, we will restrict ourselves to imaginary times and
frequencies in the course of the chapter having in mind the application of imaginary-
time-based QMC methods. The spatial and temporal Fourier transform of the Green

function eq. (3.5) is

1 B
Gor(iwy,) = A Zexp ik - (r; —r;)] / dr e“""G,ij(T) (3.6)
C Z]

0

where w,, = (2n + 1)7/f with n € Z and § = 1/kgT are the fermionic Matsubara
frequencies. As usual, T denotes the temperature and kg Boltzmann’s constant.
The self-energy Y,k (iw,) is defined via Dyson’s equation

Yok (iwn) = gor(iwn) ™ — Gop(iw,) ™ (3.7)
using the bare Green function

1

—_— 3.8
T (3.8)

Jok(iwn) =
where p denotes the chemical potential and € the bare dispersion eq. (2.3). The
bare Green function is the Green function of the non-interacting system.

The full k-dependence of the self-energy is now approximated by the self-energies
at the discrete set of N, cluster momenta K by replacing ¥,k (iw,) by Yok (iw,).
Here ¥,k (iwy) is taken to be constant in each cluster cell volume V. This coarse-
graining of the self-energy is the central approximation of the DCA. It will be further
motivated in section 3.3. In the limit N, = 1, only the single cluster momentum
K =0 is kept and the coarse graining is extended to the whole first Brillouin zone.
This purely local limit is identical to the DMFT. If we apply this approximation to
the Green function eq. (3.6)

1
9" — Sk
(omitting the dependency on iw, and ¢ from now on) and average over the volume
V' of the cell corresponding to cluster momentum K, we obtain the coarse-grained
Green function

Gr = (3.9)

S Y
Gx = /dkl— (3.10)

Ircrie ~ 2K
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Figure 3.2: The self-energy Y,k (iwy,) is determined self-consistently by iterating the de-
picted procedure until convergence is reached. The bottom line shows the
calculation of the coarse-grained Green function G'i by averaging over the
momentum cell centered around K via integrating k over the volume V of
the cell. The dependency of the Green functions and the self-energy on iw,
and o is omitted for simplicity.

where only the momentum dependence of the self-energy is approximated, while the
bare Green function still depends on k = K+ k. Finally, an effective non-interacting
cluster Green function is defined via

G =G + Tk - (3.11)

With this set of quantities and using a suitable method to solve the effective cluster
defined by Gk and the interaction U, one can determine the self-energy Y self-
consistently.

Fig. 3.2 depicts outlines of the iterative procedure to determine the cluster self-
energy Y. The iteration starts with an initial guess for the self-energy. One usually
takes the free solution Y = 0 and calculates Gx = Gx. This quantity serves as
input to the cluster solver, which treats G as the effective bare Green function of the
cluster and calculates the interacting Green function G i subject to the interaction
U. This task is performed by the QMC methods detailed in chapter 4 and is by far
the most time consuming part of the self-consistency loop. The solution defines a
new self-energy via Dyson’s equation,

Yk =0x' —G¢ . (3.12)

A recalculation of G and G follows using the new self-energy. Subsequently, the
interacting Green function Gk is again calculated by the cluster solver. Additional
iterations follow until convergence of the self-energy is accomplished.
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3 Dynamical cluster approximation
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Figure 3.3: First and second order contributions to the generating functional ®. Dashed
lines represent the interaction U. Double line arrows represent the Green
function G. Each diagram of order n is weighted by a factor %

3.3 Diagrammatic motivation

In order to motivate the central approximation of the last section, i.e., the coarse-
graining of the self-energy, we provide a diagrammatic argument of the DCA equa-
tions.

A thermodynamically consistent approximation may be constructed by requiring
that the self-energy fulfill [10, 11]

_ 0®[G, U]

-1 —IZZ
g G S5

(3.13)
where ®[G, U] denotes the Luttinger-Ward generating functional defined as a skele-
tal sum over all compact, closed, connected graphs constructed from G and the
interaction U [106]. A few lowest order contributions of ® can be seen in fig 3.3.
On the one hand, eq. (3.13) demands that the self-energy be a functional deriva-
tive of ® with respect to the Green function G. Thus, any approximation scheme
should be performed on the generating functional ®. On the other hand, the poten-
tially approximated self-energy needs to fulfill Dyson’s equation thereby creating a
self-consistency condition.
The relation between ® and the grand-canonical potential €2 is [106, 1]

Q[G, U] = _% (®[G, U] — TrIn(~G) — Tt G) | (3.15)

where the trace indicates summation over lattice momenta, Matsubara frequencies,
and spin. Subject to the condition eq. (3.13), €2 is stationary with respect to G, i.e.,

(3.16)

QG U] 1 (6®]G,U] (3.13)
e =5 (Fae m) e

- oG

The potential 2 will still be stationary, if one uses an approximated generating func-
tional @, and consequently an approximated self-energy Y. by enforcing eq. (3.13),
i. e., the self-consistency equation 3, = g~ —G~!. Such an approximation is thermo-
dynamically consistent: Observables calculated from G agree with those calculated
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3.3 Diagrammatic motivation

from 2. It conserves quantities derived from the potential such as particle number
and pressure. That means that the approximation also preserves conservation laws
[10] and is therefore called a conserving approximation.

The DCA does not restrict the number of diagrams in ® as is common, for exam-
ple, in the Hartree-Fock approximation, which takes only the first order diagrams in
fig. 3.3 into account. The approximation is introduced into the momentum conser-
vation at internal vertices of each diagram which is described by the Laue function

A= Z eItk =k k=) o Oy koo ) ARy - (3.17)

r
Here, ki, ko, ... are the momenta entering the vertex and k', k), ... the momenta
leaving it. If one introduces the cluster structure and writes k = K + k and

r = R+7, several approximation schemes are possible. If all phase factors including
7 are omitted, the result is the CDMFT [97]. In this approximation, the factors
including k violate the translational symmetry of the clusters. The CDMFT is
therefore formulated in real space. In order to regain translational symmetry, the
phase factors including k are neglected as well resulting in the Laue function of the

DCA,

_ iR(K + Kot —K|—K}—...
Apca = E ol (Kt K e )O<5K1+K2+...,K’1+K’2+... : (3.18)
R

If the conservation of momentum is ignored completely, i.e., A = 1, we regain
the DMFT [126]. The integral over k is no longer restricted to any momentum
conservation law if we use Apca in each diagram of ®[G, U] and can therefore be
performed freely. Thus, each Green function GG and interaction U is replaced by it’s
coarse-grained counterparts,

1 1
Gk = V/deKH; and Uy = ?/deK”“ . (3.19)

The coarse-graining of the interaction is trivial in the case of the simple Hubbard
model with only local interactions. The result of this procedure is an approximated
®[G i, Uk] which generates the cluster self-energy
_ 0P[Gk, Uk]
- Gk
By imposing eq. (3.13) it becomes apparent that the self-energy of the whole lattice
is replaced by the cluster self-energy which depends on cluster momenta K only,
95 —Gr =2k =Sk . (3.21)

Integrating over I~c, one derives

Sk (3.20)

(3.22)

which was postulated previously in eq. (3.10).
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3 Dynamical cluster approximation

3.4 Effective cluster model

The self-consistency scheme depicted in section 3.2 requires a tool to solve the cluster
problem described by the effective bare Green function Gg eq. (3.11) and the local
Coulomb repulsion U. In the path integral formulation the partition function of this
system is [129]

Z = / D[¢*, ¢ e S0l (3.23)
The measure
M
Dl¢",¢] = | | Dok, Déxo = Jim [T [T deico (7)) dora(r)) (3.24)
Ko 71=1 Ko

denotes a path integral over the Grassmann variables ¢, (7). The action S[¢*, ¢] =
Sol[d*, @] + Sy[d*, ¢] can be divided into two parts. The non-interacting part

B8 B8
Sol™, d] = — / dr / A7 63, (1) Gtk (7 — ) b1 (7))
Ko

SN bico 0n) G (i) b () (3.25)

iw, Ko

1
B
depends on Gk, (iw,) only. The interaction part

B
Sulo.ol = U [ d4r 3 61y (r)on(r)orr)ou(r) | (3:20

is most easily written in real space using the local Coulomb repulsion U and the real
space equivalent ¢;,(7) of the Grassmann variables.

It is also possible to formulate the cluster model using a specific Hamiltonian
description. This formulation directly reflects the image of a cluster embedded in a
mean field. Expressing the bare dispersion

€K+k = EK + 56K(k) (327)

via the averaged bare dispersion ex = % fdl:: €x+i and the deviation dex (k) we
rewrite the coarse-grained Green function eq. (3.10),

Gr(w,) ™t =iw, — ex + pu — Lk (iw,) — Tg(iwy), (3.28)

or alternatively
Ok (iw,) ™ = iw, — ex + p — T (iwy), (3.29)
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3.4 Effective cluster model

which defines the hybridization function

%fdl;:&%( (k) GKJr (iwy,)

Ik (iwy,) = L '
& (iwn) 1+%fdk(5€K )GKH%(W”)

(3.30)

In this formulation Gk (iw,) already reflects the structure of the effective cluster
model: The bare cluster is described by the bare dispersion €x. The interaction due
to the local repulsion U is captured by Yk (iw,), whereas I'k (iw,) represents the
dynamic coupling of the cluster to the surrounding bath. Let us now consider the
effective cluster Hamiltonian

H. = Z €xc — 1t) CheoCrco + U Y migniy

[1ea

+Z/dkCK+k UkikoK ko
+Z/dl~c (Vic(k) ey, + Huc) (3.31)
Ko

The first line is the finite cluster with the usual Hubbard interaction. The second
line introduces a non-interacting infinite bath represented by auxiliary fermionic
operators ag and an unknown energy dispersion (. The bath is coupled to the
cluster via coupling amplitudes Vi (k) (unknown as well). The action of this system

Selo*, ¢, 0", Y] /dij% (—+eK M)¢Ko(7)+SU[¢*7¢]

/ er/dkwKHw (a +cK+k> Vrrio(T)
+/0 dTZ/d’z’ (Gico (Vi R} s () + He) S (3.32)

where ¢ Ko and wko are the Grassmann variables to the corresponding operators C(T)

and akg, respectively. The bath variables wkg only appear in a biquadratic form and

can be integrated out yielding the bath contribution Zy., to the partition function.
Using the Gaussian integration formula for Grassmann variables

d&fd&exp | — ) EAE + [T+ &) | =det Aexp (J*A™LT
[THa6 s (- Seiang + 3 ) ()

(3.33)
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3 Dynamical cluster approximation

and identifying & = ¥p(7), A = O 0560 (T — T') (a% — Ck), and J = VK(IZ:)ka(T),

the partition function of the effective model becomes
Ze = / Dl¢", gDy, e 0"
i [ DI gl 101 (331
with
p 0
S * — d * i = "
0[¢", ] /0 T;%{a(ﬂ (87 + ek M) PKo(T)

v “ar 3 i [akvicth [aﬁ n é,ﬂ,;g} Ve B

2

1 N ’VK(E)

== 20D Pioliwn) | iwn — Exco +p1— / dk———— | ¢xo(iw,) -

g = wn — Gk
(3.35)

Eq. (3.29) shows that Sy is indeed identical to eq. (3.25), if we define

2
[k (iwn) /dl;: ‘VK(k)‘ (3.36)
wn ) = . : 3.36
K 1w, — €K+IE

Thus, although the bath does not enter the algorithm explicitly, it is nevertheless
implicitly included in the effective bare Green function Gk, (iwy,).

3.5 Antiferromagnetic order

So far, all quantities such as Green functions and self-energies were diagonal in
momentum space, because the DCA preserved the translational symmetry of the
lattice problem. Antiferromagnetic order breaks translational symmetry, leading to
a doubling of the unit cell. This means that the first Brillouin zone correspondingly
becomes smaller. Evaluating the mapping for the 3D cubic lattice, then results in
the reduced zone shown in fig. 2.2a.

In order to explicitely break the full translational symmetry alongside with the
SU(2) symmetry, one adds staggered magnetic field h; = hy @™ with Q = (r, 7, 7)
to the Hamiltonian eq. (2.1) as

Hy=H+> hm; (3.37)
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3.5 Antiferromagnetic order

where m; = n; — n;) is the spin polarization at lattice site 2. One can then in
principle study the properties as function of this staggered field. However, because
such a field is of little experimental relevance, one is conventionally only interested
in the limit Ay — 0. If a finite polarization remains in this limit, we have found a
state with spontaneous symmetry breaking.

In a real simulation, one usually proceeds slightly differently via adding a small
field (in our case we chose hy = 0.01) in the intialization of the iteration process.
The field is switched off after the first few iterations for subsequent iterations and
the system is allowed to evolve freely. Eventually, the process will converge either
to a solution with vanishing staggered magnetization (m;) = 0, meaning that we are
in a parameter regime where the thermodynamically stable state is a paramagnet,
or else have (m;) # 0 and thus an antiferromagnetically ordered state.

In order to be able to include such a field in our simulations, we have to ensure
that the cluster we use has the proper translational symmetry with respect to a
double unit cell. These clusters are the bipartite clusters (cf. section 3.7.2). Since
the DCA is formulated in momentum space, the broken translational symmetry
introduces explicit non-diagonal elements in quantities like the Green function or
the self-energy. Using

GaKl,K1 1wn = Z eXp fl),Z — KQ . R])] ij(iwn) (338)

as extension of eq. (3.6) for Green functions with momenta K; # K, the antifer-
romagnetic Green function can be represented by the 2x2 matrix

: GY% (iw,) G%. (iw ))
G,k (iwy,) = " "
e (iwn) (GUK,(lwn) GGK, (iwp,)
_ GUK/,K/ (iwn) GUK’,K/JrQ(iwn)
= . . (3.39)
GoK’+Q,K'(1Wn) GUK’+Q,K’+Q(1wn)
where K’ is now an element of the reduced Brillouin zone depicted in fig. 2.2a. The
symmetry relations G, (iw,) = Gl (iw,) = — (Gl (iwy,))" = (GUK,(lwn))*
and G1%. (iw,) = G%. (iw,) = GL%. (iw,) = GY. (iw,) hold for the Green function
as well as for the self-energy, which must be extracted by matrix inversions,
Yok (iwn) = Gogr(iwn) ™ — Gy (iwn) ™. (3.40)

The self-consistency loop fig. 3.2 applies to the antiferromagnetic case as well, if one
replaces all scalar Green functions and self-energies by their corresponding 2 x 2 ma-
trices. Special attention is required for the coarse-grained Green function G, g (iw,,).
In the presence of a staggered magnetic field, it can be described by [109]

~ , 1 = (i, + e — €per g he/2 : -
G, i (iw,) = — | dk " . Ktk 7 — Y (lwy, 3.41
elion) = [ak| (1o ok ) s G

using he = hy/ = Zho.
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3 Dynamical cluster approximation

3.6 Finite-size scaling

The DCA has several well-defined limits. It becomes exact in the limit of infinite
cluster size N, — oo, when the effective cluster problem becomes identical to the
original problem and the cluster Green function becomes the exact Green function
of the complete system. At cluster size N, = 1 the DCA reduces to the DMFT for
a finite-dimensional system. In this limit, all quantities become local. Thus, the
DCA can be regarded as an interpolation scheme between the DMFT and the exact
solution. Moreover, it can be shown that the DCA is a systematic approximation
in cluster size and possesses a well-defined finite-size scaling behavior. This offers
the possibility to systematically extrapolate results for finite clusters to the infinite
system limit.

The approximation performed by the DCA is to replace the exact Green function
by its coarse-grained counterparts in diagrams of the generating functional ®. The
relation between the coarse-grained Green function Gi and the exact Green function
Gy, is given by (cf. egs. (3.28) and (3.27))

Gr = [0 — dexc(k) — 5k (R) + T B (3.42)

deﬁmng Y = Yk + 5ZK(I<:). Since the diagrams in ® are integrated over k
and + [ dk deg (k) = 0 by definition, all contributions linear in dex (k) vanish.

If we assume a simple cubic cluster of size N, = L2, the cluster momenta are
K = (”ler, 7, ”Lﬁ> with nqy,ng,n3 € {—Le,...,Lc.}. Using the simple dispersion

eq. (2.3), the quantity 5€K(I;3) = €x. i — €x becomes

Sexc (ke Zcos( )——Z/dk:cos(

We observe, that e (k) ~ O(1/L,) for large L.. The hybridization function van-
ishes like de%- (k) to leading order (cf. eq. (3.30)), hence the average hybridization
per cluster site scales like

) . (3.43)

_ 1 )
r= A ;FK ~O(1/L?) . (3.44)

If we assume, that the correction to the self-energy 0% (k) scales with the same or
higher order than the hybridization function, we find that the DCA converges like
Ppca ~ P+O(1/L?). The same behavior can be expected from all other observables
derived from ®pca. This scaling relation was numerically verified for the 1D Falicov-
Kimball model [110] and will be the foundation of the finite-size scaling employed
in chapter 5.
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3.7 Cluster selection

The argument above was only given for a cubic cluster of length L.. We usually
perform DCA simulations on clusters that do not possess a simple cubic shape. For
this reason, we have to define an effective cluster length L. = N3, The next section
deals with the details of selecting clusters for optimal finite-size scaling.

3.7 Cluster selection

The choice of an appropriate finite-size cluster is important, since its size is severely
limited by computational restrictions. Early simulations of 2D spin models on finite
lattices using exact diagonalization were usually performed on square-shaped tiles
[132]. In order to overcome the limited number of useful tilings it was shown that
parallelogram tiles of a certain kind could also produce useful results [64]. Moreover,
BETTS et al. introduced criteria to judge the quality of finite clusters with periodic
boundary conditions based on topological structure and geometrical shape and de-
termined a set of optimized parallelogram-shaped tiles of the square lattice [19, 18].
They demonstrated that these tiles show a much better finite-size scaling behavior
than their simple square-shaped counterparts. Thus, they argued that topological
perfection is more important than the conservation of the full point group symmetry
of the lattice. The criteria were later applied to parallelepiped tilings of the simple
cubic lattice [21, 92], the face-centered cubic lattice [172], and the body-centered
cubic lattice [20]. We present the criteria for finding clusters with good finite-size
scaling behavior in the following two sections.

3.7.1 Topological imperfection

A set of clusters with different sizes exhibit good finite-size scaling if each cluster
represents a certain length scale closely connected to its size. A physical relevant
length scale is the number of nearest-neighbor shells which are part of the cluster.
A nearest-neighbor shell shall be defined in a way, that it reflects the topology of
a model with nearest-neighbor interaction: Site i is k'"-nearest neighbor to a site j
if 7 and 7 can only be connected by k or more hopping processes between nearest
neighbors. For example, each site on an infinite square lattice possesses 4 nearest
neighbors, 8 second-nearest neighbors, 12 third-nearest neighbors, 16 fourth-nearest
neighbors, etc.

A finite cluster can only incorporate a finite number of nearest-neighbor shells. It
is possible that there are less sites in a specific shell than in the corresponding shell
of the infinite lattice. A topologically perfect cluster fills up the lowest neighbor
shells completely and possesses only one incomplete shell for its remaining sites.
An example for a perfect 16 site cluster is shown in fig. 3.4b. The two lowest
shells are completely filled. The third-nearest-neighbor shell inhabits the remaining
three sites and is incomplete. All other shells are empty. A simulation of a model

29



3 Dynamical cluster approximation
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Figure 3.4: A comparison of two 16 site clusters in 2D with periodic boundary conditions
which tile the simple square lattice. One arbitrary site (labeled by 0) is cho-
sen as reference point. Nearest-neighbor shells are labeled by 1,2,3,4. The
square cluster (a) exhibits a full nearest-neighbor shell and incomplete second
(6 of 8 sites), third (4 of 12), and fourth-nearest-neighbor shells (1 of 16).
Its topological imperfection is I = 3. The parallelogram-shaped cluster (b)
possesses complete nearest-neighbor and second-nearest-neighbor shells and
only one incomplete third-nearest-neighbor shell (3 of 12). All higher neigh-
bor shells are empty. Although the cluster (b) is not as symmetric as (a), it
is topologically perfect (I = 0).

using this finite cluster correctly treats physical processes acting on a length scale
up to the second-nearest-neighbor shell. The third-nearest-neighbor shell is treated
approximately due to the lack of several sites. All higher length scales are not
captured at all.

A less than perfect finite cluster is shown in fig. 3.4a. It exhibits incomplete
second, third, and fourth-nearest-neighbor shells. This cluster treats even longer
length scales (the fourth-nearest-neighbor shell) while approximating already the
processes on the second-nearest-neighbor shell. It therefore mixes several different
length scales and is not a pure representative of a specific scale. Although this
cluster is a perfect square and conserves the point group symmetry of the lattice, it
is less suitable for a systematic finite size analysis and should be avoided.

In order to have a quantitative statement of cluster perfection one defines the
topological imperfection [21]

I=IL-1, . (3.45)

The first quantity I; is based on the cluster in question,

L= kng (3.46)
k=0
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Figure 3.5: Panel a: The same cluster of fig. 3.1 described by the same parallelogram as in
fig. 3.1 (blue) and by a completely different parallelogram (red). Each cluster
site is identified by a number 1,2, ..., 8. Right column: a non-bipartite cluster
with even number of sites in real space (b) and in momentum space (c).

where ny, is the number of sites in the k™-nearest-neighbor shell. The second term I,
is the same quantity determined for a perfect cluster of the same size, which possesses
at most one incomplete nearest-neighbor shell. This definition is independent of the
fact, wether such a perfect cluster exists or not. The definition of I can easily be
extended to the simple cubic lattice in 3D. In this case the number of sites in the
nearest-neighbor shells of the infinite lattice are n; = 8, ny = 18, ng = 38, etc.

3.7.2 Geometry and symmetry

The topological imperfection is taken to be the most important quantity to judge
the quality of a cluster [21]. For a particular size, there exist many clusters with the
same imperfection but described by different matrices C. Some of these are even
identical. Due to the periodic boundary conditions, the description by the matrix
C is not unique. For example, the cluster of fig. 3.1 can be described with different
parallelograms (cf. fig. 3.5a). It can be shown, that two clusters C; and Cs of size N,
are identical, if and only if A = C;'C; has only integer elements [107]. But there
can still exist several non-identical clusters with different geometrical properties
including clusters with very thin, flat, or elongated shapes. These clusters are not
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3 Dynamical cluster approximation

desirable, since they exhibit effectively only two or even one-dimensional properties.
It is therefore necessary to choose a cluster which is as close to a cubic shape as

possible.
Using the lengths of the four body diagonals of the parallelepiped dy,ds, ds, dy
and of the six face diagonals fi, fo,..., fs, we take their geometric mean length

d = (dydadsdy)”* and f = (fifofsfifsfs)"C, respectively, as well as the mean of the
three edges | = (I1l5l3)"/3. These are used to define the cubicities [21]

=~ 2=

Obviously ¢; = ¢ = 1 for the cube. The closer these cubicities are to unity the
closer the parallelepiped is to a cube. The combined cubicity parameter

C1 (347)

¢ = max(cp, c; ') max(co, ;1) (3.48)

is used as an criterion to choose clusters that are closest to a cube.

A parallelepiped cluster obviously breaks the cubic symmetry of the infinite lat-
tice. While all clusters are at least symmetric under coordinate inversion, the re-
maining 46 mirror and rotation symmetries of the cubic group may be broken.

A potential antiferromagnetic order of a simulated system will be frustrated, if
the lattice is not bipartite, i.e., cannot be split into two sub-lattices. The infinite
simple cubic lattice is bipartite, but a finite cluster may not. All clusters with
uneven number of sites are non-bipartite, but also certain clusters with an even
number of sites. Thus, in order to avoid an artificial frustration, a bipartite cluster
is mandatory for a study of antiferromagnetic order. Another disadvantage of non-
bipartite lattices is, that they cause a sign problem in the QMC algorithm even
in particle-hole-symmetric situations. The two-sub-lattice structure of a bipartite
cluster transforms into momentum space in the following way: For each cluster
momentum K the momentum K + (7,7, 7) is also a cluster momentum. The
cluster momenta can accordingly be divided into pairs. In particular the momentum
(7, m,m) itself is a cluster momentum. This symmetry is a necessary ingredient for
the cancelation of the fermionic sign. Since the sign problem limits the performance
of the algorithm severely, non-bipartite clusters should be avoided at least in the
context of QMC simulations. The cluster of fig. 3.5b is a 2D example of a non-
bipartite cluster with even number of sites. In 2D the vector (7, ) is the relevant
direction for antiferromagnetic order. If one observes the cluster in momentum space
(fig 3.5¢), the lack of the cluster momentum (7, 7) becomes apparent.

All simulations in this work exclusively used bipartite clusters which were opti-
mized following these rules. For a given cluster size N, the chosen cluster was the
one with the smallest possible topological imperfection and cubicity closest to one,
in this order of priority. Only bipartite clusters with an even number of cluster
sites were used. For N. < 100, these clusters were already published in ref. [92].
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Figure 3.6: Imperfection per cluster size I/N. and the deviation from cubic shape ¢ — 1
for optimized clusters of the 3D simple cubic lattice. Only bipartite clusters
with 46 < N. < 1000 and even number of sites are shown.

Additional bipartite clusters in 3D with N, < 1000 were found by examining all ma-
trices C with individual components up to +9 by direct enumeration. A selection
is listed in appendix E. Fig. 3.6 shows imperfection and cubicity of these optimized
clusters plotted against the effective cluster radius N3A periodic pattern in
the imperfection is clearly visible showing that minimizing I effectively causes the
nearest-neighbor shells to be filled up one after the other. Unfortunately, regions
of low imperfection coincide with those of largest deviation from the cubic shape.
However, the cubicity remains at moderate values ¢ < 1.2 and fluctuates heavily, so
that individual clusters with low cubicity can be found.

3.8 Summary

The DCA provides an approximation scheme for the Hubbard model by approxi-
mating the infinite-lattice problem on an effective finite cluster embedded in a mean
field. All quantum fluctuations local to the cluster are treated exactly while long-
ranged correlations are included in a mean-field limit. The DCA is a systematic
generalization to the DMFT and offers the possibility of a finite-size scaling analysis
(cf. chapter 5 for an application). The remaining problem, i.e., how to solve the
effective cluster problem, is the subject of the subsequent chapter.
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4 Quantum Monte Carlo simulations
in continuous time

In this chapter, we give a detailed description of the QMC algorithms employed
to solve the cluster model introduced in chapter 3. An introduction into QMC
methods and an overview of Monte Carlo techniques in general is followed by a
characterization of the two distinct continuous-time QMC algorithms used for this
work.

There exist several completely different classes of algorithms which are commonly
described by the term “quantum Monte Carlo”. They only have in common that
they employ stochastic methods to simulate quantum mechanical problems. Varia-
tional Monte Carlo [114, 33] and diffusion Monte Carlo [42] are used for the direct
calculation of wave functions of many-body systems, while path integral Monte Carlo
techniques [34] such as the stochastic series expansion [160, 177], the loop [41, 14, 40]
and the worm algorithm [143, 142] sample the action of many-body-problems. This
latter group of algorithms is mostly applied to bosonic systems [68, 162], quantum
magnets [66, 158, 159], and one-dimensional fermionic systems [165]. The fermionic
sign problem [184] generally prevents the application of these methods to fermionic
models in higher dimensions.

A third group of algorithms provide methods suitable for the stochastic sampling
of the action of fermions. Because of the sign problem, their application is lim-
ited to either particle-hole-symmetric lattice problems [22] or to impurity problems
within an optional DMFT or DCA context. In the past, the standard method for
fermionic impurity models was the algorithm by HIRSCH and FYE [75]. It decou-
ples the fermion degrees of freedom by a discrete Hubbard-Stratonovich transfor-
mation [73, 74] of the partition function, which introduces an auxiliary Ising field.
This transformation requires a discretization of the imaginary time axis into equally
spaced time slices A7 using a Trotter-Suzuki decomposition [182, 174]. Such a dis-
cretization introduces a systematic error of O(A7?), which demands a careful and
numerically expensive extrapolation A7 — 0. A characteristic technical feature
of the algorithm is that the Monte Carlo weights depend on the numerically often
expensive calculation of determinants.

Alternatives to the Hirsch-Fye algorithm have been developed in recent years
(152, 153, 59, 194, 196, 60]. All of them avoid the error due to the Trotter-Suzuki
decomposition and work in continuous time instead. They are similar to the Hirsch-
Fye algorithm in this respect, that they require the calculation of determinants.

35



4 Quantum Monte Carlo simulations in continuous time

We employ two of these algorithms, which are both based on an expansion in the
interaction term of the Hamiltonian. The continuous-time interaction expansion
algorithm (CT-INT) was developed by RUBTSOV et al. [151, 152, 153]. It is often
called “weak coupling” algorithm [119, 58, 59], which is somewhat inappropriate,
since its application is not limited to weak coupling strengths. The continuous-
time auxiliary-field method (CT-AUX) was initially developed by GULL et al. [59]
based on an algorithm for finite lattices by ROMBOUTS et al. [148, 149]. This
method exhibits stronger similarities to the Hirsch-Fye algorithm than the CT-INT.
Although technically different, both algorithms were shown to be equivalent for
Hubbard type interactions [119]. There exists another algorithm also formulated in
continuous imaginary time, which is based on an expansion in the hybridization with
the surrounding bath [194, 196]. However, it is not suitable for large scale cluster
applications, because the interacting cluster problem has to be solved exactly. This
causes an exponential scaling of the algorithm with cluster size [196], which limits
the size of treatable clusters to a minimum.

4.1 Monte Carlo evaluation

We are aiming at a Monte Carlo evaluation of the single particle Green function and

other thermodynamic observables. The thermal expectation value of an observable
O is

1
(0) = ZTro e FH: (4.1)
with the partition function
7 = Tre PHe (4.2)

of the effective cluster model eq. (3.31). In a many-body quantum system, the direct
evaluation of the trace over the exponentially large number of many-particle states
is generally impossible. In order to evaluate eq. (4.1) stochastically, the thermal
average needs to be transformed into a sum of configurations C' weighted by w(C'),

(0)=>_0(C)w(C) . (4.3)
C

Such a weighted average can be calculated by a Monte Carlo procedure. The ex-
plicite calculation of the weights w(C') themselves is generally not possible, since
the norm of the weights is determined by the partition function Z whose calcula-
tion again involves a trace over an exponentially large number of states. Another
exponentially hard effort is the diagonalization of the Hamiltonian H., which could
otherwise provide the transformation eq. (4.3). The details of the transformation
are specific to each QMC algorithm and will be covered in sections 4.2 and 4.3,
respectively. The inability to calculate Z directly also prohibits the direct Monte
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4.1 Monte Carlo evaluation

Carlo evaluation of observables that depend directly on the partition function, for
example the entropy S = %ln Z or the free energy.

In order to sample averages like eq. (4.3) effectively, we apply Monte Carlo tech-
niques [99]. We generate a Markov chain of configurations

Ci—=-Ch—--=>C,—>Chpr— ... . (4.4)

A configuration C), ;1 in the chain is only connected to its immediate predecessor C',
by the transition probability ¢(C,, — C,+1). That means, that the current configu-
ration of the chain does not depend on its past nor do any future configurations. We
need to find transition probabilities that will generate a finite set of configurations
Cy,Cy, ..., Cy, such that these configurations are distributed according to w(C') in
the limit N — oo. If this can be accomplished, the average eq. (4.3) is approximated

by
(0) =) "0(C,) = > 0(C,) + O(\/1/N) . (4.5)

The statistical error of such an approximation is of order O(y/1/N). Thus, in princi-
ple every observable can be calculated with a desired accuracy by a sufficiently large
number of generated configurations. The Monte Carlo estimate for (O) possesses
statistical errors only and is otherwise exact.

The Markov chain must generate configurations distributed by w(C'). It is suffi-
cient for the transition probabilities ¢(C,, — C,11) to fulfill two conditions:

Ergodicity: Any configuration must be reachable from any other configuration in a
finite number of Markov steps.

Detailed balance: We demand
t(Cr — Cryr) w(C) = t(Cry1 — Cp) w(Chryq) - (4.6)

We apply a Metropolis-Hastings algorithm [117, 67] to satisfy these conditions. The
transition probability is split into a proposal part p and an acceptance probability
a’

t(Cn — Cn—i—l) = p(Cn — Cn+1> a(C’n — Cn+1) . (47)
Thus, the detailed balance condition becomes

a(Cp — Chry1) _ wW(Cry1) p(Crgr = Cy) (4.8)
a(Cpy1 — C) w(Cp) p(Cp — Cry1) ’

which is satisfied, if we propose a change of the current configuration C,, and accept
the change with the probability

w(C) p(Co — Cory) (4.9)

Here the weights w(C') only appear in ratios eliminating the dependence on the
normalization Z.

CL(C —-C +1) — min (1 w(Cn+1)p(Cn+1 — Cn))
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4 Quantum Monte Carlo simulations in continuous time

4.1.1 Sign problem

The interpretation of eq. (4.9) as a probability requires its non-negativity. While
the proposal probabilities are usually positive, the weights stemming from eq. (4.3)
are generally not. Depending on the QMC algorithm and the model in question the
quantities w(C') may be negative, thus inhibiting their interpretation as probabilities
in a weighted sum. In principle, this problem can be avoided by switching from an
average (...),, using w(C) to (...),, involving the absolute values [w(C)| of the
weights. The relation

_ 20O w(C) _ Yesen(w(C)) O(C) [w(O)|/ Yop [w(C)] _ {sgn(w) Oy
v Xew(0) 2 sen(w(0)) w(C)]/ 20 [w(C)] (sgn(w)),,

(0)

displays that the average of each observable O can be calculated by measuring
(sgn(w) O),,, with respect to the positive weights |w(C)| and subsequently dividing
by the average sign of the weights (sgn(w)),,,. This ensures that the Monte Carlo
algorithm described in the previous section is still applicable. Numerical problems
arise if the average sign becomes very small, which is unfortunately often the case.
The statistical errors even grow exponentially with § and system size N., which
renders the measurement of an observable with vanishing sign an exponentially hard
problem [184]. This can be shown, by observing that the average sign (sgn(w)),, =
Zw/Zw is the ratio of the partition functions of the system with respect to w,
Zyw = Y cw(C), and with respect to |w|, Z, = > o |w(C)|. Per definition, the
partition function depends exponentially on the free energy F' = —+1InZ. That
means that also the average sign depends exponentially on the difference Af of the
free energy densities f = F//N,, i.e.,

(sgn(w)}, x exp(=BNAS) . (4.11)

The relative error o(sgn)/ (sgn),, follows as

o(sgn) \/ (s = i) IV v .
(sgn) |w|_ <sgn)|w| > VN (4.12)

Since measurements of all observables depend on the average sign, the exponential
increase of the errors with inverse temperature and system size is true for all observ-
ables. This effect is commonly known as the sign problem. The exponential increase
of the statistical errors effectively prevents the application of QMC techniques to
many models.
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4.2 Continuous-time interaction expansion

4.2 Continuous-time interaction expansion

The CT-INT algorithm provides a numerical tractable transformation of the expec-
tation value eq. (4.1) into the weighted sum eq. (4.3) by expanding the partition
function in the interaction term of the Hamiltonian.

We divide the cluster Hamiltonian H. = Hy + Hy into a non-interacting part H
and

HU = Uannu . (413)

We switch into the interaction representation by defining time-dependent operators
O(7) with respect to Hy, i.e.,

O(1) = e™0 Qe Ho (4.14)
If we introduce the operator
U(B) = ePHoe=PHe (4.15)
the partition function eq. (4.2) can be written as
Z =Tr[e PU(B)] . (4.16)
The operator U(3) has the property

dU(p)

B
- —Hy(B)U(B) = U(B)=T,exp {—/ dTHU(T):| : (4.17)

0

The partition function in the interaction representation follows as

Z =Ty |e Pt o= 0 dTHUW] = 7, <e— Iy dTHU<T>> , (4.18)
0

which defines the non-interacting partition function
Zy = Tr T,e PHo (4.19)
and the ensemble average

1
(.= Z)TrTT e PH (4.20)

The interaction Hamiltonian Hy is modified by coupling an auxiliary Ising field
s; = £1 to each cluster site. Thus, eq. (4.13) becomes

Hy=U>» Y (niT — % — 552-) (nu — % + 6si) . (4.21)

i s;==*1
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4 Quantum Monte Carlo simulations in continuous time

The coupling strength ¢ and the additional terms % cause no physical change in
the Hamiltonian except a trivial shift in energy. However, the modification greatly
affects the sign of the Monte Carlo weights and can even eliminate the sign problem
for particle hole symmetric models [151, 6].

An expansion of the exponential function in the partition function eq. (4.18) to

all orders yields

7 = Zoi(—U)’f/oﬁdﬁ---/om1diZ~.Z

(i (1) = aap) (i (1) — aay) - o (i (h) — ang) (i (k) — awy))y - (4.22)

Here we have defined oy, = 3 + sgn(0)ds;, (1) with sgn(t) = 1 and sgn(}) = —1.
Since the average (...), is performed over a non-interacting system, we can employ
Wick’s theorem [198] to factorize the expectation values in this expression. The
result is a sum over all possible contractions of the operator string in eq. (4.22),
which can be expressed in terms of the determinant of a 2k x 2k matrix. This
determinant factorizes into two sub-determinants for each spin resulting in

> B Tr—1
Z:ZOZ(—U)k/O dn---/o dr Y > [ det [Ghy — Ars] - (4.23)

2'131-1 iksik o
with
Ap, = diag (a1g, @2y - . o, Qo) - (4.24)
Since <cig(7)c;0(7’)> = —Gijo(T — 7') and (niy(7))y = —Giio(87), the matrix G,
0

can be explicitly evaluated yielding

Giiiio(B7)  Giiso(Ti — T2) - Giyipo(T1 — Tk)
gi2i1a(7:—2 - Tl) gizléd(ﬁ_) ) gi2ik0(7:_2 - Tk) (4.25)
Givivo(Te =) Gipigo (T — T2) - Girino (7))

We can finally express the partition function eq. (4.23) as a sum of configurations
C. Each configuration is characterized by an expansion order k£ and a set of times,
sites, and Ising field configurations,

C={kyir, .. i,y T Sy (T1)s - oy 80, () T (4.26)
Each one is weighted by

w(C) = Zo(=U)* [ [ det [GR, — Ako] (4.27)
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4.2 Continuous-time interaction expansion

such that the partition function eq. (4.23) can be written in the form
Z=> w() (4.28)
c

if we formally combine all sums and integrals into a single sum over C'. Accordingly,
all observable averages can be expressed as the Monte Carlo average eq. (4.3). Again,
we point out the importance of the matrix Ay, to avoid the sign problem. If one
omitted Ay, G, = G}, would hold for spin-symmetric problems. The alternating
sign stemming from the term (—U)* would then create a massive sign problem.

4.2.1 Monte Carlo updates
The presented QMC algorithm produces weights of the form (cf. eq. (4.27))

w(C) = Zoc* [ [ det My, (4.29)

with a constant ¢ = —U and k x k matrices M, ! = G% — A;,. If the current
configuration C} consists of k vertices, a possible update is the insertion or removal
of one vertex, thereby expanding or reducing the expansion order k£ by one. The
proposal probabilities for the insertion update is

1
BN

p(Cr = Ciy1) = (4.30)

which reflects the choice of randomly picking a time 744, from the interval [0, S]
and a cluster site sy from N, possible sites. When removing one vertex from a
configuration of order k£ + 1, we must choose one of k + 1 vertices. The proposal
probability is consequently

1

C Cp)=——. 4.31
P(Cr1 — Ck) kol (4.31)
These two quantities enter the acceptance probability eq. (4.9), hence
. C/BNC det Mk_—i}l o
O — Chuy) = 1, i 4.32
aCk = Crn) mm( k+11:I det M, ! (4.52)
k det M 1;_11
Cr — Ck—1) =min | 1, <A 4.33
a(Cy, k—1) = min < BN, 1:[ dot M_! ( )

Appendix A deals with the numerically efficient evaluation of these weights as well
as with details of the update process of the matrix My,. Updates of this kind are
already sufficient to render the algorithm ergodic. In order to reach one arbitrary
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Figure 4.1: Histogram of the expansion order k of several DCA simulations for the Hub-
bard model at half filling on a simple cubic lattice.

configuration from another, one could, for example, remove all current vertices and
add the ones from the target configuration. The expansion order k of the configu-
ration can in principle reach all possible values. In real simulations, however, the
average expansion order will be peaked around a finite value. Fig. 4.1 shows a his-
togram of the expansion order for several different parameter values. Each histogram
exhibits a clear maximum and an overall Gaussian shape around the maximum. We
can also observe that the average expansion order scales linearly with the inverse
temperature [, the Coulomb repulsion U, and the cluster size N.. Appendix A
shows that the Monte Carlo updates scale as O(k?). The overall scaling of the al-
gorithm is thus O((BUN,)?). That means that the simulation becomes more and
more inefficient for increasing 5, U, and N..

4.2.2 Observables

In the DCA context, the quantity we are most interested in is the single-particle
Green function as defined in eqgs. (3.5) and (3.6). The imaginary-time dependent
Green function in real space is easily expressed in the interaction picture by

(—eWarttue, (r)dl, ()
0
<e_ foBdTHU(T) >

Gy (1 =) = = (Treiy (7)), (7)) =

0
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4.2 Continuous-time interaction expansion

Applying the expansion eq. (4.22) to the enumerator yields a sum over weights
W(C) = Zoc* det M}, det M} (4.35)

where det M, +11 denotes the original k x k matrix M, = G% — Ay, augmented
by an additional row and column,

P ( (MM gm-pj(fp—f’)> . (4.36)

ktlo Goiig(T — T4)  Goig(T —7T')
The indices p and ¢ are elements of 1,2, ..., k. Thus,

2 w(C det M,
Gaz’j(T_T/>—ZC 5) w(C) <e k+1a> :< det{Wk,a> o (437)

Z ( ) detha’ deth+1,a
c

which exhibits a similar ratio of determinants as the Monte Carlo weight eq. (4.32).
Applying the framework detailed in appendix A (cf. eq. (A.8)), the Green function
becomes

p,g=1

Goij (T — ') = Goij (T <ngp (Mko)pqgmqj( 7'q)> . (4.38)

A spatial and temporal Fourier transformation into Matsubara frequencies further
simplifies this expression yielding

k

Gok (iwn) = Gk (iwy,) — QgK(iwn)% < Z eiK~(Rip—Riq)eiOJn(Tp_Tq)(Mko_)pq> (4.39)

P,q=1 w

for paramagnetic systems. Antiferromagnetic Green function are no longer diagonal
in momentum space. The spatial Fourier transformation of eq. (4.38) leads to the
matrix notation of eq. (3.39),

Gy (iwn) = Gok (iwn) — Gor (W) (M), Gorer (iwn) (4.40)

using the 2 X 2 matrix

(Mio) e 1, = 3 Z 1 Tty I i) bon (T 70) (Mg ) g (4.41)

p,q=1

In contrast to the Hirsch-Fye algorithm, the Green function can be directly mea-
sured in momentum space and Matsubara frequencies. A Monte Carlo measurement
consists of the evaluation of the quantity in the brackets (...) , which is basically a
spatial and temporal Fourier transformation of the configuration matrix Mpy,. The
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Figure 4.2: The paramagnetic single-particle Green function Gg—q(iwy,) of the Hubbard
model on the simple cubic lattice at half filling. The Green function was
calculated in a DCA simulation with parameters N, = 18, U = W, and T =
0.025 W. Points denote QMC measurements using the CT-INT algorithm.
The error bars are smaller than the symbols. Solid lines denote the solution
of a high-frequency expansion (cf. appendix B).

calculation must be repeated for each Matsubara frequency. Since one is naturally
limited to measurements of a finite number of frequencies, only a certain number
of lowest frequencies is measured. The high-frequency behavior can be approxi-
mated by a series expansion (cf. appendix B). The number of measured frequencies
depends on the parameters of the simulation. Fig. 4.2 shows a Green function as
calculated by the CT-INT algorithm. In this example, the high-frequency expansion
is valid for |iw,| 2 30. Measurements of higher Matsubara frequencies are therefore
unnecessary.

The local particle density (n,;) and the spin polarization m; = (ny; —ny;) are
easily measured using eq. (4.38) by evaluating ny; = 1 4+ Guii(Tret — Tref), Where the
reference time 7. is chosen randomly.

For measuring two-particle correlators such as the density-density correlations
(nionjo), the matrix My, must be extended by two additional rows and columns.
Applying Wick’s theorem, the result is the determinant of a 2 x 2 matrix,

ne G ,--(o+>>>
ioclljc!) — det b oow . 442
S < (GU,Uji(O+) W) (4.42)

For the spin-symmetric Hubbard model, the off-diagonal elements are non-zero for
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4.3 Continuous-time auxiliary-field method

o = o' only. Particularly interesting two-particle correlators are the double occu-
pancy (n;n; ) and the spin-spin correlation ((ns — n;y)(nj —njy)). Both will be
important in the context of the simulations discussed in chapter 5.

4.3 Continuous-time auxiliary-field method

The basis of the CT-AUX algorithm is the relation [148, 149]

s==%1
with Us
h(~) =14+ =2 4.44
cosh(7) =1+ o (1.4

where K is an arbitrary positive constant. The relation can be applied to the
problem, if H;; is modified to become

HU:UZ (nnnu—%) _ﬁ

25 Z 3 el (4.45)

i s;=*x1

again causing only an energy shift. The transformation again introduces the Ising
field s; into the algorithm. We expand the exponential in the partition function
eq. (4.18) in the same fashion as in eq. (4.22). We treat the time ordering explicitly
in the integration bounds and write

Z:Zog%/oﬂdﬁ---/T dr, Y - Z( )

118y ik Siy,

1
Ty H e~ AmmHo YSim, (mmT(Tm)—”imi(Tm)) (4-46)

m=k

using AT, = Tya1 — T for m < k and A7, = 8 — 7 + 71. This is very similar to
equations in the Hirsch-Fye algorithm [75], e.g., see eq. (121) in ref. [48]. The trace
over the string of exponential operators can be calculated explicitly,

7 = ZOZ/ dry -- /drkz Z( )HN,wl (4.47)

184, ik sy,
using G as defined in eq. (4.25) and
Nt =det [e" — G}, (e" —1)] (4.48)
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4 Quantum Monte Carlo simulations in continuous time

with
Vi = diag (€7@ T | crsms) (4.49)

Analogous to the CT-INT algorithm, Z can be calculated as a sum over configura-
tions C with weights

w(C) = 7, (%)k E[Nk; | (4.50)

4.3.1 Monte Carlo updates

The weights in eq. (4.50) possess the same structure as the weights of the CT-INT
algorithm in eq. (4.29), if we identify ¢ = % and M,! = N.!. The acceptance
probabilities eq. (4.33) remain therefore unchanged. Omne can employ additional
spin-flip updates to speed up the performance of the algorithm. These updates
flip randomly chosen Ising spins without altering the expansion order k. If two
matrices Ny, and N;_ have the same imaginary time and space location for all
vertices but differ in the value of one auxiliary spin, which is flipped from s, to s,

their acceptance probability is given by

. det ng
a(Cy, — C}) = min (1, N;;,) : (4.51)

Spin-flips are known from the Hirsch-Fye algorithm. Many aspects of this algorithm
are still valid for the present continuous-time version. If we define the matrix Gy,
analogous to eq. (4.25) using the full Green function G,;(7; — 7;) instead of the
effective bare Green function, Ny, is related to Gy, by G, = N;WG%7 (75, 48].
Another crucial relation found by Hirsch and Fye is that the matrices Ng, and N}
in eq. (4.51) are related by a Dyson equation

Nj; = Nij + (Gip — ip) ANy (4.52)
Gy = Gij + (Gip — 0ip) MG (4.53)
\ = gvseno)sh—sp) _ 1 (4.54)

omitting dependence on spin ¢ and expansion order k. This follows directly from
eq. (4.48). This relation allows for an efficient update of the configuration matrix
Ny, and calculation of the acceptance probability. We use the “sub-matrix” update
algorithm [56] described in appendix C, which performs a series of spin-flip and
insertion /removal updates in a way that optimizes computer memory performance.

4.3.2 Observables

Note that the insertion of an arbitrary number of interaction vertices with “non-
interacting spins” s = 0 into eq. (4.46) does not change the value of the partition
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4.4 Summary

function. If we add two additional spins s = s’ = 0 at sites i, j and times 7,7/, we
can derive an expression for the Green function measurement. ZG,;;(7,7’) is then
given by an expression similar to eq. (4.46), with an insertion of ¢;,(7) and c}a (1') at
the corresponding times. Denoting with a tilde the corresponding enlarged matrices
of size k + 2, we can use the standard Hirsch-Fye formula (eq. (118) of ref. [48]) to
obtain

Goss(r, ') = %wa)é,ﬂ, | (4.55)
C

Since s = s’ = 0, the (7,7’) component of the matrix G, can be extracted from a
simple block calculation,

Goij(T = 1') = Goij(T — 1)

— < Z Goiiy(Tp — T') [(ev’“’ — 1) ng]pq Goigj (T — Tq)> . (4.56)

p,q=1

This formula is identical to the measurement of the Green function in the CT-INT
algorithm if we identify My, = (ev’w - 1) Niy. All other measurement formulas in
section 4.2.2 are therefore still valid.

4.4 Summary

We have given a description of the QMC algorithms that can be used to solve the
quantum cluster problem of the DCA algorithm. In the next chapter, we show
how the DCA in combination with these QMC methods can be applied to calculate
thermodynamical properties of the Hubbard model.

Our implementation of the CT-INT and CT-AUX algorithms and the DCA frame-
work described in the previous chapter is based on the libraries of the ALPS project
13, 9, 57]. ALPS (Applications and Libraries for Physics Simulations) is an open
source effort providing libraries and simulation codes for strongly-correlated quan-
tum-mechanical systems. The QMC algorithms were implemented in collaboration
with Emanuel Gull.

47



4 Quantum Monte Carlo simulations in continuous time

48



5 Thermodynamics of the 3D
Hubbard model on approach to
the Néel transition

In this chapter, we study the thermodynamic properties of the 3D Hubbard model
for temperatures down to the Néel temperature Ty. We perform large-scale DCA
calculations using the methods outlined in the previous two chapters and controlled
extrapolations to the infinite system size limit. We provide the full thermodynamical
equation of state of the Hubbard model — in particular the entropy, energy, density,
double occupancy, and nearest-neighbor spin-spin correlations — for interactions U
up to the bandwidth and for temperatures above Ty.

We check the reliability of our approach by comparing our results with QMC
simulations on finite lattices at half filling and high-temperature series expansion
(HTSE) calculations.

To make contact with cold-gas experiments, we also compute properties of the sys-
tem subject to an external trap in the local density approximation. We calculate the
entropy required to reach the Néel state in an optical lattice experiment and provide
the temperature dependence of observables that can be used for thermometry.

Major parts of this chapter were published in ref. [43]. HTSE calculations as well
as all trap averages were calculated by Lode Pollet. Lattice QMC simulations were
performed by Evgeny Kozik and Evgeny Burovski.

5.1 Method

We solve the Hubbard model within the DCA using the CT-AUX algorithm with
sub-matrix updates introduced in section 4.3. We have performed extensive DCA
calculations on bipartite clusters with N, = 18, 26, 36, 48, 56, 64. In order to achieve
an optimal scaling behavior, we exclusively use the clusters determined in ref. [92]
following the criteria in section 3.7. We show that an infinite system extrapolation
can be done accurately and reliably in practice to obtain converged results for the
Hubbard model directly in the thermodynamic limit [111, 92].

Fig. 5.1 shows, as a first example, the self-energy for the lowest Matsubara fre-
quency iwg along a path through the high-symmetry points of the Brillouin zone.
The self-energies were calculated at the location of the discrete cluster momenta
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Figure 5.1: Real and imaginary parts of the lowest Matsubara frequency of the interpo-
lated DCA self-energy ¥ (iwp) for U = 0.67 W at half filling for three different
temperatures. The lines denote DMFT results (horizontal straight lines) and
results for clusters of size 18, 84, and 100. The self-energies are plotted along a
path through the high-symmetry points of the first Brillouin zone (cf. fig. 7.1b
for reference) and were interpolated using Akima splines [2].

K and were interpolated between these points using Akima splines in three dimen-
sions. The high-temperature self-energy plotted in panel 5.1a is clearly converged as
a function of cluster size, the intermediate temperature self-energy plotted in panel
5.1b shows some cluster size dependence, and the right panel 5.1c shows a self-energy
that even for 100 cluster sites is not yet converged — a sign of the long-ranged antifer-
romagnetic fluctuations important near Ty. A reliable extrapolation of the cluster
self-energy to the infinite-system limit would require even larger clusters.

While momentum-resolved self-energies show a very difficult convergence behav-
ior, this is typically not true for momentum-averaged quantities. We measured
energy, particle density, double-occupancy, and nearest-neighbor spin-spin correla-
tion for each cluster size and extrapolate our results to the thermodynamic limit.
While most observables can be measured directly along the lines of section 4.2.2, the
evaluation of the kinetic energy demands more effort. We can express the kinetic
energy using the single-particle Green function and the bare dispersion ¢ via

) 1 ~ €Ereri
Ekin = Z €k Gk(lwn) ~ v /dk} Z T o K+k ) (51)
iwn, K "

iwn k €xcii — 2k (iwn)

The DCA enters here by approximating the self-energy part of the Green function
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Figure 5.2: Finite-size scaling of the energy for U = 0.67W at half filling for two dif-
ferent temperatures. DCA simulations on optimized bipartite clusters with
N, = 18,26, 36,56, 64 are taken into account. Monte Carlo errors are smaller
than the symbol size. The DMFT energy is represented by a horizontal line.
The left panel (a) presents additional DCA results for optimized non-biparte
clusters with N, = 18,36,64 and the result for the bipartite 16-site cluster
described by 11 = (2,0,0), ls = (0,2,0), I3 = (0,0,4) with — compared to the
optimized clusters — high imperfection I = 7 and cubicity ¢ = 1.209.

by the piecewise constant g (iwy,).

Following the arguments in section 3.6, we assume 1/L? finite-size scaling in the
effective linear cluster size L = No/®. Two scaling plots for U = 0.67 W at half filling
are shown in fig. 5.2. The lower temperature in panel 5.2a corresponds approximately
to T, while the higher temperature in panel 5.2b is far above Ty. The figure shows
the DMF'T solution as a horizontal line and DCA estimates for five different bipartite
clusters plotted against 1/L2. A linear least-squares fit to the DCA data produces a
straight line whose interception with zero gives the extrapolated energy. The error
due to the extrapolation is much larger compared to the statistical Monte Carlo
errors. We therefore neglected the Monte Carlo errors in the process. Fig. 5.2a
presents additional DCA results for optimized non-bipartite clusters. The non-
bipartite clusters show a rather irregular scaling behavior compared to the bipartite
ones. That indicates that the non-bipartite clusters may not only have a frustrating
effect on antiferromagnetic order but on fluctuations as well. We therefore base
our extrapolations exclusively on bipartite clusters. In order to demonstrate the
relevance of topologically and geometrically optimized clusters, fig. 5.2a includes
the energy of a 16-site cluster with high imperfection I = 7 (red square), which is
far off the scaling curve and thus unsuitable for finite-size scaling.
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5 Thermodynamics of the 3D Hubbard model on approach to the Néel transition

In the immediate vicinity of the Néel temperature one would expect critical scaling
behavior like 1/ LY. The critical exponent v & (.71 [156] is known from the Heisen-
berg model whose universality class the Hubbard model belongs to. This ansatz has
proven to be useful for the determination of the Néel temperature itself [92], but
is not applicable to temperatures far above Ty, which is the case for most of our
data. Our scaling law should be replaced by critical scaling for data points which
are very close to Ty. However, such a procedure would introduce arbitrariness into
the extrapolation, because the extent to which critical behavior is still valid away
from Ty is unknown. We therefore consistently use the 1/L? scaling and neglected
critical finite-size scaling.

The entropy is not directly accessible to the QMC by the methods described in
section 4.1 since it is not a thermal average but depends directly on the partition
function Z. However, when the energy has been calculated on a sufficiently dense
temperature grid, the entropy S can subsequently be calculated by a numerical
integration of the energy F via

S(T) = S(T,) — / U AE

T 747"
E(T,) E(T Lo B(T
= S(T,) — (Tu>+ (T)_/T dr ;/2) (5.2)

up to a T, ~ 3.5W, where the entropy S(7,) is accurately given by a high-
temperature series expansion up to second order [15].

5.2 Results at half filling

We start our analysis at half filling, i.e., at chemical potential = U/2, and focus
on U = 0.67 W where a comparison with results from lattice simulations [144, 29] is
possible. We see in fig. 5.3 that the energy and entropy calculated using DCA and
lattice QMC coincides within error bars at all temperatures. Agreement with a 10th
order high temperature series expansion (HTSE) [161] is found down to 7"~ 0.1 .
At that temperature single-site DMFT already deviates substantially, because this
method misses short-range antiferromagnetic correlations. The Néel temperature
was found to be Ty ~ 0.030(2) W in ref. [92]. The lattice QMC calculations find it
at Ty = 0.0278(6) W. Using DCA, the critical entropy is s := S/N, ~ 0.46(4) for
Tn according to ref. [92], and s ~ 0.42(2) for Ty according to lattice QMC. In the
rest of the chapter we will use Ty as determined by lattice QMC, where available,
but entropies from DCA, since lattice QMC simulations are not possible away from
half filling.

Temperatures 7' > 0.03 W are reliably accessible for all but the largest interaction
strength U = W, where we have been restricted to T" > 0.04W. The difference
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Figure 5.3: Energy per lattice site E' (a) and entropy per lattice site s (b) as a function of
temperature 7', for U = 0.67 W, at half filling. Dashed vertical lines (black):
Tx from ref. [92], dotted lines (blue): according to lattice QMC. Dashed
horizontal lines (black): entropy per lattice site s at Tn [92], dotted lines
(blue): according to lattice QMC. Lattice QMC data are extrapolated linearly
in 1/L. from simulation of cubic shaped lattice with L. = 6,8,10. The inset
(c¢) shows DMFT and extrapolated DCA entropies for U = 0.83 W at half
filling.

between DMFT and DCA is even more pronounced for stronger interactions. For
U = 0.83W (fig. 5.3c) the DMFT data for low temperatures are close to In 2,
the entropy of a free spin. This indicates that the charge degrees of freedom are
mostly frozen out, whereas the spin degrees of freedom are mostly unrestricted. Spin
correlations, due to the antiferromagnetic fluctuations incorporated in the DCA,
seem to cause a substantial decrease in entropy compared to DMFT.

The double occupancy, which has played a crucial role in optical lattice experi-
ments [88, 163, 161, 173], is shown in fig. 5.4a as a function of temperature at half
filling for different values of U. While for small U a remarkable increase is seen on
approach to Ty, only a plateau remains at moderate values of U. This is in contrast
to the DMFT predictions but similar to lattice QMC results in two dimensions [133].
For larger interactions (U 2 W), the double occupancy rises above that of a single
site paramagnet, consistent with DMFT results for the antiferromagnetic phase be-
low Ty [49]. The negative slope of the double occupancy, discussed in the context of
single site DMFET [193], persists for a wide range of parameters. Sharp features just
above Ty, as detected in single site (momentum independent) studies [49], are not
observed for the interaction values and temperature ranges studied here. Hence the
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Figure 5.4: Double occupancy (a) and nearest-neighbor spin-spin correlation (b) as a func-
tion of T at half filling. Extrapolated DCA results are shown as solid lines
and DMFT values as dashed lines. Vertical lines: see fig. 5.3.

proposal that the double occupancy is a good candidate for thermometry [89, 49] is
not substantiated by more accurate momentum-dependent calculations.

The spin-spin correlation function, plotted in fig. 5.4b as a function of temperature
for various U, is only accessible in methods that include non-local correlations, but
may be accessible experimentally [183]. It has a steep slope on approach to the
Néel temperature, which makes it an ideal quantity for thermometry, in contrast to
the double occupancy. This corresponds to the intuitive picture that charge degrees
of freedom are already essentially frozen out around Ty while the spin degrees of
freedom start to order there.

5.3 Results away from half filling

Away from half filling the sign problem hampers the performance of the QMC algo-
rithm. Fig 5.5a shows the average sign close to Ty as a function of the filling (n) =
(n4) + (ny) for U = 0.67W and different cluster sizes. The sign depends strongly
on cluster size and its minimum as a function of filling is situated at (n) ~ 0.3.
This minimum corresponds to a chemical potential y/ = p—U/2 = —0.58 W for the
largest cluster with N, = 64.

We study the temperature dependence of the sign for these particular parameters
in fig. 5.5b. The figure exhibits a logarithmic plot of the sign as a function of the
inverse temperature. The exponential nature of the sign problem is clearly visible
in the linear slope at high 1/7". The sign of the converged DCA simulation is also
compared to the sign of a finite-lattice calculation of the same cluster without the
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Figure 5.5: Average sign of the Monte Carlo simulation after convergence as a function
of filling, for U = 0.67W, T = 0.025 W, and for different cluster sizes (a).
Panel b: Logarithmic sign for N. = 64 at ¢/ = p—U/2 = —0.58W as
function of 1/7T". The figure depicts the sign for the converged DCA simulation
as compared to a finite-lattice calculation, the sign of the first DCA iteration
starting with the free solution, and the sign of the first DCA iteration starting
with the converged result at y/ = —0.33 W.

DCA mean field. The comparison makes apparent that the average sign of the
finite-lattice simulation is much smaller. For example, at 1/7 = 30 W ! the sign is
already more than two orders of magnitude smaller than in the DCA calculation.
This behavior effectively prohibits finite-lattice simulations away from half filling
and illustrates how the DCA offers a possibility to study this parameter regime.

One should be aware of the fact, however, that the average sign is not the same for
all DCA iterations. If we start the simulation with the usual free solution ¥ g (iw,,) =
0, the sign is almost as small as in the finite-lattice case (cf. fig. 5.5b). We can
overcome this problem if we use the converged result of a simulation at the same
temperature but at a slightly larger chemical potential i/ = —0.33 W as starting
point. In this case, the sign problem is even weaker than in the converged simulation.
This illustrates that one should use a starting point which is as close as possible to the
converged solution. We employ therefore the following strategy in our simulations:
We perform simulations at fixed chemical potential . The converged solution at a
certain p serves as the starting point of the simulation with next smaller chemical
potential. If we start at half filling, where the sign problem is absent, we avoid bad
starting configurations and can thereby iteratively simulate all chemical potentials.

After the discussion of the sign problem we proceed with simulation results. The
suppression of entropy due to antiferromagnetic fluctuations in the DCA only takes
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Figure 5.6: Panel a: Entropy per lattice site s and the entropy per particle S/N (inset)
at T = 0.029W ~ Ty and U = 0.67W as a function of (n). DMFT and
extrapolated DCA values are shown. The errors are dominated by extrapola-
tion errors. Panel b: Entropy for T'= 0.033 W and U = 0.67 W as a function
of the chemical potential . Comparison of HTSE and different integration
methods using either eq. (5.2) or eq. (5.3).

place near half filling. This can be seen in fig. 5.6, which shows the entropy per
lattice site for U = 0.67W near Ty. The inset demonstrates that entropy per
particle number N increases strongly at lower densities. While single-site DMFT
remains accurate for densities n < 0.6 due to the weak momentum dependence of
the self-energy in this regime [54], the DCA results are important closer to half
filling. Thus, DCA simulations are only necessary relatively close to half filling. We
thereby avoid the region of minimal sign exhibited in fig. 5.5a.

The calculation of the entropy off half filling offers the possibility to test the
accuracy of the integration formula eq. (5.2). The relation

suT) = [T (53)

—00

i.e., integrating over chemical potential u, can serve as an alternative to the tem-
perature integration eq. (5.2) [49] and yields the same results (fig. 5.6b). The figure
also proves that, although the HTSE can be used to calculate the entropy, the ap-
proximation only holds for very low densities. We will use HTSE to calculate the
low density part of a trap in the next section.

Similarly, near half filling, DMFT overestimates the double occupancy by 10 %
(fig. 5.7a), while deviations are less pronounced at lower densities. This observation
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Figure 5.7: Double occupancy (a) and nearest-neighbor spin-spin correlation (b) for U =
0.67 W and selected temperatures as a function of filling.

persists for all interactions and temperatures investigated. On the other hand,
the spin-spin correlation function (fig. 5.7b) changes most rapidly near half filling
when approaching Ty since it couples strongly to the developing (short-range) spin
correlations.

5.4 Entropy in the optical lattice system

We now turn to the experimentally relevant case of an optical lattice in a harmonic
trap, which is a closed system where entropy is conserved. So far, we have ignored
the trap potential in all calculations. Now, we extend the Hubbard model by an
energy potential V; on each lattice site ¢ (cf. eq. 2.17),

Hywp = H+ Y Vingg . (5.4)

o1

We choose parameters close to current experiments: V; = 0.004(|r;]/a)? ¢ with lattice
spacing a, and we consider the case of half filling in the trap center (1 = U/2). We
treat the harmonic confinement in a local density approximation (LDA): for every
site we perform a DCA simulation for a homogeneous system and average the results
over the trap. LDA was found to be a good approximation for the Bose-Hubbard
model for wide traps, except in close proximity to the critical point [197, 31, 32, 140]
of the U(1) phase transition because of the diverging correlation length. In our setup
LDA errors are small compared to errors from the uncertainty of Ty.

Due to the large volume fraction, the wings of the gas may capture more entropy
than the center of the trap, even though the entropy per site is comparable to the
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Figure 5.8: Panel a: Entropy profiles (entropy per lattice site) plotted over the trap in the
LDA approximation for different temperatures with an interaction strength
U = 0.67W. Error bars are shown every 5 lattice spacings, but are generally
smaller than the symbol size. Panel b: Entropy per particle averaged over
the trap as a function of temperature relative to Ty for different U. The Néel
temperature is Ty = 0.0278(6) W for U = 0.67 W with an average entropy
S/N = 0.65(6). Errors (not shown) in S(7Tx) are estimated to be in the 10 %
range, with the largest contribution caused by the uncertainty in Tx.

one in the center (see fig. 5.8a). In fact, the entropy of the whole density range
0.1 < n < 0.9 is large. This opens the possibility to observe anti-ferromagnetic
order in the trap center at an average entropy per particle over the trap which is
about 50 % larger than what could be expected from a homogeneous study. Optimal
parameters are around U = 0.67W when Ty = 0.0278(6) W according to lattice
QMC, corresponding to S/N = 0.65(6) in the trap, while S/N = 0.42(2) would
be expected for a homogeneous system. As seen in fig. 5.8b, all U in the range
0.67 < U/W < 1 lead to similar conclusions. We have verified that changing the
trap by a factor of 4 does not alter these conclusions.

5.5 Summary

We have provided the full thermodynamics of the 3D Hubbard model in the ther-
modynamic limit using the DCA formalism for U < W and temperatures above
the Néel temperature. Comparing to single-site DMFT, we found that the latter
already fails at remarkably high temperatures (7"~ 0.13W for U = 0.67 W at the
1% level) near half filling. While the entropy per particle at the Néel temperature
Tx = 0.0278(6) W (determined with lattice QMC) is S/N = 0.42(2) for U = 0.67 W
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5.5 Summary

in a homogeneously half-filled system, we find that the Néel transition in a trap can
already be reached at S/N = 0.65(6) in a realistically sized harmonic trap (taking
Ty according to ref. [92] leads to S/N = 0.69). Within the error of our calculation,
taking any U in the range 0.67 < U/W < 1 is equally optimal for crossing the
Néel temperature, and our conclusions do not change when the trap parameter is
different.

We have also investigated the double occupancy and the nearest-neighbor spin-
spin correlation function as experimentally measurable quantities that were sug-
gested to show precursors of antiferromagnetism. The double occupancy is almost
flat as a function of temperature, while the spin correlations show a strong tem-
perature dependence around the Néel temperature. This suggests that the spin
correlations, not the double occupancy, are best suited to observe precursors of an-
tiferromagnetism and measure the temperature. Our numerical data can be used to
calibrate such a spin-correlation thermometer.

We have measured energy, entropy, density, double occupancy, and nearest-neigh-
bor spin-spin correlations for many chemical potentials, temperatures above Ty, and
interaction strengths U < W. Since we could not present all results in this chapter,
the complete data set can be obtained from tables in the supplementary material to
ref. [43].
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6 Analytic continuation of quantum
Monte Carlo data

QMC algorithms provide powerful computational tools to calculate properties of
interacting quantum many-particle systems. Of particular interest in those systems
are dynamical correlation functions such as single-particle spectra or susceptibilities
respectively dynamical structure factors. However, QMC presently provides data
only on the imaginary time axis, and the necessary analytic continuation of these
data has proven to be difficult.

The analytical structure of many-particle correlation functions is well known and,
in principle, complete knowledge of their values along the imaginary time or fre-
quency axis suffices to determine their values on the physically relevant real axis. If
the correlation function is known analytically, this analytic continuation is indeed
trivial in most cases. However, analytic continuation is one of many inverse prob-
lems in mathematics that are known to be ill-posed [7]. Although a unique solution
of the problem exists, the solution is not stable with respect to even minimal vari-
ations in the input data. This means that — in the context of numerical methods,
where only a finite number of discrete input data points can be calculated with often
limited precision — a direct numerical solution of the inverse problem is impossible.
The unavoidable statistical errors of Monte Carlo measurements further enhance the
problem.

The standard tool to handle this difficulty is the maximum entropy method
(MEM) [83]. It uses arguments of Bayesian logic [86, 61] to extract the most prob-
able spectrum from the incomplete information provided by the data. The MEM
is applied to a variety problems in data analysis in many fields of science and en-
gineering [94]. Examples are image reconstruction [62], e.g., in astronomy [128],
crystallography [155], spectroscopy of biological molecules [105], language process-
ing [17], ecological modeling [139], or marketing research [65].

We give an overview over the maximum entropy techniques used to solve the
analytic-continuation problem of QMC data. We especially focus on the Bayesian
interpretation of the MEM. In order to solve the analytic-continuation problem ef-
ficiently, the MEM approximates all occurring probability distributions to be of
Gaussian shape. In the past efforts were made to provide an alternative to this ap-
proach [157, 13, 176]. It was proposed to perform a Monte Carlo average over a wide
range of spectra instead of selecting a single spectrum. So far, the method lacked a
rigorous rule to eliminate a regularization parameter inherent in the algorithm.
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6 Analytic continuation of quantum Monte Carlo data

Although the MEM has been interpreted in terms of Bayesian inference [176],
none of the authors utilized Bayesian logic to eliminate the above-mentioned reg-
ularization parameter. In this chapter, we derive a strict criterion to eliminate
this free parameter, which is completely based on Bayesian logic. It uses Monte
Carlo techniques to both calculate the average spectrum and to eliminate the reg-
ularization parameter. It treats all probabilities exactly and hereby avoids the ap-
proximations made in the standard maximum entropy method. The algorithm is
applied to imaginary-frequency quantum Monte Carlo data. The resulting spectra
are compared with results from standard maximum entropy calculations. Further
applications of the MEM can be found in chapter 7, which deals with the calculation
of momentum resolved single-particle spectra of the Hubbard model.

Major parts of this chapter were published in ref. [45]. A rudimentary implemen-
tation of the algorithm as initially described in ref. [13] and first tests on dynamical
susceptibilities of one-dimensional quantum magnets were already presented in the
author’s diploma thesis [46].

6.1 Analytic continuation

For a finite temperature 7', QMC simulations can provide accurate estimates G,, for
either imaginary-time correlation functions G(7) at a finite set of NV imaginary-time
points 7, or, alternatively, for imaginary-frequency correlation functions G(iw,) at a
finite set of N Matsubara frequencies w,, (cf. e. g., section 4.2.2 for the measurement
of single-particle Green functions). The frequencies are defined as w,, = (2n+1)7/3
for fermions and as w,, = 2n7 /B for bosons.

Because of the stochastic nature of Monte Carlo algorithms, each of the G,, pos-
sesses a known statistical error. Moreover, the data for the different time or fre-
quency points are usually statistically highly correlated. Therefore, the input to the
analytic-continuation procedure consists of the Monte Carlo estimates G; and their
covariance matrix

Com = GGy — GGy (6.1)
In principle, the spectral function A(w) = —2Im G(w +40™) can be extracted from
these data by inverting
G, = /dw K (w)A(w) (6.2)
with
e~ WTn
K,(w) = K(m,w) := e (6.3)
for time-dependent data or
1
K(w) = K (iwy, w) = +—— 6.4
(@) = K, ) = (6.4)

62



6.1 Analytic continuation
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Figure 6.1: Three distinct spectra functions labeled by 1,2,3 (a) and their counterparts in
imaginary frequencies (b) based on the fermionic kernel eq. (6.4) at § = 10.

for frequency-dependent data, where the upper sign holds for fermions and the lower
one for bosons.

Usually, one is interested in correlation functions of the form G(r) = (T,0(r)O"),
for example the local single-particle Green function Gug(7) = —(Tre, (7)cl ) (cf.
eq. (3.5)). For fermionic operators O and O, the function A(w) is real, non-negative
for all w, and normalized to

N = / dw A(w) . (6.5)

For bosonic operators O and OF, the same is true for the quantity A(w)/w. These
properties are necessary for the analytic-continuation process. Both the MEM and
the stochastic analytical inference discussed in section 6.3 rely on this behavior of
A(w). That means that, for example, a non-local single-particle Green function
Gij(T) with ¢ # j, where A(w) has both positive and negative values, cannot be
directly calculated by these methods. This has also consequences for the analytic
continuation of antiferromagnetic self-energies described in section 7.3.

A direct inversion of eq. (6.2) is an ill-posed problem and numerically impossible.
An alternative approach is a least-squares fit of A(w) to the data G,,, i. e., minimizing
the x? estimate

A=Y (G = Gu) Ol (G — G (6.6)

n,m

with respect to A(w). This approach, however, leads to a multitude of different so-
lutions. Fig. 6.1 illustrates this effect. The apparently different spectra displayed in
fig. 6.1a produce almost identical imaginary-frequency data (fig. 6.1b). The smallest
40 frequencies of the imaginary-frequency function of spectrum 1 in fig. 6.1a were
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6 Analytic continuation of quantum Monte Carlo data

used as a reference for a x? estimate after adding artificial Gaussian noise of width
o = 0.001. With respect to these data, the x? estimate of the highly irregular spec-
trum 3 was even smaller than that of spectrum 2 (x? = 27.5 compared to x? = 34.1),
although spectrum 2 appears to be much closer to the input spectrum 1.

This example illustrates, that a simple least-squares fit cannot solve the problem
either. Additional assumptions about positivity, smoothness, or known moments of
the spectrum can be applied to regularize the fit. Each of these assumptions involves
a Lagrange parameter, which often cannot be determined unambiguously. Spectra
calculated by these means are only qualitatively correct [164, 81].

6.2 Maximum entropy method

The maximum entropy method can be understood as a controlled attempt to regu-
larize the least-squares fit described above. One defines the entropy
S[A] =— /de(w) In

—00

Aw)
D(w)

(6.7)

relative to a default model D(w). Any information, which is known about the
spectrum beforehand, can be encoded in the default model. If A(w) and D(w) are
non-negative and possess the same norm A/, the entropy S will be non-positive and
maximal for D(w). Instead of just minimizing x? the MEM minimizes the quantity

QU] = 33*4] — as[A (63)
introducing a reqularization parameter o > 0. This optimization problem can be
numerically solved for fixed a to find the minimizing spectrum Ag,(w). In the limit
of @ — oo the spectrum minimizing @ is the default model D(w). For a — 0
the least-squares fit is regained. Thus, the parameter « interpolates between the
least-squares fit and the default model.

There exist different approaches to find a criterion to eliminate the parameter a.
The simplest rule is to take the spectrum where x? ~ N. This choice ensures that
the differences between model and data are of the order of the error bars, thereby
avoiding over-fitting. In order to derive more sophisticated methods, the MEM
needs to be reinterpreted by means of Bayesian statistical inference [86, 61].

6.2.1 Bayesian statistical inference

The MEM can be reformulated by defining probabilities for the quantities involved
in the analytic-continuation problem. Let P[A] denote the prior probability of the
spectrum A(w). P[A|G] denotes the posterior probability of A given the input data G
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6.2 Maximum entropy method

and P[G/|A] the likelihood function. Bayes’s Theorem [134] relates these probabilities
to each other,

P[A|G] = P|G|A] P[A] / P|G] . (6.9)
The probability P[G] is called the evidence and serves as normalization for the
posterior probability P[A|G],

P[G] = /DAP[G’\A] P[A] . (6.10)
One identifies | .
P[G|A] = — -’14 11
614] = - exp (~51°141) (6.11)
and ]
P[A] = 7exp(o¢S[A]) ) (6.12)
2
The quantities
7y = /D(‘;e—éx2[f‘1 (6.13)
and
Zy = / DA 5 (6.14)
normalize the respective probabilities. This way, the posterior probability can be
rewritten as
PlAIG] = 6.15
with f o
- DAe~
PGl=<4—"——~ 1
6= (6.16)

Thus, the minimization of @ can be reinterpreted as the maximization of the poste-
rior probability P[A|G] o e 9. The MEM therefore determines the most probable
spectrum A, given the input data G.

6.2.2 Bayesian inference and the regularization parameter «

This alternative formulation of the problem provides the necessary tools to eliminate
the free parameter a [168, 169]. Eq. (6.9) can be rewritten including

P[A,a|G] = P[G|A,a] P[A, o] / P[G] . (6.17)
If one applies Bayes’s theorem to factorize P[A, o] and integrates over A, the relation
P[a|G] = Pla] /DAP[(_}\A, a] P[A|a] / P[G]

= %ﬁ]{@] / DAe @A (6.18)
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6 Analytic continuation of quantum Monte Carlo data

for the posterior probability P[a|G] can be found. Analogous to the argument given
above, one identifies P[G|4,a] o< exp(—3x?[A]) and P[A|a] o exp(aS[A]). The

evidence
o0

_ Pla] [DAe QA
PG = / da (6.19)

is an a-independent normalization constant. All quantities in this equation are
known except P[a], the prior probability of a. It is either taken to be constant or
to be the Jeffreys prior 1/« [53, 169, 25]. However, the choice of P|a] turns out to
be of little influence on the resulting spectra.

By assuming all probabilities involved to be of Gaussian shape, a treatment of eqs.
(6.15) and (6.18) by a numerical optimization process becomes possible. Details of
the algorithm are described in appendix D. There are still two alternatives to treat
the parameter a:

1. one calculates o as the o that maximizes P[a|G] and takes A,« as the final
result for the spectral function [168, 169];

2. one averages over all A, weighted by the posterior probability of «, i.e., the

average spectrum
00

(A) = / daPlalG]A, (6.20)
0
is taken as the final result [25].

It is a priori not clear, which of the two algorithms is favorable.

6.3 Stochastic analytical inference

Stochastic analytical inference (SAI) is an alternative to the standard MEM which
does not employ the explicit regularization of the fit by the entropy eq. (6.7). Rather
than maximizing P[A|G], an average over all possible spectra weighted by

w X exp(—%XQ/oc) (6.21)

is performed. BEACH refined this approach, by introducing the default model D(w)
of the MEM into the algorithm [13]. By mapping w on z € [0, 1] using

r=¢(w) = j%/’ /dw'D(w’) : (6.22)
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6.3 Stochastic analytical inference

a dimensionless field n(x) can be defined as
(6.23)
The field n(z) is normalized to 1,
1
1= / dzn(z) . (6.24)
0
The correlation function eq. (6.2) is rewritten as
1 A
G, :/ dz K, (x)n(zx) (6.25)
0

using N K, (¢(w)) = K, (w). One calculates the average field

1
n(z))e = = | D'n(z)n(x e~ 3X°@)/a 6.26
A
with
Z = / D'n(x)e X @l/e (6.27)

The measure 1
D'n(z) = Dn(z) O[n] 5( /0 dzn(z) — 1) (6.28)

restricts the integration to fields n(x) that satisfy norm rule eq. (6.24) and the
positivity requirement. In eq. (6.28),

@[n]:{lifo:n(x)ZO . (6.29)

0 otherwise

The average spectrum (A), can then be regained via

(AW))a = D(w)(n(¢(w)))a - (6.30)

If %XQ is interpreted as the Hamiltonian of a fictitious physical system, eq. (6.26)
possesses the structure of a canonical ensemble average at a temperature oe. The laws
of statistical mechanics then state that the average spectral function (A), minimizes

the free energy

F %<X2>a —as (6.31)

This expression displays a similar structure as eq. (6.8). Thus, the averaging process
implicitly generates an entropy S. However, this entropy does not have the explicit
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form of eq. (6.7). In the limit a — 0 the averaging process minimizes x?. Whereas in
the limit o — oo the average in eq. (6.26) is completely unaffected by x? and will —
constrained by eq. (6.24) — result in (n(z)) = 1. In this case, the resulting spectrum
is the default model. The algorithm therefore exhibits the same limiting cases as the
MEM. BEACH further showed that a mean-field treatment of the fictitious physical
system described by 1x*[n(z)] is formally equivalent to the MEM [13]. Thus, at
least in this respect, the SAI represents a generalization of the MEM.

6.3.1 Bayesian statistical inference

The remaining open question, namely, how to eliminate the parameter o, was ad-
dressed by all preceding authors differently:

1. SANDVIK proposed to examine the plot of the average entropy against a and
identifies the final o by a sharp drop in the entropy curve [157];

2. BEACH examined a double-logarithmic plot of the average x? and identifies
the final a by a kink in the x? curve [13];

3. SYLJUASEN argues to take a =1 [176].

Especially the first two criteria are merely based on heuristic arguments. The simple
rule to take xy? ~ N is also applicable to this method and should be mentioned here.

In the following, we will use Bayesian inference to derive a criterion to eliminate
the regularization parameter .. In contrast to the MEM, the stochastic analytical
inference does not maximize the posterior probability P[A|G]. Instead, it averages
all possible fields n (omitting the argument z in the progress) weighted by P[n|G],

(n) = / Dnn Pn|G] . (6.32)
Bayes’s theorem can be applied to factorize P[n|G] analogous to eq. (6.9),

P[n|G] = P[G|n] P[n] / P|G] . (6.33)

The SAI does not introduce an explicit entropy term. Following ref. [176] only the
positivity requirement and norm rule eq. (6.24) enter the prior probability

1
P[n] = ©[n] 5(/ dzn(z) — 1) . (6.34)
0
The likelihood function is identified as

P[G|n]| = e 2/ | (6.35)
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6.3 Stochastic analytical inference

By evaluating the Gaussian integral, the normalization Z’ is readily calculated to
be

Z:i/DGeﬁfm::@m@NﬂVEEE. (6.36)
Using
}Mﬂ:/ﬁﬁléﬂfzzﬁ (6.37)
the posterior probability results in

Pn|G] = © [n] 5</01dx n(z) — 1) %e Sl (6.38)

as expected from the comparison of egs. (6.26) and (6.32).

6.3.2 Bayesian inference and the regularization parameter o

Bayesian logic can also be utilized to calculate the posterior probability Pla|G].
Substituting n for A in eq. (6.18) and identifying P[n|a] = Pln] with P[n] from
eq. (6.34) and correspondingly P[G|n, o] = P[G|n] with P[G|n] from eq. (6.35), one
obtains

Pla|G] = /DnP G|n,a] P[nla] / P[G]
ZP /D’ /e (6.39)
The evidence
- T ale—3X*/
P[G] = /da P[;T (6.40)

is again an a-independent normalization constant. The combination of eqs. (6.36)
and (6.39) gives the final expression for the a-dependence of the posterior probabi-
lity,

Pla|G] « Pla] a2 /Dne%XQ[”Va : (6.41)

Analogous to the MEM one has two possibilities to treat the regularization para-
meter:

1. one calculates a* as the a that maximizes P[a|G] and takes (n),- as the final
result;
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6 Analytic continuation of quantum Monte Carlo data

2. one averages over all (n), weighted by the posterior probability of «, i.e., the

average field

((n)a) = / daP[o|G){n). (6.42)

is taken as the final result.

6.4 Monte Carlo evaluation

In order to calculate the quantities appearing in eqs. (6.26) and (6.41), a numerically
treatable approximation for the field configuration n(z) and the integration measure
D'n has to be found. The average eq. (6.26) is evaluated by a standard Monte Carlo
simulation, treating the regularization parameter « as the temperature of the system.
The simulation has to be performed for a wide range of different a-values, which
makes a parallel-tempering algorithm [175, 108, 112] necessary to ensure convergence
for small . In order to measure the average field configuration, a histogram of the
delta function walkers is recorded. Our implementation closely follows ref. [13] and
is further detailed in appendix D.

A particular problem in the proposed approach is that a numerical treatment of
eq. (6.41) involves the calculation of the quantity

Z:/D’ne—5><2/a . (6.43)

This is equivalent to calculating a partition function in a canonical ensemble at
temperature o. Standard Monte Carlo techniques are only able to calculate thermal
expectation values but not the partition function itself. We therefore use a Wang-
Landau algorithm [189, 188] to generate the density of states p(E) of the system.
Once p(F) is calculated, the partition function can be obtained by

7 = / dE p(E)e £/, (6.44)
The Wang-Landau algorithm was developed to overcome critical slowing down of
Monte Carlo simulations near a first-order phase transition. It is generally useful

for systems with complex free-energy landscapes. Here, we only utilize its ability to
calculate the partition function directly.

6.5 Simulation results

We apply the algorithm to imaginary-time data from quantum Monte Carlo simu-
lations. As test case we consider the single-band Hubbard model eq. (2.1) in two
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Figure 6.2: Simulated spectra for a range of regularization parameters a (8 = 14 W 1),
For large o the Gaussian shape of the default model is visible. For decreasing
« several features begin to appear.

dimensions. The full lattice model was approximated by a square-shaped 2 x 2 clus-
ter embedded in a mean field using the DCA. The single-particle Green function was
calculated by QMC using the CT-INT algorithm (see section 4.2). The model was
simulated for U = W, where W = 8¢ denotes the bandwidth, and at fixed filling
(n) = (ny +ny) = 0.9 for several temperatures 7. Since it is possible to calculate
the Green function directly in frequency space (eq. (4.39)), no Fourier transforma-
tion or discretization of the imaginary time axis is necessary. In all simulations the
number of measured Matsubara frequencies was restricted to ny,.x = 2U 3, which
has proven to be sufficient for all calculation. A further increase in the number of
frequencies had no influence on the analytic-continuation results.

Figure 6.2 shows the a dependence of the single-particle spectra calculated by
the parallel-tempering Monte Carlo simulation (8 = 14W~!). A Gaussian default
model

1
D(w) = ———e /% (6.45)

with o = 0.25 W? was used. The shape of the default model is clearly visible for
large . One can see how several different peaks and other structures appear for
decreasing «. Since the a dependence is so strong, one definitely needs a criterion
to eliminate the regularization parameter.

The density of states calculated by the Wang-Landau simulation and the probabil-
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Figure 6.3: The probability distributions P[a|G] (a) based on a Wang-Landau simulation
of the density of states (b). The different choices for Pla] only have a weak
influence on the position of the peak. The resulting spectra (c) are calculated
by either averaging all spectra over P[a|G] or by taking the spectrum that
maximizes them. The four different spectra are practically identical.

ity distribution P[a|G] following eq. (6.41) is shown in fig. 6.3. P[a|G] is plotted for
the two most common choices for P[a], i.e., Pla] = constant and Pla] = 1/a. The
density of states varies over at least 15 orders of magnitude (note the logarithmic
scales). The probability distributions P[c|G] exhibit a well-defined peak at & = 0.2.
Note that the two different choices for P[a] have only weak influence on the posi-
tion of the peak. The two different probability distributions are used to calculate
the final single-particle spectrum. Following the discussion in section 6.3.2, fig. 6.3
shows the average of all spectra of fig. 6.2 weighted by P[a|G] and the spectrum
whose o maximizes P[a|G]. The resulting spectra are nearly indistinguishable and
show that neither the ambiguity in the treatment of the probability distribution nor
the choice of P[a| has a significant influence on the resulting spectrum.

We compare our results from the stochastic analytical inference with those ob-
tained with other methods to fix . Fig. 6.4a shows that the point where x> ~ N
corresponds to o = 1. That means that the a determined by this rule is identical to
Syljuasen’s choice. The x? estimate also exhibits a kink in the very same « region.
Thus, the spectra determined by all three methods are identical (fig. 6.4c). The cho-
sen o = 1 is larger than & ~ 0.2. That indicates that the spectra determined with
this criterion are stronger regularized than the spectra calculated by the probability
distributions in fig. 6.3. However, at least for the QMC data under consideration,
the difference between the two spectra is only small. The entropy (fig. 6.4b) shows
no significant features and gives no indication how to choose the parameter a. A
sharp drop in the entropy curve is not visible in the simulated area.

Finally, we compare the SAI with the standard MEM approach. Figure 6.5 shows
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Figure 6.4: The double-logarithmic plot of x? (a) shows a kink at « ~ 0.8 which is very
close to the choice of Syljuasen (a = 1). It is also the region where y? ~ N.
Thus, all three methods give about the same answer and the resulting spectra
(c) are identical. A comparison shows that this solution is quite close to the
spectrum shown in fig. 6.3c. The entropy (b) exhibits no significant features
and gives at least for this data set no indication how to determine c.
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Figure 6.5: Results of a maximum entropy calculation for the same QMC data as in figs.
6.3 and 6.4. The probability distribution P[a|G] (a) shows a noticeable depen-
dence on Pla], but analogous to SAI, the resulting spectra (c) are identical.
The o where x2 ~ N (b) is larger (o ~ 500) than the one for which P[a|G] is
maximal (a =~ 90). Accordingly, the spectrum chosen by the x? ~ N rule is
more regularized than the one calculated by Bayesian inference.
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Figure 6.6: Spectra simulated by stochastic analytical inference compared to maximum
entropy calculations. All calculations are based on a Gaussian default model.

results of a maximum entropy calculation using Bryan’s algorithm [25] for the same
QMC data as before. The qualitative behavior is similar to the SAI simulation:
the probability distribution P[a|G] shows a noticeable dependence on the prior
probability Pla]. However, the resulting spectra depend neither on Pla] nor on
whether one averages over P[a|G] or whether one takes the maximum. The x? ~ N
rule determines an « which is again larger than the one calculated by Bayesian
inference. Accordingly, the spectrum calculated by this criterion is more regularized,
although the difference is relatively small. Interestingly, in the MEM the relevant
values for « are about one or two orders of magnitude larger compared to those
appearing in the SAI simulations. There seems to be no direct correspondence
between the a-values of the two methods.

An extended comparison of SAI spectra with results of maximum entropy calcu-
lations for several temperatures is collected in fig. 6.6. All calculations are based
on the Gaussian default model eq. (6.45). As already noted before, MEM tends to
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Figure 6.7: Spectra for 3 = 34 W~! based on a flat default model calculated by SAI (a)
and by the MEM (b). These spectra are only marginally different compared
to those calculated using a Gaussian default model. We conclude, that for the
QMC data under consideration the calculated spectra are quite independent
of the default model.

stronger regularize the spectra and consequently the SAI spectra exhibit noticeably
sharper features for all temperatures shown. Especially the pseudo-gap [77], which
opens at = 34W !, is captured nicely by SAI while the MEM cannot resolve it
yet at that temperature.

An important question concerns the dependence of the spectra on the default
model. To this end we show in fig. 6.7 again SAI and the MEM results for the spec-
trum at 8 = 34 W1, this time, however, based on a different default model, namely
a rectangular default model of width 1.8 W. The resulting spectra are very similar
to the one obtained for the Gaussian default model presented in fig. 6.6. Thus,
even at low temperatures the resulting spectra are quite independent of the default
model. More precisely, we could not detect a significant default model dependence
at any temperature.

Finally, in order to make a definite statement about the accuracy of our method,
we test it on a case where the actual spectrum is known. To this end we create
artificial input data by constructing a spectrum

1 if |w] > L
A@;):{ wi-g > : (6.46)
0

otherwise

This function is a particularly difficult example for any analytic-continuation method,
since the actually divergent peak is almost impossible to resolve. The spectrum was
transformed into fermionic Matsubara frequency space at § = 10 via the integra-
tion kernel eq. (6.4). The first 20 frequencies were calculated. Artificial Gaussian
distributed random numbers with a standard deviation o = 5 x 10~ where added,
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Figure 6.8: Results for a square-root-shaped spectrum. Only positive frequencies are
shown since the spectrum is symmetric around zero. This symmetry was en-
forced for all simulations. The SAI including the Wang-Landau criterion for
the determination of « is the most successful in resolving the sharply peaked
input spectrum. Note that the choice o = 1 gives the same result as x? = N.

simulating a somewhat simplified version of statistical errors of real Monte Carlo
data by omitting any correlations between the data points. Figure 6.8 shows that
the SAI is more successful in reconstructing the peak than the MEM. It also indi-
cates, that the Wang-Landau criterion leads to an even sharper contour and a better
reconstruction of the input spectrum compared to the simple x? ~ N rule.

6.6 Summary

We have demonstrated that the stochastic analytic-continuation method introduced
by SANDVIK and BEACH can be interpreted in terms of Bayesian probability theory.
We developed an algorithm that uses Monte Carlo techniques to both calculate
the average spectrum and to eliminate the regularization parameter. It treats all
probabilities exactly and hereby avoids the approximations made in the maximum
entropy method.

Comparisons to the standard MEM show that the SAI results in robust spec-
tral functions which are less regularized and consequently show more pronounced
features, in particular with decreasing temperature in the model calculations. As
known from standard MEM, no significant dependence on the default model could
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be observed. Comparisons to other approaches to fix the regularization parameter
a show that the method identifies a smaller o and thus a typically less regularized
spectrum, although for the high-quality Monte Carlo data used here the results differ
only slightly. Note that this observation adds additional confidence to the method
and this type of analytic continuation in general, because it proves that in the limit
of infinitely precise data, all methods give the same result.

A comparison of the Wang-Landau criterion and the y* ~ N rule using artifi-
cially constructed input data based on a sharply peaked spectrum with a hard gap
shows a significant improvement due to the new method; while at the same time
the stochastic analytical inference in both cases seems to be more accurate in ap-
proximating the singular structure than the classical maximum entropy. As to when
simple rules such as x2 ~ N or the choice a = 1 may or may not present a good way
to fix the regularization parameter depends sensitively on the model, the quality of
the data, and structures occurring in the spectral function. However, we can expect
the SAI to result in spectra which are in general closer to the exact one, with the
Wang-Landau approach typically giving the most accurate image.

One apparent drawback of the method is the necessity to perform simulations for
a broad range of values for «, independent of whether one chooses the Wang-Landau
approach or x? ~ N, respectively, o = 1 to fix a. Although this can be performed
efficiently with parallel-tempering techniques, the required computer resources for
one single spectrum can sum up to about 20 processor hours and are hence orders of
magnitude larger than the few seconds that are usually needed for standard MEM
approaches. Especially for QMC data at higher temperatures, more computer time
may even be needed for the analytic continuation than for the simulation of the
Monte Carlo data itself. As the resulting spectra tend to be less regularized one
has to ponder the gain in details in the structures against the significant increase in
computer time. For example, the calculation of momentum-resolved single-particle
spectra described in the next chapter required up to 50 analytic-continuation pro-
cedures for a single set of parameters. The application of the SAI for this task was
therefore not practicable and we reverted to standard MEM techniques.
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7 Spectral properties of the 3D
Hubbard model

In this chapter, we present momentum-resolved single-particle spectra of the 3D
Hubbard model for the paramagnetic and antiferromagnetically ordered phase. The
absence of a time discretization error in continuous time QMC and the ability to
perform Monte Carlo measurements directly in Matsubara frequencies enable us to
analytically continue the self-energies by maximum entropy, which is essential to
obtain momentum-resolved spectral functions for the Néel state. We investigate
the dependence on temperature and interaction strength and the effect of magnetic
frustration introduced by a next-nearest-neighbor hopping. One particular question
we address here is the influence of the frustrating interaction on the metal-insulator
transition of the 3D Hubbard model.
Major parts of this chapter were published in ref. [44].

7.1 Method

Our aim is to study the Hubbard model in three dimensions within the DCA to
include both the short to medium-ranged antiferromagnetic fluctuations and the
possibility of actual long-range antiferromagnetic order. In the past, the quasi-
standard for simulations of fermionic many-particle systems was the Hirsch-Fye
algorithm [75], which uses a discretization of the imaginary time axis. The absence
of a time discretization error in the continuous-time algorithms and the possibility of
Monte Carlo measurements directly in Matsubara frequencies enhance the quality of
the data significantly [58] and hence enable us to directly analytically continue self-
energies [190]. This avoids the extraction of the self-energies from already continued
Green functions by a numerically difficult multi-dimensional root finding algorithm
82].

We obtain from the QMC algorithm the cluster Green function G,k (iw,). Usu-
ally, one then uses the maximum entropy method (MEM) to analytically continue
this quantity to the real axis. In order to be able to reverse the coarse-graining,
i.e., calculate Gy (w+107) for all k from the first Brillouin zone, one however needs
the self-energy ¥,k (w +107) [109]. One possible way to extract it is by numerically
inverting G,k (w +107). While this is feasible in the paramagnetic phase, the ma-
trix structure appearing in the antiferromagnetically ordered phase (cf. section 3.5)
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7 Spectral properties of the 3D Hubbard model

renders this approach impossible.
We therefore follow here an alternative procedure and analytically continue the
self-energy directly, which is related to the cluster Green function by

Yok (iwn) = Gorc(iwn) ™t — Goge (iwn) ™", (7.1)

i.e., an inversion of G,k (iw,). This inverse is calculated directly from the Monte
Carlo bins using a jackknife procedure [121], which also incorporates a full error
propagation of the covariance matrix. As in all these iterative procedures, the er-
rors of the bare Green function G,k (iw,) stemming from previous iterations are
neglected. The analytic continuation of the self-energy from imaginary to real fre-
quencies is then performed by the maximum entropy method. Details of the method
were already discussed in chapter 6. Details of the implementation can be found in
appendix D.

In order to properly continue self-energies with the MEM, we need to know their
high-frequency behavior [190]. To this end, we perform a high-frequency expansion

of the self-energy
El
Yok (iw,) = Zg +—+ O(Own)iz) 5 (7.2)

1wy,

where the coefficients are given by (see appendix B)

S0y ((na) - %) and L= U2(ny) (1— (ns)) - (7.3)

We now define the quantity

5 e (iwn) = EUK(“;“ — %o (7.4)
1

Since the average number density (n_,) is a Monte Carlo measurement, we estimate

! k(iw,) and its covariance matrix by a jackknife procedure as before. The rescaled
self-energy ¥/ . (iw,,) as function of Matsubara frequencies is related to the imaginary
part Im ¥/ - (w + id) on the real frequency axis through the Hilbert transform

17 Im Y e (wf
¥ o (w,) = —— /dw'n,l"—K@)) : (7.5)

™ iw, —w'
—0oQ

By virtue of the rescaling eq. (7.4) we furthermore have

o0

. /demE;K(w) =1, (7.6)

™

—00
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Figure 7.1: The self-energy on the real-frequency axis in the paramagnetic phase for K =
I,U=W,t =0and T = 0.021 W. The default model that entered the MEM
calculation of the imaginary part is also shown. The real part is obtained from
the imaginary part via eq. (7.7). Panel b: The full first Brillouin zone of the
cubic lattice including high-symmetry points and paths taken for plots of k-
resolved spectra.

i.e., the spectral function —%Im ¥! i (w) is non-negative, normalized to one, and can
thus be calculated by the MEM from the data on the imaginary axis. The real part
of the self-energy then follows from the Kramers-Kronig relation

17 ImS, k(o
Re Yok (w) = P/ du B EeK () o (7.7)

T w—w' o

—00

where P [ denotes a principal value integral. An example for a full self-energy on the
real-frequency axis is shown in fig. 7.1. An interpolation of the coarse-grained self-
energies yields the self-energy ¥,4(w) for all momenta k of the Brillouin zone. We use
a 3D interpolation based on Akima splines [2] which provide a smooth interpolation
along the momentum points while avoiding unnatural oscillations. Finally, the single
particle spectral function A, (w) is calculated using Dyson’s equation:

1 1
Agp(w) = ——1
k(W) 0 mw+,u—ek—20k(w)

(7.8)

7.2 Properties of the paramagnetic phase
We begin the discussion of our results by presenting spectral functions in the para-

magnetic phase of the model, i.e., we will presently deliberately ignore any ordered
phase.
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Figure 7.2: Momentum-resolved single-particle spectra Ag(w)/W = for T = 0.021 W and
t" = 0. The momenta k follow a path along high-symmetry directions of the
first Brillouin zone as depicted in fig. 7.1b. The left part of each diagram
shows the local single-particle spectrum A(w) derived from the direct ana-
lytic continuation of the Green function. The dashed line denotes the bare
dispersion eg.

For this chapter, we choose a fixed cluster of size N. = 18, which is described by
the vectors a; = (1,1,2), as = (2,2,—-2), and a3 = (2,—1,—1). This cluster has
been identified as the optimal bipartite cluster of this size [92] following the criteria
detailed in section 3.7. Since we are primarily interested in identifying trends and
basic physical effects we did not perform calculations for larger clusters to obtain a
finite-size scaling as would have been necessary, e. g., for a precise estimation of the
Néel temperature in the thermodynamic limit [92]. The high precision necessary for
a analytic continuation of the QMC data as well as the relatively low temperatures,
especially for simulations around the MH-MIT, rendered a finite-size analysis along
the lines of chapter 5 beyond our numerical powers.

7.2.1 Metallic phase

Fig. 7.2 presents paramagnetic single particle dispersions for T = 0.021 W, ¢’ =
and different Coulomb repulsions U. The selected k points follow a path along
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Figure 7.3: Momentum-resolved single-particle spectra Ag(w)/W~! for T = 0.021 W,
t' =0, and U = 0.93W using a non-dispersive DMFT self-energy (a) and
a momentum-dependent cluster self-energy (b). The inset highlights a part of
the spectrum using an alternative color scheme.

the high-symmetry points of the first Brillouin zone depicted in fig. 7.1b. Local
single particle spectra are also shown. For small U = 0.67 W one observes a quasi-
particle peak at the Fermi level, both in the local density of states (DOS) and the
momentum-resolved spectral function. The momentum-resolved spectra show, that
the main contributions to the quasi-particle peak are situated halfway between the
I’ and R points and the X and M points, respectively. Comparing its dispersion in
these regions to the non-interacting one, one clearly sees a flattening at the Fermi
energy, i.e., an increased effective mass of the quasi-particles. At higher energies
additional structures — the lower and upper Hubbard bands — are visible, which
follow the curvature of the bare dispersion, although shifted to higher energies. The
Hubbard bands are connected to the quasi-particle band through broad ”waterfall”-
like features similar to recently observed structures in angel-resolved photoemission
spectroscopy of cuprates [50]. For increasing Coulomb repulsion U the quasi-particle
band at the Fermi energy vanishes and is replaced by an insulating gap. At the same
time the dispersion of the high-energy structures flattens, i. e., the system as a whole
becomes more localized in nature. Thus for the temperature under consideration a
crossover from a metallic dispersion at U = 0.67 W to the Mott insulator at U = W
is clearly visible. We will return to the details of the Mott-Hubbard metal-insulator
transition in section 7.2.2.

In order to make the influence of the momentum dependence of the self-energy
in the spectra more transparent, fig. 7.3 compares an insulating spectrum based
on self-energies of the 18 site cluster to the corresponding spectrum based on a
momentum-independent DMFT self-energy. Although the overall features are simi-
lar, there are qualitative differences. For example, if one looks at the details of the
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Figure 7.4: Momentum-resolved single-particle spectra A (w)/W =L for U = 0.67W, T =
0.021 W and finite ¢'.

spectra close to the I' point (insets to fig. 7.3), one notices that a substantial part
of the DMFT spectrum around the I' point is situated just above the Fermi energy.
This contribution is shifted to higher frequencies in the cluster calculation, and the
curvature is reversed, more resembling the structure of the lower Hubbard band,
however with much less spectral weight. This feature can be regarded as a precursor
of the complete symmetry with respect to the Fermi energy occurring for spectra in
the antiferromagnetically ordered phase (see section 7.3). Thus, we attribute these
pale reflections of the lower Hubbard band to the so-called shadow bands [90] arising
due to the antiferromagnetic fluctuation neglected by the DMFT simulation.

Next, we want to examine the influence of next-nearest neighbor hopping ¢ on
these finding by simulating the system described by the Hamiltonian eq. (2.9). Since
we are using QMC to solve the quantum cluster, we have to expect that a finite value
of ¢ introduces a fermionic sign problem [184] into the simulations. However, for
the temperatures, Coulomb repulsions and cluster sizes studied here the average
sign was always greater than 0.94 and thus affects the efficiency of the simulations
only weakly.

Fig 7.4 shows results of calculations for U = 0.67 W and different values for . The
particle-hole-symmetric spectrum of fig. 7.2a becomes more and more asymmetric
with increasing t’. These changes can to a large amount be attributed to the changes
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Figure 7.5: Momentum-resolved single-particle spectra Ag(w)/W =L for U = W, T =
0.021 W and finite ¢'.

in the bare dispersion €. However, while for small to moderate ¢’ the quasi-particle
properties do not seem to change dramatically, one observes for larger ¢ a significant
reduction in the spectral weight at the Fermi energy, resulting in a reduction of the
quasi-particle peak in the DOS. For example, at ' = —t the integrated weight of
the quasi-particle peak is reduced by 50% compared to the case with ¢ = 0 in
fig. 7.2a. These observations point towards a reduction of the quasi-particle mass
with increasing ¢/, in accordance with the findings from DMFT [138].

Frustration effects on the insulating spectrum fig. 7.2d (U = W) can be seen in
fig. 7.5. As for the metallic spectrum, the features present in fig. 7.2d for ¢’ = 0
initially change only weakly, in particular the shadow structures seem to be present,
too, albeit reduced in weight. For strong frustration, the Hubbard bands become
dominant. Interestingly, these Hubbard bands have a rather well-defined structure
and dispersion reminiscent of the bare dispersion. Furthermore, a peak develops
just below the Fermi energy, which becomes more pronounced with increasing t'
and appears to have hardly any momentum dependence.
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7.2.2 Mott-Hubbard metal-insulator transition

One of the interesting properties of the Hubbard model is the formation of a correla-
tion driven metal-insulator transition in the paramagnetic phase, the Mott-Hubbard
metal-insulator transition (MH-MIT, cf. section 2.1.2). Different from the conven-
tional band insulators for even electron number, where the insulating behavior is
due to a completely filled band, the MH-MIT occurs in a partially filled band, which
within a simple single-particle picture would thus be conducting. Such a transition
is believed to frequently be present in transition metal oxides [78], and has been
under debate both from an experimental and theoretical point of view over the past
50 years.

Unfortunately, for a simple cubic lattice with nearest-neighbor hopping only, the
MH-MIT of the Hubbard model at half filling is completely covered by the antiferro-
magnetic phase [144]. Nevertheless, one can study it within a generalized mean-field
theory by suppressing any antiferromagnetic order in the system. Under this condi-
tion, the MH-MIT can be identified by inspecting the value of the DOS at the Fermi
energy: if it is finite at 7" = 0, one will have a metal, otherwise an insulator. Iden-
tifying it at finite temperature is somewhat more subtle, but again the DOS at the
Fermi level can serve as "order parameter”. While off the MH-MIT the DOS varies
smoothly as function of temperature, it jumps when one approaches the transition.
What is even more interesting and has first been shown by the DMFT is that this
transition is of first order and quite likely related to an Ising-like transition [48, 123].

An easy way to obtain the trend of the DOS at the Fermi energy without having to
perform an analytical continuation is through the low-frequency behavior of Gy;(iw,,):
if it decreases towards zero with decreasing w,, the system is insulating, otherwise
metallic. Fig. 7.6a shows the imaginary part of Gee(iw,) := Gy;(iw,) for ¢ = 0 and
T = 0.01 W obtained within the DCA for a cluster size of 18. The jump from an
insulating Green function at U = 0.80 W to a metallic solution at U = 0.766 W
indicates that the MH-MIT is situated in this interval at this temperature. For
T = 0.015 W we could only detect a crossover from insulating to metallic behavior
(see fig. 7.6b). This indicates that the critical endpoint of the MH-MIT transition
line is located between 7' = 0.01 W and T" = 0.015 W, substantially below the Néel
temperature at this interaction strength (T = 0.030(3) W at U = 0.8 W [144, 92]).

A more accurate way to study the MH-MIT is through the effective mass, which

is defined as
mj, OReY . (w)
=1- — 7 7.9
m Ow ' (7.9)

w=0

where m denotes the bare carrier mass. To avoid the process of analytical continu-
ations, the effective mass at finite temperature can be estimated directly from the
QMC data as [166]

Im>p (iw
1 — ok (iwo) : (7.10)

m Wo
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Figure 7.6: The imaginary part of the local Green function in Matsubara frequencies for
t'=0,T=0.01W (a) and T = 0.015W (b). Several values of U around the
MH-MIT are shown.

where wy is the lowest Matsubara frequency. A sharp increase in mj, across the
Fermi surface indicates the metal-insulator transition.

The estimate for the effective mass obtained that way is shown in fig. 7.7a for
two different values of U = 0.73W < U.(t' = 0) and U = 0.8W > U.(t' = 0)
respectively ¢’ = 0 and —0.2¢ at 7' = 0.01 W. We do not show the result for m;, from
the interpolated data, as the division by wy with wy/W < 1 also strongly enhances
spurious artificial oscillations due to interpolation, but rather present the masses
my for each of the 18 cluster momenta as function of their mean distance to the
non-interacting Fermi surface for # = 0. The mean distance is thereby calculated by
averaging the distance to the Fermi surface of all points inside the particular cluster
cell around K. Due to symmetry, some cluster momenta are equivalent and thus
we obtain only five different masses. Fig. 7.7b depicts one representative cluster
momentum for each one of these five equivalence classes.

The first thing one notes is that for both values of ¢’ the K-dependence of mj,
for U well in the metallic phase is rather weak, although nevertheless visible. Going
into the insulating phase shows a dramatic increase of the effective mass for the
cluster momenta near the Fermi surface. As in particular point 1 is situated on the
Fermi surface of the non-interacting system, the natural interpretation is that one
preferably obtains strong mass enhancements for k-points at or close to the Fermi
surface [55]. Points far away from the Fermi surface on the other hand, like points
4 and 5 (5 for example corresponding to I' respectively R), experience only weak
renormalizations. This interpretation is further supported by the influence of finite
', which moderately reduces the mass.

In the following, we focus on cluster momentum 1, which is situated directly on
the Fermi surface, midway between I' and M. Since this point exhibits the strongest
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Figure 7.7: The quasi-particle mass m} as function of mean distance dg from the Fermi
surface in units of the lattice spacing a (a). The distance dg is defined as the
average of the distances between the Fermi surface and all momenta in the
cluster cell described by the cluster momentum K. The 18 cluster momenta
reduce to 5 different masses due to point symmetries. The labels 1 to 5 refer
to the points depicted in panel b, which also shows the non-interacting Fermi
surface for ¢ = 0.

mass enhancement in the insulating phase, it is an ideal candidate to study the MH-
MIT. The effective mass of this K point is plotted in fig. 7.8 as a function of U.
At U. = 0.766 W both an insulating and a metallic solution can be stabilized, de-
pending on the initial Green function used to start the DCA self-consistency. This
behavior indicates a coexistence region in this regime of interaction parameters and
tells us that the qualitative physical properties of the paramagnetic MH-MIT do
not change at least qualitatively for a true 3D system. The figure also shows the
corresponding curves for next-nearest-neighbor hopping parameters t' = —0.1¢ and
t' = —0.2t. Here the coexistence region has vanished at the temperature for which
the simulations were done, while the relatively smooth shape of the curve indicates
that one is still observing a crossover and not yet a sharp phase transition as in the
case of ' = 0. This is again in accordance with previous DMFT calculations, where
a reduction of the critical temperature and also critical value of U was observed
with increasing ¢’ [137]. It would be highly desirable to perform simulations at lower
temperatures for finite ¢, but as the computational effort necessary increases dra-
matically with decreasing temperature, we were not yet able to do these simulations
for the time being.

Previous studies of the MH-MIT at finite temperatures were typically performed
for a Bethe lattice in the limit of infinite dimension within the DMFT approximation
[28, 87]. While the general features of the MH-MIT appear to be rather insensitive to
the actual non-interacting band structure, the details like critical values for temper-
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7.2 Properties of the paramagnetic phase
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Figure 7.8: The quasi-particle mass estimate mp, at the midpoint between I' and M
(point 1 in fig. 7.7b) for T'= 0.01 W as a function of the interaction U.

ature and Coulomb interactions vary strongly with such details. In order to compare
these values for lattices with different noninteracting density of states, e. g., the sim-
ple cubic lattice, one uses the second moment of the non-interacting density of states
plw) [26, 48],

w/2

W =4 / dww?p(w) (7.11)
W2

as characteristic energy scale instead of the bandwidth W. From eq. (7.11) one
obtains Weg = Whetne for the Bethe lattice and Weg ~ 0.816 W for the simple cubic
lattice, and a rather good agreement of critical values when relating them to Weg
26, 201].

Our result U. = 0.77(3) W for the coexistence region then translates to U, =
0.94(3) Weg at T' = 0.012 Weg. For a conventional DMFT calculation, refs. [28] and
[87] located the coexistence region for this temperature around U, = 1.18(2) Weg (cf.
fig. 2.2). This indicates, that for a true 3D system the critical values of the MH-MIT
will be renormalized, notably the critical U, will be shifted to lower values. Although
there is no direct evidence, we think it reasonable to attribute these renormalizations
to the short-ranged antiferromagnetic fluctuations present in the DCA. They will
have the tendency to suppress the formation of quasi-particles and will thus cause
the transition to shift to smaller Coulomb repulsions U.
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7 Spectral properties of the 3D Hubbard model

7.3 Antiferromagnetic phase

As already mentioned, the actual thermodynamically stable low-temperature phase
of the Hubbard model at half filling and ¢' = 0 is the antiferromagnet. It also com-
pletely covers the MH-MIT [144, 138]. Conventionally, one investigates the onset
of the antiferromagnet by looking at the divergence of the staggered susceptibility,
coming from the paramagnetic state at high temperature. Another route is to try
and simulate the symmetry-broken phase directly. While this scheme surely is not
suited to obtain the phase boundaries with high accuracy, it can address the prop-
erties within the ordered phase and thus is relevant for comparison to experiment.
Furthermore, it is often desirable to investigate the direct change of quantities when
one has competing phases or when different ordering phenomena are present simul-
taneously.

The first thing to note is that the antiferromagnetic order breaks the translational
symmetry of the lattice, leading to the well-known doubling of the unit cell. This
means, that the first Brillouin zone correspondingly becomes smaller. Evaluating
the mapping for the 3D cubic lattice then results in the reduced zone, also called
magnetic Brillouin zone (MBZ) (shown in fig. 2.2a and fig. 7.10b).

As detailed in section 3.5, a small staggered magnetic field is applied to the system
during the first iteration of the simulation. The field is switched off for subsequent
iterations and the system is allowed to evolve freely. Since the DCA is formulated
in momentum space, one has to incorporate the symmetry breaking explicitly by
allowing for quantities that are non-diagonal in momentum space. Thus, the anti-
ferromagnetic Green function is represented by the 2x2 matrix (cf. eq. (3.39))

(G (iwn) G (iwn)
Grctise = (GR () CTE)

_ ( Gorrer(iwn) — Gor iersqlivn) ) (7.12)
Gor'+o ' (wn) Gokigr+qliwn)/)
where K’ is an element of the reduced Brillouin zone and Q = (v, 7, 7). The
symmetry relations
GV (iwn) = Gl (iwn) = — (Gl (iwn)) " = — (GLyr(iwn))” (7.13)
and
GL% (iwn) = G2 (iw,) = G5 (iw,) = GY (iwn) (7.14)

hold for the Green function as well as for the self-energy. The latter is still defined
via Dyson’s equation

Yok (iwn) = Gogr (iwn) ™' — G (iw,) ™' (7.15)

which however now involves quantities which are 2 x 2 matrices.
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7.3 Antiferromagnetic phase
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Figure 7.9: Staggered magnetization mg as function of T" for U = 0.67 W as obtained from
a DCA calculation with N, = 18 and the DMFT. The dashed lines are meant
as guide to the eye. The DMF'T results were obtained by Thomas Pruschke
using Wilson’s numerical renormalization group algorithm.

A first simple test of the method is to calculate the staggered moment

me =Y m;edT (7.16)

with m; = n; — n;; as a function of temperature and thus locate the antiferro-
magnetic phase. The results of such a calculation for U = 0.67 W as function of
temperature are shown in fig. 7.9 for DCA simulations and, for comparison, DMFT
calculations using Wilson’s numerical renormalization group (NRG) algorithm as
impurity solver [27]. The first thing to note is that within DCA the critical tem-
perature is reduced by roughly 30% as compared to the DMFT. The values of
Tx ~ 0.03 W for DCA and Ty =~ 0.042 W for DMFT agree with the results obtained
by Kent et al. [92]. The saturation value of mg(7" — 0), on the other hand, is only
weakly affected by the finite cluster. This is in agreement with the expectation,
that for a 3D system far enough away from the critical region one should not see
dramatic influence by the order parameter fluctuations any more. Finally, while the
functional shape of mg(T") for the DMFT follows the standard mean-field behavior
ms(T / Ty) < /1 —T/Tx respectively my(T — 0) oc 1 — 2e~?IN/T the form ob-
tained from DCA is very different, rather exhibiting a linear behavior just below Ty
and a constant value for 7' < 0.02 W.

With the ability to perform reliable calculations in the symmetry-broken phase,
one is of course interested in extracting dynamics from the simulations, preferably
by analytically continuing the single-particle self-energy. To this end, we again need
the high-frequency behavior of the self-energy, which can be obtained from a high-
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7 Spectral properties of the 3D Hubbard model

frequency expansion (see appendix B) as

S (iwn) =O((iwn) ) + U <<na> RN %)

using the staggered spin polarization

(mo) =Y e (ng; — ngi) (7.18)

i

The direct analytic continuation of non-diagonal self-energies — or Green functions
— is not possible, since the non-diagonal spectral function —%Im E}I‘}{, (w) has both
negative and positive values while the standard MEM algorithm can only deal with
non-negative spectral functions. In order to solve this problem, we employ the linear
transformation [180] (omitting spin and frequency dependencies)

¥%, + i,
ST = o=+ YR (7.19)
and determine Im ¥¥,, (w) along the diagonal elements Im X%, (w) and Im X!, (w)
using the MEM. Analogous to the paramagnetic case, the high-frequency coefficients
eq. (7.17) are used to normalize the self-energies prior to the analytic continuation.
Finally, the real parts are calculated by a Kramers-Kronig relation analogous to
eq. (7.7). Since the transformation eq. (7.19) is linear, it holds for the analytically
continued functions as well and can thus be solved for the non-diagonal element
$1% (w). An example for a complete self-energy matrix on the real frequency axis
obtained by this procedure is shown in fig. 7.10. Note that the diagonal and off-
diagonal elements have different symmetry properties. For the particle-hole sym-
metric situation presented here, the former obey the relation X% (w) = X%/ (—w)
respectively X2 (w) = X% (—w) following from the structure of the Néel state,
while the latter are all identical but obey X% (w) = —32%,(—w). This last relation
in particular implies that the real part is an even function of w, and the imaginary
part is odd.
The resulting self-energies for the cluster K’ points are then interpolated as in the
paramagnetic case, and finally the spin-averaged spectral function for all momenta
k' of the magnetic Brillouin zone follows from

_ 1 Wt = 0 -
Ay (w) = —WIm Tr {(O Wt - ewia) 3 (w) : (7.20)

where Tr denotes the trace over the 2x2-matrix.
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Figure 7.10: The self-energy for K’ = T, U = 0.5W, ¢ = 0 and T = 0.021 W in the
antiferromagnetic phase (a). The real and imaginary parts of the elements
Eﬁ(, (w) = Zg}(,(w) are shown. The right panel (b) depicts the magnetic
Brillouin zone of the simple cubic lattice and the path along high-symmetry
points used for the presentation of spectra in the antiferromagnetically or-

dered state in fig. 7.11.

Results for single-particle spectra in the antiferromagnetically ordered phase and
different values of U for T'= 0.021 W are shown in fig. 7.11a-c for paths connecting
high-symmetry points in the magnetic Brillouin zone in fig. 7.10b. As expected,
the spectral function and DOS have a gap around the Fermi energy, i.e., we always
have an insulating state. Furthermore, it is symmetric with respect to the Fermi
energy, reflecting the back-folding of the spectrum due to the broken translational
symmetry. Along a large part of the Brillouin zone one has rather flat bands. For
weak and moderate coupling these structures have a rather high spectral weight,
which results in the formation of characteristic van Hove singularities at the gap
edges. This is a typical weak-coupling result consistent with a conventional Hartree
approximation. The gap increases for increasing U, while at the same time the
weight in the structures at the gap edges is redistributed to larger energies, leading
to a softening of the structures in the DOS.

Fig. 7.11d shows an antiferromagnetic spectrum for finite ¢ = —0.2¢. The next-
nearest-neighbor hopping breaks the symmetry with respect to the Fermi energy
analogous to the paramagnetic case. Since magnetically frustrating interactions
cause the antiferromagnetic phase to vanish quickly at the present temperature, no
larger value of ¢’ was simulated.
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7 Spectral properties of the 3D Hubbard model

S = N W ke ot O

Figure 7.11: Spin-averaged single-particle spectra Ag(w)/W ! for T = 0.021 W in the
antiferromagnetic phase for different interaction strengths. The lower right
panel (d) shows a spectrum for finite next-nearest-neighbor hopping ¢ =
—0.2t. The left part of each figure depicts the local single-particle spectrum
for both the majority spins (red) and the minority spins (blue). In figure (a)
the edges of the gap are too sharp to resolve properly. In order to avoid a
numerical division by zero, an artificial imaginary shift —i§ with § = 0.03 W
was added to the self-energy. The result is a slight broadening of the gap
edges. The interpolation follows the path along the high-symmetry points of
the reduced Brillouin zone depicted in fig. 7.10b.

7.4 Summary

One particular drawback of QMC algorithms is the problem to extract spectral
functions from the QMC data. As this requires an analytic continuation based
on maximum entropy, a thorough error analysis for the quantity to be continued
including proper high-frequency information is necessary. With the standard Hirsch-
Fye QMC this prevented the direct continuation of the irreducible self-energy and
made rather unreliable root-searching techniques necessary [82].

Modern continuous-time QMC algorithms allow for a direct simulation of data in
frequency space and moreover yield high-quality data for the self-energy with reliable
error estimates, thus allowing for a direct analytic continuation of the self-energy.
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7.4 Summary

Based on this new route we presented a method to extract momentum-resolved dy-
namical correlation functions from QMC simulations of strongly correlated electron
systems. We showed that QMC simulation of clusters within the DCA can provide
data which enable the calculation of both momentum and frequency-resolved single-
particle spectra. The method can resolve very detailed structures in the spectral
functions, including waterfall-like features. Thus, spectra based on momentum-
resolved self-energies can lead to qualitatively different features as compared to
DMET spectra, and will give a more reliable way to extrapolate cluster results.

In addition, we showed that one now can access not only spectra in the paramag-
netic state but is also able to calculate frequency and momentum-resolved spectra
in more complex ordered phases. As an example, we discussed spectral properties of
the Hubbard model inside the antiferromagnetic phase, also including an additional
magnetic frustration through next-nearest-neighbor hopping.

We detected the MH-MIT at T = 0.012 Weg and U, = 0.94(3) Weg, a value, which
is substantially smaller than the DMFT result U. = 1.18(2) Weg. For finite values
of ¢ no MH-MIT could be detected for temperatures T" > 0.01 W. The presence
of a smooth cross-over indicates that the transition has presumably moved to lower
temperatures — an effect that has been previously studied in a DMFT context [137].
To clarify this point as well as the ¢’ dependence of U, further studies at lower
temperatures are necessary.
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8 Summary

We have studied the Hubbard model in three dimensions within the dynamical clus-
ter approximation using quantum Monte Carlo simulations and analytic-continuation
techniques.

We have provided the full thermodynamics of the 3D Hubbard model in the
thermodynamic limit for U < W and temperatures above the Néel temperature
in chapter 5. The necessary finite-size scaling analysis relied on large-scale cluster
calculations up to N. = 100 cluster sites which would not have been numerically
feasible without the recently developed highly-optimized continuous-time QMC al-
gorithms. Comparing the DCA results to single site DMFT, we found that the latter
already fails at remarkably high temperatures near half filling. This indicates that
DMEFT extensions such as the DCA — although numerically much more expensive —
are mandatory for a precise quantitative study of the Hubbard model.

We have made contact to optical lattice experiments by calculating entropy av-
erages over realistic trap geometries thereby providing an exact estimate of the
entropy which would be sufficient to reach an antiferromagnetically ordered state
in the center of the optical trap. The calculated value is ~ 40% larger than the
entropy at Néel temperature in a homogeneous system showing the trap geometry
to be an important influence on the system. We have also investigated the double
occupancy and the nearest-neighbor spin-spin correlation function. The double oc-
cupancy was shown to be almost flat as a function of temperature, while the spin
correlations have shown a strong temperature dependence around the Néel temper-
ature. This suggests that the spin correlations, not the double occupancy, are best
suited to observe precursors of antiferromagnetism and measure the temperature.
Our data can be used to calibrate such a spin-correlation thermometer and could
be experimentally valuable for the detection of the antiferromagnetic phase.

We have addressed the difficult and even ill-posed problem of extracting energy
spectra from QMC simulations (chapter 6). After giving an overview of the max-
imum entropy method (MEM) that is usually applied to this problem, we have
introduced stochastic analytical inference as an extension of the stochastic analytic-
continuation method introduced by SANDVIK and BEACH which is fully based on
Bayesian probability theory. We developed an algorithm that uses Monte Carlo tech-
niques to both calculate an average over all possible spectra and to eliminate the
characteristic regularization parameter of analytic-continuation algorithms. It treats
all probabilities exactly and hereby avoids the approximations made in the maxi-
mum entropy method. Comparisons to the MEM have shown that the SAI produces
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8 Summary

robust spectral functions which are less regularized and display more pronounced
features compared to MEM spectra. Since maximum entropy methods provide gen-
eral data analysis tools whose application is not limited to analytic-continuation
techniques [94], our research in this field could also be relevant in various other
fields of science and engineering.

We have demonstrated the possibility to extract both momentum and frequency-
resolved single-particle spectra from simulation of clusters within the DCA in chap-
ter 7. The recently developed continuous-time QMC algorithms have provided high-
quality data that allowed for a direct analytic continuation of self-energies. The
method was able to resolve detailed structures in the spectral functions which lead
to qualitatively different features as compared to DMFT spectra. We have shown
that this method can be extended to symmetry-broken phases and discussed energy
spectra inside the antiferromagnetic phase, also including magnetic frustration. Ad-
ditional simulations detected the Mott-Hubbard metal-insulator transition at sub-
stantially smaller value for the Coulomb interaction than was previously calculated
by DMFT.

We have studied the Hubbard model focussing on two aspects, thermodynamics
and spectral functions. On the one hand, the DCA in combination with high-
performance QMC techniques offered the possibility of a systematic finite-size scaling
analysis and was able to produce precise results for the thermodynamic limit of the
system. On the other hand, the calculation of energy spectra — although inherently
difficult — benefited from recent development in both QMC and analytic-continuation
methods producing additional insight into the physical properties of the model.
Thus, we have shown that the DCA in combination with modern QMC and analytic-
continuation methods constitute valuable numerical tools to study thermodynamic
and spectral properties of quantum many-particle systems.
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Appendix A
CT-INT: Inversion by partitioning

The CT-INT algorithm introduced in chapter 4 requires the efficient calculation of
ratios of determinants (cf. eqs. (4.32), (4.33), and (4.37))

_det ML

= k¥l Al
" deth_l ’ (A1)

where M, ' denotes a k x k matrix. The matrix M, ! is the matrix M, " with
one additional row and column containing either — in an insertion update — the
newly added vertex, or the vertex to be deleted in an removal update. Since the
determinant is invariant under the exchange of rows and columns, we assume these
additional row and column to be the last ones, writing

1
Mk—kllz(]\% g) : (A.2)

where (), R, S are k x 1, 1 x k, and 1 x 1 matrices, respectively, which contain
the additional row and column. It has been proven to be most efficient to store the
inverse matrix M}, mostly because all measurements depend on M}, instead of M, L
This causes also the question how to update the matrix during an accepted Monte
Carlo update while avoiding a numerically expensive inversion of the whole matrix.
In other words, knowing My, @, R, and S, how do we compute

e
Mypw=1 5 2] 7 A3
) (A3)
Following ref. [186], a straightforward calculation shows that the solution to this
problem is

S =(S — RM,Q)™" (A.4)
Q =— MQ5S (A.5)
R = — SRM, (A.6)
P =M, + M,QSRM,, . (A.7)
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Appendix A CT-INT: Inversion by partitioning

Only one inversion in the calculation of S is needed, which is trivial because S is
only a 1 x 1 matrix. For the rest of the update O(k?) steps are necessary for the
matrix multiplications. Using det M = 1/det M~ and the Laplace expansion for
determinants, the ratio eq. (A.1) can also be determined yielding

M |
det M _ — det[S — RM,Q] . (A.8)

r = =
det M1 det S

This expression is the basis of the measurement formula eq. (4.39). The presented
formalism does not only hold for one additional row and column in the determinant
ratio eq. (A.1). It is also valid for the case where S is a general n x n matrix, @ a
k x n matrix, and R an n X k matrix, respectively [186]. Thus, the relation

det Mk

can be applied to the measurement of two-particle correlations as in eq. (4.42). In
contrast to eq. (A.8), however, the result is the determinant of a 2 x 2 matrix.
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Appendix B

High-frequency expansion

In this appendix chapter, the high-frequency tails of Green functions and self-
energies obtained for the dynamical mean-field theory [141, 35] are generalized to
the momentum-dependent case suitable for the DCA in both antiferromagnetic and
paramagnetic phases.

The antiferromagnetic coarse-grained Green function G, g (iw,) in the presence
of a staggered magnetic field can be described by (see eq. (3.41))

o 1 [ [ iy — € h/2) . ]*
G, i (iw,) = — [dk n, Ktk 7 — ¥ (iwn, B.1
wlion) = 3 ol | (G Sk M) ) B.1)
using the matrix notation eq. (7.12) and {g+ = ex'—p. In order to gain an expression
for the high-frequency coefficients of the self-energy, one uses the ansatz
21 7
EO'K’ (lwn) = ESK/ + 'UK + O ((lwn)_Q) (B2)

iwy,

and expands the coarse-grained Green function up to fourth order:

_ Cl , CZ , 03 ,
Goger(wn) = =25+ 228G 4 220G 1O ((iwn) ™) (B.3)
1&n (lwn) (1wn)
The results are
1 (10
QK—<01), (B.4)
: b /2
CQ,:(gK ¢ )+Eow B.5
oK ho’/2 fK’—i—Q oK ( )
2
5 _|( Sk he/2 o .
CUK/ _|:( h0/2 §K’+Q ) T EUK' + EGK/ ) (BG)

where the over-lined quantities are coarse-grained over the momentum patch cen-
tered around K, e.g.

_ 1 3
b= [k B.7)
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Appendix B High-frequency expansion

A direct calculation of the Green function using Heisenberg’s equations of motion
provides the information necessary for the determination of the unknown coefficients
>0 and X! . Starting again with the Hamiltonian eq. (3.37), the high-frequency
coefficients of the single-particle Green function in real space

Coiy  Coy | Coy
Goijliwn) = ~22 4 —29 4~ 1 O ((iw,) ™) (B.8)

1Wn (lwn>2 (iwn)

can be obtained [35] via

Cclrij = <{Cia7c}0}> ) (B.9)
chy—— ({[mec] 1)) 510
ety ([ ] 4} o

using the Hamiltonian eq. (3.37). Here [A, B] ({A, B}) denotes the (anti)commutator
of the operators A and B. A straightforward calculation yields

O;zj _61] ) (B]_2)

O"Lj - 61] [h(m' + U<n62>] 51] ; (B13)
m] Z Szmgm] hUZhO'] + U2<na7,>) 5ij

— (hoi + hoj) fij — U (ng; + ns;) (gz] - hai5ij> ) (B.14)

where &j =t+ (u + %) d;; for nearest neighbors, éij =t + (u + %) 0;; for next-
nearest neighbors (if we consider next-nearest-neighbor hopping according to the
Hamiltonian eq. (2.9)), and zero otherwise. The high-frequency coefficients of the
coarse-grained Green function in cluster momentum space eq. (B.3) are readily calcu-
lated by a Fourier transformation of eqgs. (B.12)—(B.14) followed by a coarse-graining
in k-space. One obtains

10
CUK’ - ( 0 1 ) ) (B15)

e ( Ex +Uns)  Ulmg)+hy/2 ) | (B16)
U{mg) + he /2 £xrq+ Ung)

s ( €+ D24+ 20U (n5)Exe + U (1) + Uhg (m5)
K\ (Ume) + ho/2) (fK' +Exe Q) + U(mg) + Uhy(n,)

(Ums) + ho/2) (€ +Exraq) + U0m >+Uha<n5>> B
5K,+Q+h2/4+2U(ng>§K,+Q+U2< ng) + Uhy(ms)
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where &g = £ — U/2 and

(mo) = Z ¢PTi (g — ngi) (B.18)

These formulas constitute the basis of the Green function measurement at high

frequencies discussed in section 4.2.2 (see, for example, fig. 4.2). A comparison with
egs. (B.4)—(B.6) yields

50 :U( <n&>>—% <m&>_ . ) 7 (B.19)
1o () (1= (ng)) + (mg)?  (mg) (1 —2(ns))
L, = (< >2> . (B.20)

which is the solution shown in eq. (7.17). The non-diagonal parts vanish for (m,) = 0
and the expression simplifies to the paramagnetic solution eq. (7.3).
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Appendix C

Sub-matrix updates for the CT-AUX
algorithm

Two numerical algorithmic improvements have significantly increased the size of
systems accessible by simulations with the Hirsch-Fye algorithm: the “delayed”
updates [4], and the “sub-matrix” updates [130]. The “delayed” update algorithm
can be straightforwardly generalized to spin-flip operations in the CT-INT and CT-
AUX algorithms [195], and an adaptation of the concept of delayed updates to vertex
insertion and removals in the interaction expansion was recently proposed as well
[120]. Our implementation of the CT-AUX algorithm uses a generalization of the
“sub-matrix“ technique of ref. [130].

Both “delayed” and “sub-matrix” updates are based on efficient memory man-
agement. The central object in continuous-time algorithms is a matrix, which for
large cluster calculations does not fit into the cache of computer memory. Monte
Carlo updates often consist of rank one updates or matrix-vector products. Such
updates perform O(k?) operations on O(k?) data, where k is the average matrix
size, and therefore run at the speed of memory. Matrix-matrix operations (with
O(k3) operations executed on O(k?) data) could run at the speed of the registers,
as more calculations as compared to memory access operations are performed.

This appendix chapter follows ref. [56] closely.

C.1 Sub-matrix updates

To derive the sub-matrix updates [130], we consider a step n of the algorithm at
which a spin at p,, from k interaction vertices is changed from s,, to s;, . The new
matrix G"! is then given by eq. (4.53),

Dnj

G =GP+ (G — i) NG (C.1)
A = o7s8n(0) (s, =spn) _ (C.2)
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again omitting the dependence on spin ¢ and expansion order k. A change to the
inverse Green function matrix A" = (G™)~! is of the form [167]

A%H = Al + 9" (A}, — 0ip)dp; (C.3)
A" = ¢ BN (Spy ~pn) ] (C4)
This is commonly known as the Sherman-Morrison formula. We define fl?] = Al +
VAL, with det A" = (1 + ~")det(A"). We then rewrite eq. (C.3) as AZ-H =
AZ — Y00, and using det(A;; + wv;) = (1 + v (A™1)4u,) det A;;, we have
det A" = det(A") det(1 — 7" [(A") ;p)
1+ 7”]

(C.5)

n

= —det A"y" [G;;p =

This formula yields the determinant ratio det N/det N"*! = det A"/ det A™
needed for the acceptance or rejection of an update.

We can recursively apply eq. (C.5) to obtain an expression for performing multiple
interaction changes, as long as they occur for different spins p; # p; (i # 7),

A?j‘i_l = AZ — Z ’yméipm(Spmj
m=0
= A" — xM(ym7T | (C.6)

with X% = 770, and (Y") = 6,;. X and Y are index matrices that label the
changed spins and keep track of a prefactor 4™.

For measurements, we need access to the Green function G. It is obtained after
Nmax Steps by applying the Woodbury identity [199] to eq. (C.6),

G =G+ GX(1-YTGX)"YTG (C.7)

with ¢ denoting a Woodbury step combining ny.x vertex update steps and where
G = A~ After some simplification, eq. (C.7) can be shown to be

ngﬂ = D7 (Gij — Gip, T, Gpoi) (C.8)
Here we have introduced the n,.c X Nmax matrix I', defined as
1+~
Ly = Ggq — Opg——" (C.9)
Tp

and a vector D that is 1 everywhere but at positions where auxiliary spins are
changed,

1
-1
Dpnz ~ .
147

(C.10)
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C.2 Monte Carlo updates

Note that Ggq is the interacting Green function at step n = 0 and not the effective
bare Green function.
Translating this Green function formalism to a formalism for N is straightforward:
writing G = NG° and multiplying eq. (C.8) from the right with (G°)~! yields
1 - _
Niqur = Dz 1(Nij - GipnrpnlpmNpmj) ) (Cll)

where one G;,, remains in eq. (C.11).
Inserting G = NGy into eq. (4.53) and setting s’ = 0 (N’ = 1) we obtain:

1= Ne” — NGoe” + NGy (C.12)
(NGo)ij = (Nije's —6;5) /(€' — 1) = Gy (C.13)
Nij = Giy(1—e ") +e7%5;; (C.14)

The computation of G from N in this manner fails if the interaction is zero. In this
case we need to compute G;; = Ningj.

C.2 Monte Carlo updates

To either accept or reject a configuration change, we need to compute the determi-
nant ratio det N"*1/det N". Following ref. [130] we write

det A"t = (—1)"*! H 77 det A°det ™ . (C.15)

J=0

We successively build I'" by adding rows and columns while keeping track of a LU
decomposition of the matrix,

N Fn—l s Ln—l 0 Un—l y
G e
with Ly = s, UTx = w, and

14 ~m
B=G0 — 777 _ 2Ty | (C.17)

where both 27 and y are computed in O(n?) by solving a linear equation for a
triangular matrix. The determinant ratio needed for the acceptance of an update is

det A™t!
det A™

These updates have been formulated for spins that have only been updated once.
In the case where the same spin is changed twice or more, rows and columns in I’

=By . (C.18)
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or L and U, need to be modified. These changes are of the form I' — I" + uv”, and
Bennett’s algorithm [16] can be used to re-factorize the matrix.

To efficiently make use of the sub-matrix updates, we add an additional step before
insertion and removal updates are performed. We insert a number n,,,, of randomly
chosen non-interacting vertices with auxiliary spin s = 0, which does not change
the value of the partition function. Once these vertices are inserted, insertion and
removal updates at the locations of the pre-inserted non-interacting vertices become
identical to spin-flip updates.

To accommodate this pre-insertion step, we split our random walk into an inner
and an outer loop. In the outer loop (labeled by ¢) we perform measurements
of observables and run the preparation step discussed above as well as recompute
steps. These steps are described in more detail below. In the inner loop (labeled by
n) we perform np,. insertion, removal, or spin-flip updates at the locations of the
pre-inserted non-interacting spins.

We begin a Monte Carlo sweep by generating randomly a set of ni"  pairs of
(site, time) indices, where ni'_ denotes the maximum insertions possible. We then
compute the additional rows of the matrix N for these non-interacting spins:

N = (g ?) : (C.19)

ins
max

where R is a matrix of size k X n containing the contributions of newly added
non-interacting spins,

Rij = Gp (777" — 1) N, (C.20)

as well as the Green function matrix G = NG for the new spins.

Vertex insertion updates are performed by proposing to flip one of the newly
inserted non-interacting spins from value zero to either plus or minus one. The
determinant ratio is obtained using eq. (C.17). Vertex removal updates consist
accordingly of a proposed change of a spin form +1 to zero. To perform a spin-flip
update we choose a currently interacting spin with value £1 and propose to flip it
to F1. Each time a update is accepted, the auxiliary spin is changed and the matrix
' is enlarged by a row and a column.

This scheme of insertion, removal, and spin-flip updates is repeated n,., times.
With each accepted move the matrix I' grows by a row and a column. To keep the
algorithm efficient we periodically recompute the full N-matrix using the Woodbury
formula (C.11)

Ni = DGy — Gip, TN Npi) (C.21)

PnPm

as I' grows with every accepted update, and the cost of computing determinant
ratios is O(n?). Non-interacting auxiliary spins can then be removed from ]\fiqurl by
deleting the corresponding rows and columns. At the end of a sweep, if the system
is thermalized, observable averages can be computed.
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C.3 Summary

For large problem sizes, the “sub-matrix” algorithm achieves a significant perfor-
mance increase as compared to the traditional update scheme, by replacing the slow
rank-one updates by faster matrix-matrix operations. Our implementation of the
sub-matrix updates in the CT-AUX algorithm requires an additional preparation
step in which non-interacting vertices with auxiliary spins s = 0 are introduced. Af-
ter this step, the CT-AUX vertex insertion and removal updates become equivalent
to spin-flip updates. The sub-matrix algorithm then proceeds by manipulating the
inverse of the Green function matrix, for which changes under auxiliary spin-flips
are completely local. This allows for a significantly faster computation of the QMC
transition probabilities under a spin-flip update. The algorithm keeps track of a
number k of these local changes, similar to the delayed update algorithm, and then
performs a Green function update as a matrix-matrix multiply.

Because this algorithm requires additional overhead over the traditional CT-AUX
implementation, there is an optimal choice for the maximum number of spin-flip
updates ny.x per Green function update which depends on problem size and archi-
tectural parameters such as the cache size. For an optimal value of n,.., a speed
increase up to a factor of 8 relative to the traditional CT-AUX updates can be found
[56]. Without this increase in performance, the large-scale cluster calculations up
to N. = 100 necessary for the finite-size extrapolation in chapter 5 would not have
been possible.
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Appendix D

Analytic continuation:
Implementation details

This appendix chapter deals with algorithmic details of the MEM and SAI algo-
rithms introduced in chapter 6. Our implementation of these algorithm is based
on the libraries of the ALPS project [3, 9]. ALPS (Applications and Libraries for
Physics Simulations) is an open source effort providing libraries and simulation codes
for strongly correlated quantum-mechanical systems.

Both the maximum entropy method and stochastic analytical inference require a
numerical treatment of the y? estimate eq. (6.6)

A =D (Gn—Gn) Cpot (G — Gin) (D.1)
with (c.f. eq. (6.2))
G, = /dw Kp(w)A(w) . (D.2)

We apply a matrix-vector notation to eq. (D.1) obtaining
=(G-G)'Cc(G-0) (D.3)
and

G = /dwK(w)A(w) : (D.4)

where K (w) describes a vector with elements K, (w). Numerical diagonalization of
the covariance matrix C yields the diagonal eigenvalue matrix E and a orthogonal
transformation matrix O with C = OEO”. We define y := E7'207G, K =
E 207K, and write

X =ly— /dwK(w)A(w) : (D.5)
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D.1 Maximum entropy algorithm

We specify an interval where the spectrum A(w) is non-zero and discretize it on
this interval using a grid of frequencies w,,. If we define the vector a with elements
aym = A(wn)(Wmi1 — W) and the matrix K with elements K,,, = K,(w.), the
relation eq. (D.4) can be written as the matrix-vector product G = Ka, hence

V= |y —Kaf . (D.6)
The central quantity of the maximum entropy method is the entropy eq. (6.7)

S = Zm:am In (Z—D (D.7)

with respect to the default model d,,, = D(wp,) (Wi — wWimt1). The aim of the method
is to minimize the quantity eq. (6.8)

Q= %XQ —aS (D.8)

with respect to a for several fixed values of a. This can be performed by a nonlinear
numerical optimization algorithm. We implemented a standard version of such an
algorithm introduced by BRYAN [25]. The condition for an extremum of @) is

VQ =K'(y —Ka) +aln (g) =0, (D.9)

where the expression In (%) is understood as a vector with elements In(a,,/d,,). The
vector a has of order 100 elements depending on the chosen frequency grid. In order
to avoid a search for a minimum in such a high number of dimensions a singular-
value decomposition of the matrix K is performed. The result is K = UXV7T with
the diagonal matrix 3 and orthogonal matrices U and V. The diagonal elements of
3> are non-negative although many of them will be zero or at least equal or smaller
than the machine precision of a computer. The dimension of 3 is therefore truncated
to a small number s (usually less than 10) and only the largest s values are kept.
We denote the truncated matrix by ¥ and truncate the orthogonal transformation
matrices accordingly, yielding K = UXV?. The condition eq. (D.9) then becomes

YU (y —Ka) +aV'In (g) =0 . (D.10)
Finally, we substitute a by the small vector w of dimension s,
w:=VTln (g) =  a(u) =dexp(Vu) (D.11)
yielding
SU”(y — Ka(u)) + ou =0 . (D.12)

This is a nonlinear root-searching problem in s dimensions, which can be solved
iteratively using a Levenberg-Marquard algorithm [25, 187].
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D.2 Stochastic analytical inference

Our implementation of the Monte Carlo procedure needed for the SAI algorithm
follows ref. [13] closely. The SAI substitutes the spectrum A(w) by the dimensionless
field n(x) writing (c.f. eq. (6.25))

2

2 = ‘y _ /Oldxf{(x)n(x) (D.13)

analogous to eq. (D.5). In contrast to the maximum entropy algorithm, the SAT
does not discretize the frequency axis but represents the field as a substitution of a
finite set of delta functions with weights n,, at positions x,,,

ne(z) = ané(a: —Tp) - (D.14)

The choice of weights and positions constitutes a Monte Carlo configuration C =
{nm,zn}. The weights n,, are non-negative and satisfy > mn, = 1. This repre-
sentation renders y? as well as the measure D'n(z) (cf. eq. (6.28)) computationally
tractable,

Xe = : (D.15)

y— ) K(wn)nm

D'ne(z) = H 7Odnm /Oldxm 6(2 Ny — 1> ) (D.16)

We can propose a new configuration C’' by changing a subset A of the delta functions,

N —> N, + Z VAN TR (D.17)
leA

T — T+ Z YAV T (D.18)
leA

which produces a new x? estimate

2

V&= |y = > Klwm)nn + Y | K (e — K (2] (D.19)

leA

We implemented two kinds of Monte Carlo updates: delta function moves and weight
shifts. For the former we propose a random coordinate shift Ax for a randomly
chosen delta function. The latter are proposed shifts of the weights n,,. These
updates must conserve the norm of the field. This is most easily accomplished by
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randomly choosing two delta functions 1 and 2 and proposing the shift n; — n;—An
and ny — ny + An, where An € [0,n1]. The simulation becomes more efficient if
one uses weight shifts that incorporate more than two delta functions and which
conserve not only the norm but also higher moments

1

M, = /dxnc k= anx (D.20)

0

of the field configuration [157, 13]. If one chooses k > 2 delta functions A =
{A1,..., \e} and defines the scale factors

Ql - HmeA\{ll}(mm_wll) ’ (Dzl)
; else
Mmeav oy (#m—s)
the weight shifts
’]’L; =n; — SQZ (D22)

conserve the lowest [ —1 moments. In order to ensure positivity for all nj, s is chosen
from the interval

T
max— < § < min — D.23
1er— leat Qp ( )

where A~ :={l: Q; < 0} and AT := {l : @, > 0}. We implemented updates up to
m = 5.
Update proposals are accepted by the usual Metropolis acceptance probability

a(C — C') = min (1,exp [—i (xe — Xg,)D . (D.24)

The most important Monte Carlo measurement is the average field configuration
n(x). It is measured by repeatedly recording a histogram of the moving delta func-
tions.

The free-energy landscape of the system in question has proven to be quite com-
plex. Previous implementations of the algorithm [157, 13] used either simulated
annealing [93] or parallel tempering [175, 108, 112] to overcome convergence prob-
lems of the simulations. We implemented a parallel-tempering algorithm, where
several simulations with different regularization parameters «, run in parallel. The
temperature profile is chosen logarithmically with a constant modification factor
f = apt1/a,. This causes no further simulation effort, since a calculation of average
spectra for a wide range of « is necessary anyway. All simulations, however, need
to run in parallel and are not independent of each other. Neighboring simulations
o, and a,; are allowed to swap their configurations with probability

: 1 1
p = min (1,exp {(ﬂ ~ 5 +1) (X;% — XZH)]) : (D.25)
P P
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Thus, configurations at low temperatures have access to high temperatures, where
they can move more easily in phase space. This ensures that low temperature
configuration can overcome barriers in the free-energy landscape.

D.2.1 Wang-Landau algorithm

A particular problem in the SAT is that a numerical treatment of eq. (6.41) involves
the calculation of the quantity

Zz/D’ne‘éXQ/o‘ . (D.26)

This is equivalent to calculating a partition function in a canonical ensemble at
temperature o.. Standard Monte Carlo techniques are only able to calculate thermal
expectation values but not the partition function itself. We use a Wang-Landau
algorithm [189, 188] to generate the density of states p(F) of the system. Once
p(FE) is calculated, the partition function can be obtained by

Z = / dE p(E)e Bl (D.27)

The Wang-Landau algorithm performs a random walk in energy space with proba-
bility

P(E) = 1/p(E) (D.28)

using the usual Metropolis weights, i.e., a proposed move from an energy F; to Ej
is accepted with the probability

a(E, — E,) = min (1, Z%D . (D.29)

Such a random walk visits all possible energy values with equal probability. We
record a histogram H(FE) during the simulation: each time an energy FE is visited,
the corresponding entry H(F) is incremented by 1. A random walk subject to the
probability eq. (D.28) would produce a completely flat histogram.

Since the density of states is unknown at the beginning of the simulation, one
starts with an arbitrary starting value, e.g., p(E) = 1. For each visited energy, one
multiplies the density of states by an modification factor f > 1. This modification
ensures that the current energy will be frequented less often in the further course
of the simulation. As a result, the energies are visited more evenly. When the
histogram is reasonably flat, one resets the histogram and restarts the simulation
with a new modification factor f’ = \/f. The starting value of f is usually taken
to be Euler’s constant and the procedure is repeated until f is very close to 1 (16
times in our implementation). Each new iteration further refines the structure of
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p(E) until it converges to the density of states of the system up to an unknown
normalization factor.

In order to speed up the algorithm, it is advisable to divide the energy range of
interest into several slightly overlapping smaller intervals. This offers parallelization
possibilities and accelerates convergence. The density of states varies over many
orders of magnitude (cf. fig. 6.3b for an example). It is therefore only possible to
store its logarithm. It nevertheless provides a possibility to evaluate the partition
function eq. (D.26) and hence the probability distribution eq. (6.41).
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Cluster table

The following table lists optimized finite-size clusters of the simple cubic lattice in
three dimensions following the rules determined in ref. [21]. It is meant to be an
extension to the clusters already published in ref. [92].

Only bipartite clusters with an even number of cluster sites N, are listed. All
vectors 1y, 1y, I3 with individual components up to +£9 were examined by direct enu-
meration. The table shows the cluster with the smallest possible topological im-
perfection I, cubicity ¢ closest to one, and smallest surface area A, in this order of
priority. If a cluster features only a marginally larger cubicity (less than 0.01 %) but
a much smaller suface area (more than 20 %), the one with the smaller surface area
is chosen instead. Not all cluster sizes are equally likely to produce high quality
clusters (see Fig. 3.6). Thus, those cluster sizes are omitted where only relatively
high imperfections and cubicities are possible.

Table E.1: Optimized bipartite clusters

NC l1 l2 l3 I C A
80 (4,1,—1) (=3,2,-3) (—2,3,3) 4 1.05411 117.287
96 (4,2,-2) (—4,2,-2) (-2,3,3) 4 1.06462 131.417
100 (4,2,-2) (-3,2,-3) (—2,3,3) 6 1.02882 132.452
156 (5,3,—2) (—4,2,—-2)  (2,4,4) 11 1.04364 182.029
158 (5,3,-2) (—4,1,-3) (=3,3,4) 10 1.04959 184.262
162 (5,2,—1) (=2,—4,—4) (—4,3,-3) 8 1.06373 187.548
168 (5,3,-2) (—4,0,—4) (=3,3,4) 9 1.07053 197.177
174 (5,2,-3)  (=3,5,0) (3,4,3) 10 1.06760 201.745
180 (4,4,—2) (—4,—2,—4) (=3,4,3) 11 1.05875 202.473
188 (5,3,-2) (—2,4,—4) (=3,3,4) 9 1.05157 207.287
190 (5,3,-2) (=5,2,-3) (=3,3,4) 10 1.06137 207.225
194 (5,3,-2) (=2,—4,—4) (—4,3,-3) 12 1.04167 207.776
196 (5,3,-2) (—4,2,—4)  (=3,3,4) 13 1.03629 209.062
198 (5,3,—2) (—4,3,-3)  (2,3,5) 14 1.04300 211.239
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N l1 l2 l3 I C A
280 (6,4,—2)  (—4,4,4) (4,1,5) 14 1.06190 277.060
282 (6,2,-2) (—5,3,—4) (=3,4,5) 13 1.06070 272.050
284 (6,4,-2) (=5,2,-3)  (2,5,5) 20 1.05982 272.817
286 (5,5,—2) (—3,—-2,—-5) (—4,5,3) 21 1.02963 272.601
292 (6,3,—1) (=5,3,—-4)  (2,5,5) 16 1.07416 278.630
294 (6,2,—2) (—4,3,—5) (=3,4,5) 19 1.04306 277.267
208 (5,4,-3) (—4,-3,—5) (—4,5,—3) 21 1.06352 287.151
314 (5,5,-2)  (=5,4,3)  (3,-4,5) 21 1.05739 295.808
316 (6,4,-2) (—4,3,5)  (4,-5,3) 18 1.06232 296.746
322 (5,5,—-2) (=5,—-2,—5) (=3,5,4) 23 1.06622 299.074
324 (6,4,-2) (—=4,3,5)  (3,-5,4) 16 1.05347 299.188
330 (6,3,-3) (—5,3,—4) (=3,4,5) 19 1.04217 296.425
332 (6,4,—2) (—4,3,5) (2,—5,5) 20 1.06057 304.019
336 (6,5,—1) (—3,5,—4) (=5,3,4) 22 1.05355 309.831
340 (7,3,-2) (=5,2,—5) (—4,4,4) 24 1.06152 307.845
342 (6,3,—-3) (—3,-5,—4) (=5,5,—2) 25 1.04107 305.393
412 (6,5,—3)  (—5,4,5) (4,2,6) 29 1.07416 363.612
416 (7,3,-2) (—4,4,6) (2,—6,4) 31 1.05718 354.921
420 (7,4,—1)  (=5,4,5)  (2,—6,4) 29 1.05854 359.607
422 (7,3,-2) (=1,6,—5) (—4,5,5) 28 1.06524 362.717
424 (5,5,—4) (=6,—2,—4) (=3,5,6) 27 1.06112 365.802
430 (7,5,-2)  (—5,4,3) (4,3,7) 32 1.06523 376.913
444 (7,5,-2)  (=5,5,4) (4,2,6) 21 1.06078 378.755
448 (6,5,—3)  (—4,4,6) (6,1,5) 27 1.07072 380.156
452 (7,4,-3) (=6,2,—4)  (—=4,4,6) 25 1.06006 371.934
460 (7,4,-3)  (—=4,5,5)  (6,—2,4) 29 1.04672 371.302
462 (5,5,—4) (=6,3,-3)  (3,4,7) 32 1.03192 372.631
464 (7,3,-2) (—6,4,—4) (3,5,6) 25 1.06330 375.665
474 (7,4,-3)  (—4,5,5) (4,1,7) 26 1.06484 392.977
484 (5,5,—4) (=6,3,—=5)  (—2,2,8) 29 1.06773 392.684
490 (6,5,—3) (—5,—-3,—6) (—4,6,4) 26 1.06179 397.412
492 (7,4,-3) (=5,6,—3)  (—4,4,6) 27 1.07046 400.262
498 (7,4,—3)  (=4,5,5)  (3,—6,5) 26 1.05840 402.976
500 (7,4,-3)  (—=4,4,6)  (4,—6,4) 25 1.05837 401.711
504 (6,6,—2)  (=5,4,5)  (3,—6,5) 29 1.05957 405.711
508 (7,4,—3) (—3,6,—5) (—4,4,6) 23 1.05849 405.394
514 (7,5,—-2) (=3,6,—5) (=5,4,5) 26 1.05569 410.347
516 (7,4,-3)  (=4,4,6)  (2,-6,6) 27 1.06906 411.256
518 (7,4,-3) (—4,4,6) (7,-3,4) 32 1.06550 406.077
520 (7,5,—2)  (=5,3,6)  (4,—6,4) 33 1.05866 412.599
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522 (7,4,-3)  (—4,4,6)  (3,—5,6) 38 1.04971 406.186
524 (8,4,-2)  (=5,4,5)  (3,—6,5) 31 1.05959 417.563
530 (7,5,—2) (—3,6,—5) (—5,3,6) 38 1.05838 415.893
532 (7,4,-3) (-7,4,-3) (=3,6,5) 39 1.06024 412.773
534 (7,5,-2) (=5,-2,—7) (=5,5,4) 36 1.06245 423.184
614 (7,6,—3) (—6,—3,—7) (—4,5,5) 45 1.07069 475.127
620 (6,5,—5) (=5,4,—7)  (3,7.4) 42 1.06942 474.396
624 (8,3,-3) (—6,3,—5) (—4,6,6) 44 1.04862 456.226
626 (7,6,—3)  (—6,5,5) (4,3,7) 39 1.07238 481.495
634 (8,4,—2) (=5,5,6)  (2,—7,5) 39 1.06262 474.309
636 (6,5,—5) (—6,3,—7)  (3,7.4) 38 1.06477 482.022
638 (8,4,—2) (—4,3,7)  (7,—5,4) 45 1.05967 467.337
642 (7,6,—3) (—6,—2,—6) (—5,5,6) 43 1.07004 485.276
648 (8,5,—1) (—6,5,5)  (2,—7,5) 40 1.06561 485.139
652 (6,6,—4) (—7,—2,—5) (—4,5,7) 38 1.06647 487.652
656 (7,2,—5) (—3,6,—7)  (6,5,5) 36 1.06682 491.656
662 (8,4,—2) (=5,5,6)  (6,—1,7) 45 1.06521 487.957
676 (8,5,—3) (—5,—2,—7) (=5,6,5) 30 1.06269 499.414
678 (7,5,—4) (—4,7,—5)  (=3,4,7) 47 1.04668 487.185
682 (7,6,—1) (—4,7,—5) (=7,4,5) 35 1.07457 506.196
686 (7,5,—4) (=5,7,—4) (=3,4,7) 45 1.04034 490.134
696 (8,3,—3) (—4,—6,—6) (=7,5,—4) 36 1.05831 491.571
706 (8,5,—3) (—4,-2,—8) (=5,6,5) 39 1.06161 512.003
712 (8,5,—1) (-3,8,—5) (—6,5,5) 36 1.07238 521.215
718 (7,6,—-3)  (—5,5,6)  (4,—7,5) 39 1.06322 517.114
726 (7,5,—-4) (=5,—4,-7) (=5,7,4) 37 1.06034 517.827
732 (7,6,—-3) (—6,-3,—7) (=5,6,5) 38 1.06537 522.523
740 (7,6,-3)  (=5,4,7)  (5,—7,4) 46 1.06099 525.370
742 (8,5,-3) (=5,6,5)  (3,—7,6) 39 1.06576 531.178
746 (9,5,—-2)  (—6,5,5)  (4,—7,5) 47 1.07101 538.668
748 (7,6,—-3) (—6,-3,—7) (—4,7,5) 50 1.06724 527.466
750 (8,5,-3) (=5,4,7)  (5,—7,4) 43 1.06411 529.209
756 (8,5,-3) (—5,5,6)  (3,—7,6) 34 1.05986 531.951
758 (7,7,-2)  (=7,3,6)  (5,—6,5) 49 1.06599 536.797
760 (8,5,—-3) (=5,4,7)  (4,—7,5) 40 1.05948 531.445
768 (8,6,—2)  (—6,4,6)  (4,—7,5) 44 1.05945 539.047
770 (8,5,-3) (=5,4,7)  (3,—7.6) 45 1.06387 535.917
772 (8,6,—2) (—6,5,5)  (3,—7,6) 46 1.06094 542.929
776 (9,5,—2) (—4,7,—5)  (—6,4,6) 48 1.06441 544.589
780 (9,4,—3) (=7.3,—6)  (=5,5,6) 50 1.06570 536.537

119



Appendix E Cluster table

N l1 l2 l3 I C A
786 (9,5,—2)  (=6,5,5)  (3,—7,6) 53 1.06183 551.440
792 (8,6,—2) (—5,5,6) (3,—8,5) 56 1.05955 550.741
868 (8,6,—4) (—6,—4,—8) (—5,6,5) 63 1.06979 599.507
870 (8,6,—4)  (—6,7,5) (5,4,7) 62 1.06891 598.837
872 (8,6,—2)  (—6,7,5) (5,3,8) 65 1.06962 593.299
878 (8,7,-3)  (—6,7,5) (5,4,7) 62 1.07120 605.032
882 (9,6,—3) (—6,5,5) (4,—-8,6) 60 1.07092 615.089
896 (9,7,—2)  (—6,6,4) (5,3,8) 65 1.05459 601.062
900 (8,6,—4)  (—6,6,6) (5,3,8) 51 1.07399 611.515
902 (8,6,—4) (—6,-3,—7) (—=5,7,6) 58 1.06607 608.484
904 (8,6,—4) (—4,—-4,-8) (—6,7,5) 57 1.06991 611.109
906 (9,5,—4) (—6,—3,-7) (—6,7,5) 56 1.07462 615.423
910 (9,4,-3) (—5,6,7) (7,—3,6) 58 1.05399 589.550
912 (8,7,-3)  (=7,6,5) (4,4,8) 53 1.07406 620.929
914 (9,4,—3) (—8,4,—6)  (—4,5,7) 64 1.04999 592.505
918 (9,5,—-2)  (—6,5,7)  (3,-8,5) 54 1.06318 607.483
920 (9,4,—-3)  (=5,6,7)  (2,-8,6) 53 1.06682 610.466
924 (8,5,-3) (—6,5,7) (4,-8,6) 51 1.06651 616.484
926 (9,5,—4)  (—6,8,4) (5,4,7) 58 1.06259 621.652
928 (9,5,—4) (—6,—4,—-8) (=5,7,4) 57 1.06462 620.966
930 (8,7,—-3) (—5,-3,—8) (—6,6,6) 48 1.06837 623.034
934 (9,6,—1) (=7,5,6)  (3,-8,5) 54 1.06720 620.966
940 (8,5,—5) (—6,2,—8)  (3,9,4) 63 1.06641 614.538
944 (8,7,-3)  (=5,7,6) (5,3,8) 61 1.06574 624.861
948 (8,6,—2)  (=7,5,6)  (4,—8,6) 47 1.07054 629.040
950 (8,5,—5) (—=7,—2,—7) (=4,7,7) 62 1.06933 629.386
952 (9,6,—1) (—2,8,—6) (=7,6,5) 61 1.07195 632.337
964 (8,7,—-3) (—6,5,7) (6,2,8) 55 1.07279 638.890
966 (9,6,—3)  (—6,7,5) (5,3,8) 42 1.06310 635.469
972 (9,6,—3)  (—6,6,6) (6,2,8) 39 1.07195 641.354
984 (9,5,—4)  (=5,7,6) (6,2,8) 49 1.06520 641.604
986 (9,7,-2)  (—6,7,5) (5,3,8) 52 1.06325 645.361
988 (7,7,—4) (-=7,6,-5) (5,5,8) 55 1.07118 642.496
994 (9,4,-3) (—4,—8,—6) (—8,5,—5) 52 1.06831 630.719
998 (9,5,—4)  (=6,5,7)  (5,—7.6) 54 1.07303 646.831
1000 (8,7,—3)  (—6,8,4) (4,4,8) 65 1.04999 637.212
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