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Abstract

Thomas HAHN

Diagrammatic Quantum Monte Carlo for the Frohlich Polaron

The aim of the present thesis is to implement a working Diagrammatic Quantum
Monte Carlo (DQMC) code and apply it to the three and two dimensional Frohlich
polaron. The algorithm used is based on the papers by Prokef’ev et al. [Physical
Review Letters. 81(1):2514 (1998)] and Mishchenko et al. [Physical Review B.
62(10):6317 (2000)] in which they used the DOMC method successfully to calculate
properties of the 3D Frohlich polaron. To date, there are no DQMC results for the
2D case.

In the first chapters, this thesis introduces the polaron problem with focus on the
Frohlich Hamiltonian. It further gives an overview of Green’s functions in
many-body physics and their connections to Feynman diagrams as well as a
detailed derivation of the diagrammatic expansion of the Green’s function for the
Frohlich polaron. Basic principles of Monte Carlo and especially of DQMC
simulations are reviewed. The last part of the thesis describes in detail how the
DQMC algorithm can be applied to the Frohlich polaron before presenting and
discussing the obtained results.

The results support the expectation that, for Frohlich polarons, the polaronic effect
in two spatial dimensions is greater than in three. They also show the usefulness of
the DOMC method and some of its limitations, especially of the implemented code.
Further improvement of the code could overcome these limitations and small

modifications could be enough to apply it to other interesting physical systems.
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Zusammenfassung

Thomas HAHN

Diagrammatic Quantum Monte Carlo for the Frohlich Polaron

Das Ziel der vorliegenden Arbeit ist es, einen funktionierenden Diagrammatic
Quantum Monte Carlo (DQMC) Code zu implementieren und ihn zu verwenden,
um Berechnungen am drei- bzw. zweidimensionalen Frohlich Polaron
durchzufiihren. Der implementierte DOMC Algorithmus wird in den Studien von
Prokef’ev et al. [Physical Review Letters. 81(1):2514 (1998)] und Mishchenko et al.
[Physical Review B. 62(10):6317 (2000)] beschrieben, in denen die DOMC Methode
erfolgreich angewendet wurde, um Eigenschaften des 3D Frohlich Polarons zu
berechnen. Bis heute sind keine DQMC Resultate fiir den zweidimensionalen Fall
bekannt.

Die ersten Kapitel dieser Arbeit geben eine Einfiihrung in die Polaron Thematik mit
besonderem Augenmerk auf dem Frohlich Hamiltonoperator. Des Weiteren
werden Greensche Funktionen in der Vielteilchentheorie und deren
Zusammenhang zu Feynman Diagrammen besprochen. Es folgt ein allgemeiner
Uberblick iiber Monte Carlo- und DQMC Simulationen. Zum Schluss wird sehr
detailiert beschrieben, wie der DQMC Algorithmus fiir das Frohlich Polaron
verwendet werden kann, und es werden die Resultate presentiert.

Die Ergebnisse bestdtigen die Erwartung, dass fiir das Frohlich Polaron die
polaronischen Effekte in zweidimensionalen Systemen stdrker in Erscheinung
treten als in dreidimensionalen Systemen. Sie unterstreichen die Niitzlichkeit der
DQMC Methode, zeigen aber auch ihre Grenzen auf, speziell von der vorliegenden
Implementierung. Durch einige Verbesserungen und Anderungen kénnte diese
auch auf andere interessante Systeme angewendet werden.
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Chapter 1

Introduction

Theoretical investigations of solids on the microscopic level come with an inherent
complexity due to the large number of particles involved. A solid, which is assumed
to be a crystal, is composed of many particles (of order 10?3 — 10%4), all interacting
with each other [1]. The particles can be divided into Ny positively charged atomic
nuclei, where nucleus ¢ has mass M; and charge Z;e (e is the elementary charge),
and N, electrons, each with mass m. and charge —e. In a crystal, atomic nuclei are
arranged in a regular fashion giving rise to the crystal lattice. Charge neutrality of
the solid requires that

The most important force in solid-state physics is the electromagnetic force with the
usual Coulomb potential. If we neglect relativistic effects, the full Hamilton operator
for the electrons and atomic nuclei in a solid can immediately be written down. In

tirst quantization, it is given by

ﬁfull =T+ Voo + TN+ V_n + Vo n. (1.1)
Here N
e A2
T, =Y Peli (1.2)
P 2me

R P2
Ty = : 1.3
N Z 2M; (13)
=1
is the kinetic energy of the nuclei,
. 1 e o 1 e2
Veee = 5 Z 'Uefe(rel,iarel,j) = 5 Z I O e— (14)
i,j=1 ij=1 ‘rel,i — Telj

i#] i#]
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describes the interaction between electrons,

Ny Nn 2
R 1 PN 1 ZiZje
VN_N == Z uv-~N(Ri, Rj) = Z —_— (1.5)
2Z. — |R RZ]
J= ,j=1
127 i#£]
describes the interaction between nuclei and
Ne NN Ne NN
e N = sze N relzy ZZ (16)
i=1 j=1 i=1 j= 1|relz_

represents the interaction between electrons and nuclei. The momentum and
position operators of the electrons and nuclei are given by p; i, Te; and P, R;,
respectively [2].

The interaction potentials in Eq. 1.4, 1.5 and 1.6 are the well known Coulomb
potentials. Equation 1.1 can also describe the situation where one distinguishes
between inner core electrons and outer valence electrons. Core electrons are
assumed to be tightly bound to a nucleus and to occupy closed inner electronic
shells, while the valence electrons occupy non-closed outer shells and are
responsible for the chemical bonds that form the solid. An atomic nucleus together
with its cloud of core electrons can be seen as one rigid charge, which will be
referred to as an ion. In this case, the Hamiltonian becomes a function of the
coordinates and momenta of N, outer valence electrons and N; = Ny ions. Thus a
solid can also be seen as an interacting system of lattice ions and valence electrons.
When this point of view is used, one has to be aware that the interaction potentials
vr—1(Ri,Rj) and ve_r(re i, Rj) are no longer given by the simple Coulomb
potentials from Eq. 1.5 and 1.6 since the core electrons in the inner shells of the ions

screen the positive charge of the nuclei from their surroundings [1, 2, 3].

Due to the large number of ions and electrons in a solid and the long range
Coulomb interaction between them, exact solutions to the many-body Schrodinger
equation for the full Hamiltonian (Eq. 1.1) seem to be impossible to find. We
therefore have to introduce various approximations and model systems. An
obvious strategy is to focus on a certain subsystem that can be represented by an
effective Hamiltonian which, in contrast to the original problem, can be treated or
even solved exactly with known methods. The first obvious approximation is to
separate the electronic and ionic motions in Eq. 1.1 which leads to two famous

model systems:

1. Bloch electrons [4] describe the motion of independent electrons in a static,
periodic potential field created by a rigid ionic lattice. The solutions of the
corresponding Schrodinger equation are the well-known Bloch states. This
periodic potential can be derived from the general electron-ion interaction
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term in Eq. 1.6. The momentary position of ion j can be written as
0

where REO) is the ion’s equilibrium position and z; is its current deviation
from this position. For small z;, the potential can be expanded around the
equilibrium positions of the ions, so that the interaction between electron 4
and ion j becomes

~

Vit —Rj) = V(i — RY) - VV(Ea; —~RY) -2, + O(2).  (1.8)

Considering only the zero-order term, the ions are fixed at their equilibrium
positions and the two-particle electron-ion interaction operator is
approximated by an one-particle operator which depends only on the
position of the electron. The ionic equilibrium coordinates enter this operator
as fixed parameters. Since the interaction between electrons is neglected, one
only has to deal with a one-body Hamiltonian (in position basis)

2

h h
Hpioeh (= Vi, Te) = —=——V2

i V. 1.9
- S, Vra t R(10)7.‘.’R§3])v(rel)7 (1.9)

in which r; are the coordinates of the electron and the potential is periodic
with an arbitrary lattice vector G:

) (rel) =V (I‘el + G)
NN

0 0
RO, RY)

Solutions to this problem are the Bloch functions W, (r¢;):

HBloch\Ilnk(rel) = en(k)\l’nk(rel) - \Ilnk(rel) = eikrelunk(rel)a (110)

1
VVp
where k is a wave vector, Vp is the volume of the lattice in D dimensions, n is
the so called band index, wu,x(re) is a periodic function with the same
periodicity as the potential field and ¢, (k) is the energy spectrum or band
structure of the Bloch electron. This means that for a given wave vector k
there are an infinite number of solutions, u,x(re;) and €,(k), indexed by the
band number n. The energy bands are filled up from below by the electrons
according to the Pauli principle. The last fully occupied band is usually called
valence band and the next higher one, which is either empty or partially
filled, is called conduction band. For small k values and an isotropic energy
band, ¢, (k) can be developed around k = 0 leading to

h2k2
o2m*

en(k) = €0(0) + (1.11)
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Equation 1.11 has the form of the dispersion relation of a free electron except
that the electron mass m, is replaced by an effective band mass m™ [1].

2. Phonons describe the motions ions in their own potential field and are derived

from the corresponding Hamilton operator:

~

L 3 P ! )
Hz/ons_TI+VI—I(R17"-7RN1)— Z'U] I R (112)
i 2 ij=1
i#]

The ions in the solid form a crystal lattice but can still move around their
equilibrium positions Rgo). By expanding V;_;(R4,...,Ry,) around these
equilibrium positions and neglecting terms higher than 2"?-order, i.e. using a
harmonic approximation, one arrives at an effective Hamiltonian describing a
set of coupled harmonic oscillators. This Hamiltonian can be diagonalized
with a canonical transformation to the normal modes of the lattice, so that in
the end the problem has reduced to a set of non-interacting bosonic
quasi-particles, called phonons. The final form of the Hamiltonian and its
solutions are then usually given in terms of creation (BI,VT) and annihilation

(l;wr) operators [3]:
1
fuor (W <b bwr+ ) (1.13)

where D is the dimension of the problem, n; is the number of ions in the unit

r=1

cell, w, (w) are the eigenfrequencies and

Eo=>_ > th(w)% (1.14)

is the ground state energy when no phonons are present. The index r
represents the phonon branch. There are D * ny different branches for each
wave vector w in a D-dimensional lattice with n; ions in the unit cell.

The last example describes a very common approach used in many-body physics
where a system of strongly interacting particles is transformed into a system of
weakly or non-interacting ’fictitious’ particles, also called quasi-particles or
elementary excitations. This has the advantage that the new system can be solved
either exactly, like in the phonon case, or treated with known methods, e.g.
perturbation theory. In general, a Hamiltonian consisting of a one-body operator T
and a two-body interaction operator V is given in second quantization by

T=T+V=> (aT|B)ches+ Y (aB|V|yd)chelese,. (1.15)
0675 a7ﬁ7775
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Using a canonical transformation, it can be turned into a system of weakly
interacting elementary excitations above the ground state Ey

H=FEo+» eudldy+ f(... du,....d},...), (1.16)
I

where CZL and d,, are the creation and annihilation operators for the elementary

excitations, ¢, is their dispersion relation and f(...,d,,... ,d:t, ...) represents the
remaining small interaction between them [5].

This thesis will be concerned with a quasi-particle used in condensed matter
physics, called polaron. A polaron can be described as an electron in a crystal that
"dresses’ itself with phonons due to interactions with the dynamic ionic lattice (cf.
Bloch electrons, where the lattice is considered to be static). Mathematically this
interaction corresponds to the first order term in Eq. 1.8. When the electron moves
through the lattice, the phonon cloud gets carried with it and so modifies the
electron’s properties (effective mass, energy spectrum, responses to external
electrical and magnetic fields, etc.). The complex, consisting of the electron together
with the lattice distortion induced by it, is seen as one entity. The polaron problem
consists in calculating the properties of this entity.

One of the most famous model Hamiltonian, describing an electron coupled to a
dynamic lattice, is the Frohlich Hamiltonian [6]. It considers a conduction electron
interacting with a dielectric medium. The Frohlich Hamiltonian has been of great
interest ever since its emergence in the middle of the 20*" century. Especially as a
non-relativistic quantum field theoretical model that couples a fermionic particle to
a scalar boson field and as a simple mathematical problem, it got the attention of a
lot of famous physicists. For example, Richard Feynman calculated the ground
state energy and effective mass of the Frohlich polaron to a very high accuracy
using his path integral approach [7]. To this day it serves as a testing ground for
new analytical and numerical methods [8]. In 1998 Prokof’ev et al. [9] developed a
new Quantum Monte Carlo method that allows one to sample Feynman diagrams
stochastically. This method is called Diagrammatic Quantum Monte Carlo and has
also been tested on the Frohlich polaron [9, 10]. Ever since then, the DQMC has
been further improved and applied successfully to more sophisticated problems
(seee.g.[11,12, 13,14, 15]).

As part of this thesis, the Diagrammatic Quantum Monte Carlo algorithm is
implemented as described by Prokf’ev et al. [9] and Mishchenko et al. [10] to obtain
ground state energies, effective masses and other properties of the Frohlich polaron
in 3 dimensions as well as 2 dimensions. The results are then compared to [9, 10]
and to other numerical and analytical treatments.
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1.1 Outline

e Chapter 2 introduces the polaron problem in more detail and gives some
historical remarks on how it originated. Then follows a complete derivation
of the Frohlich Hamiltonian in 3 dimensions and a short overview of some
analytical methods to treat this Hamiltonian. The changes, which have to be
made to go from 3D to 2D, are also mentioned.

e Chapter 3 reviews some important aspects of many-body physics and
quantum field theory, like Green’s functions and Feynman diagrams. These
will be later necessary for the DQMC technique.

e Chapter 4 starts with some general notes on Monte Carlo methods, what they
are, how they are used and how one samples results and estimates errors. After

that, the Diagrammatic Quantum Monte Carlo method is introduced.

e Chapter 5 gives instructions on how the Diagrammatic Quantum Monte Carlo
method can be used for the Frohlich Hamiltonian. It is to a large extent based
on [9, 10]. Since literature on DQMC implementations is rather scarce, this
thesis tries to go into great detail and to explain every step of the algorithm.

e Chapter 6 presents the results obtained from the DQMC implementation.
They are compared to analytical methods (exactly known expansions,
Feynman’s path integral) and the difference between 3D and 2D is discussed.
At the end, some conclusive remarks are given and possible modifications

and future projects are pointed out.



Chapter 2

The polaron problem

2.1 Historical remarks

Electronic motion in crystals has been of enormous interest ever since the beginning
of solid-state physics in the 1920s and 1930s. As already mentioned in Eq. 1.10,
electrons in the periodic potential field of a rigid crystal lattice have an energy
spectrum consisting of allowed and forbidden bands [4]. An electron at the bottom
of such an allowed band behaves as a free particle but with a mass different from
the bare electron mass (Eq. 1.11).

The concept of the polaron arose a few years later in 1933 from the famous paper by
L. Landau "Uber die Bewegung der Elektronen im Kristallgitter" in which he tried
to explain F-centres in NaCl [16]. In this very short paper, Landau argued that for a
system consisting of an electron in a crystal lattice the energetically most favourable
state is either the state, where the electron is moving freely in an undistorted or
only slightly distorted lattice, or the state, where the electron is trapped in a
strongly distorted lattice. The latter can be associated with a localized polaron state

in the strong-coupling limit [17].

Pekar picked up Landau’s concept and developed the idea further for an electron
coupled to lattice distortions in an ideal (no defects) ionic crystal [18, 19]. He was
the first to introduce the term "polaron" for a local quantum state of an electron.
This state arises because the electron polarizes its surrounding ionic lattice
dielectrically with its own electric field, thus creating small dipole moments. The
interaction between the electron and the dipole moments can produce a potential
well in which the electron can become localized [18, 20].

To describe the polaron state, Pekar developed a macroscopic semiclassical model
for a free electron coupled to a polarizable dielectric continuum. The continuum
approximation, i.e. ignoring the discreteness of the lattice, is valid if coupling to
long-wavelength optical phonons dominates the interaction and if the radius of the
localized state is large compared to the lattice constant. In this model, the dielectric
medium is characterized by its static and high frequency dielectric constants. Such
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approximations are appropriate for an electron interacting with optical
phonons [17, 8]. Pekar calculated the ground state energy and wave function for
this self-trapped electron state by using a variational method [20].

In a perfect lattice, the self-trapping is never complete and hence the electron plus
its surrounding polarization can move through the medium. The electron has to
move slowly, i.e. with low kinetic energy, so that the ionic polarization can follow
the electron. In that case, the polaron behaves as a free electron but with an
enhanced effective mass [8]. Landau and Pekar were the first to calculate the
effective mass of a polaron [21]. Frohlich later showed that the results obtained by
Pekar and Landau can be obtained with a variational method in the
strong-coupling limit of the Frohlich model [6].

While Pekar’s model is semiclassical, i.e. the lattice properties are incorporated into
a classical macroscopic polarization [22], Frohlich et al. [23, 6] introduced the first
microscopic model of a polaron. In this model, the lattice dynamics or lattice
polarization is treated quantum mechanically. The famous Fréhlich Hamiltonian in
3D has the form

ﬁ = ﬁel + ﬁions + ﬁintera (21)
where
. p?
H, = —¢ (2.2)
2m*

represents the kinetic energy of the electron plus its potential energy in the static,
periodic potential field of the lattice,

. e 1
Hions = hw » (bivbw + 2) (2.3)

stands for the kinetic and potential energy of the lattice and

1
N . he? 21 far N
Hinter = zw: 4mi <27w%) E (b:f;ve Wilel — bwelw rd) (24)
describes the interaction between the electron and the dynamic lattice (longitudinal
optical phonon field). In the above equations, w is the constant frequency of a
longitudinal optical phonon and « can be interpreted as the vibrating mass of the

polarization field (see Sec. 2.3).

The Frohlich Hamiltonian has been of great interest to various branches of
solid-state physics ever since its introduction to the physics community. Besides its
physical importance, i.e. properties of electrons in polar materials and ionic
crystals, it is also often used as a pure mathematical problem. The Frohlich
Hamiltonian is one of the simplest quantum field theoretical models in solid-state
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physics. In a general form, it describes a particle coupled to its environment. For
this thesis, the particle will be an electron and its environment will be a
longitudinal optical phonon field. @ A detailed derivation of the Frohlich
Hamiltonian will be given in Sec. 2.3.

2.2 General remarks

This section gives some general remarks on polarons. As mentioned before, in a real
lattice the ions are not fixed but oscillate around their equilibrium position. These
ionic displacements can be described in terms of phonons (Eq. 1.16) which interact
with electrons. In the literature, this is usually called electron-phonon coupling or
electron-phonon interaction (EPI). The strength of the interaction is referred to as
electron-phonon coupling strength. EPI has two different effects [17]:

e scattering of the electron, leading to electrical resistance and
e changing the properties of the electron.

In an ionic crystal, an electron deforms the lattice in its neighbourhood due to
Coulomb forces. This induces vibrations of the crystal lattice leading to a cloud of
virtual phonons surrounding the electron. When the electron moves through the
lattice, the cloud moves with it. As already mentioned, the complex entity
consisting of the electron and the phonon cloud is called a polaron which has an
increased effective mass and a lower energy than the Bloch -electron.
Electron-phonon coupling is of course material dependent. Whether we are
considering ionic polar crystals, metals or a covalent materials, the form of the
electron-phonon interaction, the strength of the EPI and especially the relevant
phonon modes, which couple to the electron, changes. This thesis will exclusively
focus on ionic polar crystals. In later chapters, it will be seen that the
dimensionality D of the system plays also a major role in determining the
properties of the polaron [17, 24].

Polarons can be classified according to the coupling strength between the electron
and the phonon field. The stronger the coupling the more phonons will be in the
cloud surrounding the electron. If the average number N of phonons in the cloud
(see Sec. 6.1.3) is N < 1, it is called a weak-coupling polaron. If on the other hand
N >> 1, the polaron will be regarded as a strong-coupling polaron [17]. The size r,
of the polaron is also important. It is measured by the extension of the lattice
distortion induced by the excess electron [25]. A small polaron has a size of order of
the lattice constant 7, ~ a. In this case, the atomic structure of the lattice has to be
taken into account when deriving a suitable Hamilton operator, e.g. Holstein
Hamiltonian [26, 27]. Large polarons have r, > a, so that the discreteness of the
lattice can be ignored and the continuum approximation becomes valid, e.g.
Frohlich Hamiltonian [6].
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2.3 The Frohlich Hamiltonian

In this section, a detailed derivation of the Frohlich Hamiltonian will be given. It is
closely based on Frohlich’s original paper "Electrons in lattice fields" [6] and his
lecture in "Polarons and Excitons" [28] but also considers ideas from Haken [1] and
Mitra et al. [29].

The Frohlich Hamiltonian describes a free (no interaction with other electrons)
conduction electron in an isotropic, ionic crystal. The main idea in deriving this
model is to keep the description of the motion of the electron and of the ion lattice
as simple as possible. Therefore it is assumed that the electron is slowly moving
and low-lying in the conduction band and behaves like a Bloch electron if the lattice
dynamics are neglected, i.e. if the lattice ions produce a static, strictly periodic
potential field. Then the energy dispersion of the electron is given by a single
valued (one energy band), quadratic function of its momentum fk

h2k2
~ omr

en(k) = €(k) (2.5)
In real crystals, the electron experiences also other forces resulting from deviations
of the strictly periodic potential due to ionic deformations and displacements from
their equilibrium positions. Neglecting the deformations, the displacements of the
lattice ions can be described by attaching displacement vectors z; to each lattice
point 7. This leads to individual dipole moments e*z; with an effective charge e*.
Since the electron lies at the lower edge of the conduction band (small k£ value), its
De Broglie wavelength is large compared to the interionic spacing which means
that the electron’s wave function changes only little over one lattice constant. If it is
further assumed that the important phonon modes have a similarly long
wavelength, the atomicity of the lattice can be ignored and the continuum
approximation may be used. The individual displacement vectors then become a
continuous function of position and the dipole moments get replaced by a dipole
density or an electric polarization field e*z; — P(r). Lattice dynamcis are therefore
described in terms of P(r). Our derivation of the Frohich Hamiltonian follows a
standard quantization procedure:

e derive equations of motions for the coupled system (electron + polarization
field)

e introduce Lagrange function
e introduce Hamilton function with conjugate momenta and coordinates
e quantization.

The model is largely based on macroscopic dielectric theory. In a polar crystal, the
dielectric constant e(w) has low- and high-frequency resonances in the infrared
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frequency range at w;, and in the optical or ultraviolet frequency range at w,,. The
tirst one corresponds approximately to the displacement polarization of the ionic
lattice when a positive and negative ion oscillate in antiphase and the second one
corresponds to the polarization due to the deformation of the electronic cloud of
the ions. Therefore the total polarization P may be written as a linear
superposition of

Piot = Pir + Py (2.6)

From classical electrodynamics, the general relations between the electric
displacement field D, the electric field E and the electric polarization field P

1 1
D=E+47P, D=¢wE, P=—(1-——|D (2.7)
4 e(w)
are known. In the static field limit, both polarizations P;, and P, have time to fully

develop and from the relations in Eq. 2.7 it follows

P-4 (1-2)D. 8)

41 €0

where ¢) is the static dielectric constant. In the high-frequency field limit,
corresponding to the frequency ws,, where w,), < wee < wj,, only P, contributes
to the polarization because the electrons giving rise to ionic deformations have a

much smaller inertia than the heavy ions. Thus

Py (1- ). 29)

4 €0

with e, as the high frequency dielectric constant. Combining the static and high-
frequency case, the polarization due to the displacements of ions can be expressed

in terms of an effective dielectric constant e:
1 1 1 1
P”:<_>D: _ (2.10)

The reason for the above calculations is that we are only interested in the
interaction between P, and the electron. Since the electronic clouds, which
contribute to P, can follow a slow electron adiabatically, the optical polarization
will always be excited independent of the electron’s velocity. When deriving the
Hamiltonian, terms that contain P,, can be considered as constant and so they are
going to be omitted in the following (see [6, 28] for a more rigorous justification).
The important part of the polarization P;, and w;, will be denoted simply as P and

w from now on.

Before deriving the equations of motion for the electron and the polarization field,
it pays off to think about which vibrational modes of the lattice actually interact
with the electron. As is well known, in a 3 dimensional crystal lattice with n; ions
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in a unit cell, there are 3n; different branches of vibration for each wave vector w.
Let’s assume that there are two different ions in a unit cell and therefore 6 different
branches. For 3 of these branches, their dispersion w(w) — 0 for w — 0
corresponding to rigid translations of the whole crystal. They are called acoustic
phonons/branches and do not contribute to the electric polarization P(r), thus they
will be ignored. The other 3 branches are called optical branches and their
dispersion does not go to zero when w does. They correspond to vibrations where
neighbouring ions are moving out-of-phase and therefore produce dipole
moments. These are the interesting modes for the Frohlich polaron. Optical
phonons can be further classified as longitudinal and transversal. Longitudinal
optical branches are to a good approximation parallel to w while transversal optical
branches are perpendicular to w. Since the transversal branches do not create any
polarization along the wave vector, their effect will also be neglected. Frohlich
further assumes that the phonons are dispersionless w(w) = w for all w. So the only
phonons that will be considered from now on are longitudinal optical phonons

with a constant dispersion w independent of the wave vector [30].

To derive an equation of motion for the electric polarization field under the
influence of an electron, let’s assume that each dipole moment can be described as a
free harmonic oscillator if no external field, in our case an electron, is present. The

total energy of all N; dipole moments is then given by
> SHE + '), (2.11)

i

with m; being its vibrating mass, z; its displacement vector and w its characteristic
frequency. Upon changing from a discrete ionic lattice to a dielectric continuum, the

mass density p,,(r) is introduced
m; = pp(r)dr (2.12)
and a new parameter v is defined as

my :pm(r)
(er)>  (e*)?

The total energy (kinetic + potential energy) of the free polarization field can then be

dr = ~ydr. (2.13)

written as

Tpol + Vol Z/gPQ(r)dr+/gw2P2(r)dr (2.14)

and the equation of motion for the free polarization field is a simple harmonic

oscillator equation

P(r) + w?P?(r) = 0. (2.15)
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If the effect of an electron on the motion of P(r) should be incorporated into Eq. 2.15,
one can start with the interaction energy between an electron with charge —e at

position r.; and a dipole moment p, at position r:

(I‘ — rel)

et Tty (2.16)
|I‘ - rel’3

Again, when we are interested in the total energy and use the continuum
approximation, the dipole moment gets replaced with a polarization field P(r) and
the interaction energy is integrated to obtain

Hinger = — / LI Tel) e (2.17)

Ir — rel?

Putting this all together into a Lagrange function yields

L' = Toot — Vpol — Hinter = / ZPQ(r)dr — / szPz(r)dr + /e(r_rel)P(r)dr.
2 2 |I‘ — Tel ‘3
(2.18)
The equation of motion for the polarization field in the presence of an electron is
handed to us with help of the Euler-Lagrange equations

PR (P(r),P(r)) oL (P(r),P(r))

dt 5Pi(r,) 5P;(r') =0, (2.19)

where i = z,y, 2. After performing the functional derivatives, one arrives at

. - 1 e 1 1
Bu) 1 wP) el )L g e 1 ot 2.20
( ) ( ) ’I"—I’el|3’y r ‘I‘/—I‘el"'}/ ( el)’y ( )

D(r’, r.;) is the electric displacement field whose source is the electronic point charge

at r.;. So the interaction term in the Lagrangian becomes

— /D(r,rel) - P(r)dr. (2.21)

If no electron is present, the equation of motion in Eq. 2.20 reduces to Eq. 2.15.
Now it is time to find the parameter . For this purpose, let us consider the static
case of Eq. 2.20,i.e. P(r) = 0:

WP (r) = D(r,ry). (2.22)

If this equation is compared with Eq. 2.10, it immediately gives

4 4 1 1\!
=Y ”(_) . (2.23)

w w? e €0

This completes the derivation of the equation of motion for the polarization field.
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It is still necessary to obtain an equation for the electron’s motion. The electronic
coordinates r.; already appear in the interaction term in the Lagrangian in Eq. 2.18
as a variable of D(r,r.;). The electric displacement field for an electron at position

re) Obeys
V xD(r,rg) =0, V- -D(r,ry) =4mp(r) = 4md(r — re). (2.24)

By assuming that the interaction of P(r) with the magnetic field of the slow moving
electron is negligible compared to the electrostatic interaction, the rotational part of
P(r) becomes unimportant and it is permissible to write

V xP(r)=0, (2.25)
which allows us to define a polarization potential
47P(r) = V,P(r). (2.26)

If the terms for D(r,r.;) and for P(r) from Eq. 2.20 and 2.26 are put into the
interaction term in Eq. 2.21, if it is integrated by parts and if the relation from
Eq. 2.24 is used, one gets

1
D( = VeV, 0(x)dr =
/ r,ry) - P(r)dr = 47T Fy— (r)dr

. 1 (2.27)
2

=—— ————dr =e® )

4 O(r)Ve "Ir —ry| = e®(ra)

To be able to derive equations of motion for the electron from a Lagrangian, it is

necessary to add the kinetic energy term

*
m-,
1‘2

2 el*

(2.28)

Now it is possible to write down the full Lagrange function for the coupled electron-

polarization field system

*

L:”; I"gl—l—/gli‘z(r)dr—/ngPQ(r)dr—i—/D(r,rel)-P(r)dr. (2.29)

Using again the Euler-Lagrange equations for the general coordinates r.; and P(r)
and its velocities #-; and P(r), the classical equations of motion are

B(r) + w?P(r) = D(r, rel)}y (2.30)

and
m*ty = —eVP(ry). (2.31)
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The Hamilton function follows from the Lagrangian by performing a Legendre
transformation with respect to the generalized velocities ¢;

oL
H= ¢— — L, 2.32
S 2.32)
where the sum is over the generalized coordinates ¢; and L is the Lagrange function.

The partial derivatives of L with respect to ¢; are the so called conjugate momenta
and they are written generally as

oL
= 2.33
Pi= o (2.33)
In our case, the conjugate coordinate-momentum pairs are given by
Tep < m*i‘el = Pel (234)
and
P(r) «— yP(r) = I(r). (2.35)
Thus the Hamiltonian can be stated as
H= P + / il_[2(r) + lePQ(r) dr — /D(r re) - P(r)dr (2.36)
2m* 2y 2 el ' '
Putting everything into Hamilton’s equations of motion
0 0H
T = d i - ; 2.37
6=, ad D 94 (2.37)

leads to the already stated Eq. 2.30 and 2.31.

After having derived the Hamilton function, we can now turn to the quantization.
For this purpose, it is convenient to place the excess electron into a cubic dielectric
continuum with volume V3 = 3 (I being the side length of the cube) and impose
periodic boundary conditions on the system. The polarization field can be
developed into plane waves

P(r) — \/% S Py, (2.38)

where the periodic boundary conditions restrict the wave vectors to w = 27n/[
with n = (ny,n2,n3) and n; being integers. Since P(r) is supposed to be real, the
coefficients Py, are not independent but obey

Pl =P_,, (2.39)
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where P, is the complex conjugate of P,,. Therefore let us introduce the complex
fields B(r) and B (r):

B(r) (’;;ﬁ:) <P(r) + Z}P(r)) , (2.40)

Bi(r) (g“g)l (P(r) - iP(r)) | (2.41)
So that P(r) and P(r) are then given by

P(r) = (2;2) (B'(r) + B(). (2.42)

P(r) = <Z‘;>2@ (BT(r) - B(r)) . (2.43)

Putting this into the Hamilton function in Eq. 2.36, while always maintaining the
correct order in B(r) and Bf(r) (important for the quantization later), one obtains

H= 2‘;’5@ + hw/; [BT(r)B(r) + B(r)BT(r)} dr—
h

5y | Plrra) - (BI(r) + B ) dr.

(2.44)

If B(r) and Bf(r) are expanded in terms of plane waves and the condition from
Eq. 2.25 is used, we can write

1 W iar
B(I‘) = \/773 WE Ebwe s (2.45)
1 w ;
T — Wit —iwer
BI() = = §w e, (2.46)
which yields
1
h 2 w 4 -
P _ YW (3t —iwer we™WT) .
(r) (2%)‘/) EW: - (bwe + bye ) (2.47)

Because from Eq. 2.26 follows that 47P(r) = V.®(r), the potential clearly is given
by

1
B 2 i 4 4
B(r) = 4 L (bT —iwr _p W) : 2.4
(r) w(Z,WJ %jw Le e (248)
The Hamiltonian in terms of biv and by, as well as using e®(r,;) for the interaction

term, is then

2 2 9\ 3
Pe; 1 |: T T :| ; he : 1 ( T —iw-r IWr >
H = —hw bl by + bwb 4 — (b el — by el ),
o g D [P+ bwbl ] i (5 gw e ¢

v (2.49)
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Up to now everything considered was of classical nature. To go over to quantum
mechanics, it is common to impose the usual commutation relations on the
conjugate variables r.;, pe and P(r), II(r) and to let them become quantum
mechanical operators. This means that the commutators between the components
of t,; and p.; are

[Bet, > et | = —ihdi; (2.50)

and the commutators between components of P(r) and TI(r) are
[P(x), 11;(")] = ihdi;0(x —x'). (2.51)

Here §;; is the Kronecker delta and ¢(r —r’) is the Dirac delta function. From Eq. 2.51
it follows that
[Bi(r), BI(r))] = 6;6(r —1'). (2.52)

Using Eq. 2.45 and 2.46, we get the well known commutators for the Bose operators
Bw and Eiv,:
[ZA)W7 BIV/] = Oww/, [ZA)Wy Bw’] = [Bifv’ B;tv/] =0. (253)

It is now obvious that the oscillations of the electric polarization field can be
interpreted as Bose particles. The operator bl (bw) creates (annihilates) an optical
longitudinal phonon with wave vector w. The electrons interact with those
"fictitious” particles and the final Hamilton operator can now be stated as

T 1321 77 1 T —iw-Ty 7 iw-by
=24 1y (bwbw + 2) +3 Vi (bwe ~ bwe ) . (259

2m*

Here V4, is the coupling function and given as

1
he? \2 1
Vi v <27wV3> ” (2.55)

Frohlich further introduces dimensionless quantities

1
Xe] = Tol, V=w—, S3="Vul, (2.56)
U

where u is defined as an inverse length with the property

h2u?2

2m*

(2.57)

Then the Hamilton operator in units of /w (ignoring constant factors like the ground
state energy of the polarization field) can be written as

B = =92 4 Y by + 3 (e v o), (2.58)
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with .

dra\2 1

Vi =i (”) 2 (2.59)

53 [
The parameter « is the so called coupling constant that determines the strength of
the interaction between the electron and phonons. It is a dimensionless quantity
given in terms of physical constants and material dependent parameters w, m*, e~
and ¢ and is primarily responsible for the polaron’s properties:

2me?  [2m*w 1 1 1\ e /2m*w
= 27 D) = . 2.
“ hywd3V  h 2 (eoo 60) hwV  h (2.60)

Frohlich’s choice of u leads to units where i = w = 2m* = 1. For the rest of this
thesis, v is defined a little bit different:

2,,2
WU g, (2.61)

m*

leading to units in which 7 = w = m* = 1. The Hamilton operator is then given by

X H 1 o e
H =~ = _§v§el +) by + >V (bTVe—W"‘el - bve”"‘el) , (2.62)

and the coupling function in Eq. 2.58 is replaced by

Ve =i (2\/%@) L (2.63)

S3 v

We will refer to the Hamiltonian as H , phonon wave vectors as w, electron
coordinates as r.; and the volume as Vp, independent of the chosen units.

2.3.1 Alternative form

At last we want to give an alternative form of the Frohlich Hamiltonian which will
be used later for the Diagrammatic Quantum Monte Carlo method. For a detailed
derivation see Haken [1]. It is derived by using the same assumptions as before and
also by treating the polarization field in the same way. The only difference is that
instead of considering the electronic position and its equation of motion (Eq. 2.31),
one considers the electronic Schrodinger wave field U(r, ), its complex conjugate
Uf(r,t) and the time dependent Schrodinger equation.  Usually in first
quantization, one starts with the particle and after quantization ends up with a
wave field. In second quantization, the wave field and its complex conjugate are
assumed to be a classical objects and independent and their equations of motion are
given by the time dependent Schrodinger equations. Quantization is achieved by
imposing commutation relations on the wave fields that then turn into field
operators. After expanding the field operators in eigenfunctions of a certain
Hamilton operator, it takes the familiar form of second quantization.
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In the case of the Frohlich polaron, we will use an interaction energy term
similar to Eq. 2.17 but replace the electron charge with the charge density
pe(r’) = —eWi(r')U(r') and integrate over r’. This gives after a partial integration

overr

T ) /
Hipter = //\I’ For (=Vy - P(r))drdr’. (2.64)

The electronic energy part is given by

Hy = / l(r) (— 27; . vi) U(r)dr. (2.65)

With the energy from the polarization field, this gives us the Hamilton function
which can be seen as the total energy of a classic polarization field coupled to a
Schrodinger wave field:

AL

>\Ii(r)dr+ / [;er?(r) + ;w2P2(r)] dr+

TI'/ I'/ € — . r I'I'/.
[ [ Ve (Pl drd

Quantization is achieved by introducing commutation relations for the electronic

(2.66)

and polarization field operators. It is crucial to not forget that electrons are fermions
and therefore their operators have to anticommute, contrary to the Bose operators of
the lattice field which do commute. The last step is to expand the operators in plane
waves, leading to the final Hamiltonian

1
k% . e2h \2 1 s ) o
St a ak +Zhwa by +Z4m (2V’yw> " <aL Wakb:r,v —aLrwakbw).
(2.67)

The &L and ax are creation and annihilation operators of an electron with wave

=y

vector k. This is the form of the Frohlich Hamiltonian which will be used in the
Diagrammatic Quantum Monte Carlo.

2.3.2 Frohlich Hamiltonian in 2 dimensions

Electrons confined to a two dimensional plane can interact with a three
dimensional phonon gas. This leads to the concept of the 2D Frohlich polaron. The
overall form of the Frohlich Hamiltonian stays the same when going from 3D to 2D.
The only things that change are the position, velocity and wave vectors, which in 2
dimensions obviously only contain two coordinates instead of three, and the

coupling function Vi, which in 3D is proportional to 1/w but in 2D it is
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proportional to 1/1/w. While in 3 dimensions V4, is given by

1 1
2 /35, 3\ 1
3D Z.(Qﬂwa) <h w > ;7 (2.68)

Vs m*

it changes in 2D to [31]

1 1

2ra\? (AW 1

V2D — (ffm> (h ci > —, (2.69)
2 m v w

where V5 is the surface area to which the electron is confined. For more detailed
information on how to derive the coupling functions for Frohlich Hamiltonians in
D dimensions see Peeters et al. [24]. In our units &7 = w = mx = 1, the coupling
functions are given by

1
2
VP =i<2ﬂm> L (2.70)
V3 w
3
2T 1
2D _ ) 2.71
Vi z( 7 > = ( )

2.4 Analytic approaches to the Frohlich Hamiltonian

Although the Frohlich Hamiltonian does not look very intimidating, there are no
exact solutions. One therefore has to resort to approximate analytical and
numerical procedures. This section reviews some of the analytical approaches to
the Frohlich Hamiltonian. Those different approaches are usually classified into
weak-coupling, intermediate-coupling, strong-coupling and all-coupling theories
depending on the strength of the electron-phonon interaction. When we look at the
Hamiltonian in Eq. 2.58, we immediately realize that the only parameter
determining the coupling strength is « since all other factors are constants. There
are no strict borders between the different coupling classes, so we define
corresponding o values in Tab. 2.1. They are roughly taken from Refs. [28, 29, 32].
Notice that these values are arbitrary and may differ from values in other literature.
They serve only as an approximate guideline.

Coupling theory a
weak-coupling a<l1
intermediate-coupling 1< a <6
strong-coupling 6 <o
all-coupling all

TABLE 2.1: Values of coupling constant « for different coupling
theories.
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The following approaches are not necessarily the most sophisticated ones. They
shall merely give an overview over analytical methods to get a better
understanding of the polaron problem. Therefore, the presented results may not be
the most accurate available today. Later, when we compare our results to others, we
will try to use the best results we can find. (From now on, quantum mechanical

7

operators will no longer be written with a """ except where confusion is possible.)

24.1 Weak-coupling theory

Frolich, Pelzer and Zienau [23] were the first to present a weak-coupling solution to
the Frohlich polaron problem. Since the coupling is assumed to be weak, i.e. o < 1,
ordinary perturbation theory provides the simplest approach. It treats the electron-
phonon interaction as a small perturbation and one can therefore expand the true

energies and wave functions of the full Hamiltonian as
(2.72)

E, and |n) represent an energy eigenvalue and the corresponding eigenstate of the
full Hamilton operator, EY and In()) are eigenvalue and corresponding eigenstate
of the unperturbed Hamilton operator Hy and E{™ and In(™) are the m*™-order
corrections to the unperturbed solutions due to the perturbation H;. The small
parameter )\ is proportional to /« for the Frohlich Hamiltonian.

To treat the Hamiltonian from Eq. 2.58 with perturbation theory, it is written as

H = Hy + Hy, (2.73)
with .
Ho=—5V7,+ ) bhbw (2.74)
and
H =YV (bzve—“v'fel - bweiW'rel) . (2.75)

The coupling function Vi is given in Eq. 2.70 for 3D and in Eq. 2.71 for 2D and units
are such that » = w = mx = 1. We want to solve for eigenfunctions ¥z(k, «) and
eigenvalues F3(k, ) of the full Hamiltonian:

HYs(k,0) = Bs(k, a)¥s(k, ). (2.76)

For a given a and k value, there exist many different solutions indexed by
B =0,1,2,.... In the rest of this thesis, we will only be interested in the solution
corresponding to the lowest energy value, i.e. Ey(k,a) where Ey(k, a) < Eg(k, o).

Eigenfunctions of H, are known and given as a product of a free electron wave
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function and harmonic oscillator wave functions

1 s
IK; wy Nw - <) = [(ka)) [x) = \/7V7D61k1 “ H Nw) s (2.77)

where
k=ki+ > wny (2.78)

is the total dimensionless wave vector, |¢(k;)) is the free electron’s wave function
with wave vector ki, |x) is the wave function of a set of uncoupled harmonic
oscillators with

bl bw [nw) = N 11y) (2.79)

and n., are the number of phonons with wave vector w. The corresponding energy
eigenvalues are then (in units of /w)

ES) (k, {nw}) = K an. (2.80)

The interaction term H; conserves quasi-momentum, i.e.
Hy, —iVy, + Y _ wblbw | =0. (2.81)
W

Furthermore, k values are restricted to k2/2 < 1 or equivalently the zero'-order
energy must be smaller than hw because for larger values the system becomes
degenerate. The perturbation expansion for the energy up to second-order is given

by

| <k/' {nw}| H Ik' {Ow}> °

Eo(k, a) = B (k, {0w})+(k; {Ow } Hy [k {0w})+ Z Ok {0w)) - B9 (. {n })-

The sum over s in the second-order correction term goes over all eigenstates of the
unperturbed system, i.e. over all k" and over all ny,, except |k; {Ow}). In case of
the Frohlich Hamiltonian, the perturbation term H; (Eq. 2.75) is linear in phonon
creation and annihilation operators. This means that it either creates or destroys
one phonon when it is applied to a state. Due to the orthogonality of the wave
functions in Eq. 2.77, the first order term in Eq. 2.82 vanishes and the second order
term reduces to

EP (k{0w}) =~ > 10 . (2.83)
0 - |:(k w)? +1-— £
In 3D, the perturbation expansion of the energy up to second order in o and up to
fourth order in k yields

2

E3P(k,a) = % (1 — %) —a+ Ok, a?) (2.84)
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and in 2D

E2D(k,a) = k; (1 - ga> - ag +O(K, o?). (2.85)
Thus for an electron at rest (¢ = 0), second-order perturbation theory gives in
ordinary units
E3P(0,0) = —ahw 4+ O(k*, o?) (2.86)
and
E2P(0,0) = —gahw + Ok, 0?). (2.87)

This means that the ground state energy of an electron at rest is lowered by its self-
energy ahw in 3D and by (7/2)ahw in 2D. By identifying the polaron effective mass
in the quadratic term of k£

h2k?

Bolk, @) = Eo(0,0) + 5005

¥, (2.88)

we get as the ratio of the polaron effective mass and the electronic effective mass

m30 (o 1
p"i( ) _ (2.89)
mip, 1—a/6
and -
mo (o 1
P i( ) _ . (2.90)
mip 1 —7a/8

Note that the resulting wave functions from second-order perturbation theory
never contain more than one phonon. It seems likely that the wave functions can be
improved by allowing more phonons to be in the cloud around the electron. This is
done in the intermediate-coupling theory.

2.4.2 Intermediate-coupling theory

Intermediate-coupling theory was developed independently by Gurari [33],
Tjablikov [34] and Lee and Pines [35]. Gurari and Lee and Pines used a variational
procedure for the 3D Frohlich polaron with trial wave functions which allow an
arbitrary number of phonons to be present. They were able to reproduce the
second-order perturbation theory results for the ground state energy from Eq. 2.86.
Because of the variational nature of their approach, it is shown that the ground
state energy E;(0,a) obtained from second-order perturbation theory is always
greater or equal to the true ground state energy. Also, their results are no longer
restricted to o < 1. For the effective polaron mass, both methods obtain masses
different from perturbation theory:
Mol ()

14 %. (2.91)

*
mM3p
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So that the energy dispersion is given by

h2k?

nggl(a)

E3P (k,a) = E3P(0,a) + +O(k*). (2.92)
Thus for k # 0, the energy obtained in the intermediate-coupling is always smaller
than second-order perturbation theory. In a subsequent paper, Lee, Low and Pines
reproduced the intermediate-coupling results with a canonical transformation and
a variational procedure [32]. Using a perturbational method, they were able to
estimate the error introduced by the choice of their trial wave function and stated
that their results should be valid for a < 6. Implicit equations for Ey(k, a) in 3D
and 2D obtained from the Lee, Low and Pines approach can be found in a paper by
Gerlach et al. [36].

2.4.3 Strong-coupling theory

Although the criterion for the strong-coupling Frohlich polaron (e« > 6) is not
satisfied for most ionic crystals, it is still of major interest as a pure mathematical
problem. The first calculations done on the polaron problem by Pekar and Landau
were actually in the strong-coupling limit. They obtained ground state energies
proportional to a?, while in the weak- and intermediate-coupling regime ground

state energies depend linearly on o (Eq. 2.86).

The approach we sketch in the following is taken from Devreese’s paper [31]. The
Frohlich Hamiltonian used is again given by Eq. 2.58 and the polaron wave
function can be written as the product

1) = 19) IX) (2.93)

where |¢) is the electronic part and |x) is the field part of the wave function. Both
are assumed to be normalized. This is equivalent to the Born-Oppenheimer
approximation since the electron adiabatically follows the motion of the ions. We

now wish to minimize the expectation value

2
(@] H |2) = (6] 2L 9) + (x|

S bl + D Vi (Bloh - bwpw)] ) (2.94)

with
pw = (p] ™7 |B) (2.95)

and ply its complex conjugate. The second term of the expectation value has the
form of a displaced harmonic oscillator. As is commonly known, the Hamiltonian
of a displaced harmonic oscillator can be diagonalized by using a canonical

transformation
U = eXw Vaw(=blply—bwpw) (2.96)
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Thus the transformed Hamiltonian is given by

(@|UT'HU |@) = (!pel ) + (x| ZbTb > VaPlowl?| 1) (2.97)

It is now obvious that the phonon vacuum state, i.e. the state with no phonons
present, minimizes the second term. So the energy expectation value

(0] (6] H @) [0) = pel ) — Z Vo2 w2, (2.98)

is still a functional of |¢). This can be minimized by using a parametrized trial wave
function. Since we are in the strong-coupling regime, we expect the electron wave
function to be localized and therefore a Gaussian trial wave function comes to mind

2

|¢) = Ce™ 2", (2.99)

R
S

with C being a normalizing factor and v the variational parameter. After minimizing
the energy functional from Eq. 2.98 with respect to 7, one obtains (in units of /w) in
3D

E3P(0,0) = —% = —0.106a2 + O(a?) (2.100)

and in 2D [37]
E2P(0,0) = —ga2 = —0.3927a2 + O(a?). (2.101)

The polaron effective mass can also be computed using the approximation from
Eq. 2.93. This has been done, e.g. by Evrard [38], and is given in 3D by

Mol (1)

M3p

= 0.0200a*. (2.102)

Since the ground state energy for strong-coupling as well as for weak- and
intermediate-coupling has been obtained with a variational procedure, it
constitutes an upper bound for the true ground state energy of the polaron. This
means that the result, which gives the lower energy value for a given ¢, is the better
approximation to the true value. By comparing Eq. 2.86 and Eq. 2.100, Frohlich
found that the strong-coupling result is more accurate only for « > 10. A more
detailed review on the strong-coupling theory can be found in Allcock’s lecture
in [28] and his paper in [39].

2.4.4 All-coupling theory

The most successful theory was introduced by Feynman [7]. He used his path
integral formalism and a variational principle to obtain ground state energies and
polaron effective masses for arbitrary values of «, therefore it is called an
all-coupling theory. Feynman’s approach to the Frohlich polaron problem is based
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on the fact that the ground state energy E can be expressed as

T—00 T

E = lim {—11n(tr[eﬁf])}, (2.103)

where 7 = it, t is imaginary time and tr[A] is the trace of operator A. The trace in
Eq. 2.103 for the Frohlich Hamiltonian can be represented by a path integral

e ™ = [ oy € PEO[Po), @108
Clyw(0)=yw(7)} w

where x is the electron coordinate, y., are the phonon coordinates and S is the action
functional. After performing the path integral over phonon coordinates, the action

for the polaron problem is given by (7 — o0)

O T I A N
5_2/0 %2 (u)d \/g//o ) — oy (2.105)

The first term corresponds to the kinetic energy of the electron and the second term
to a retarded potential that depends on the past with weight e~“~#. The resulting
path integral can not be evaluated exactly, so Feynman relied on a variational

method. First, the path integral is rewritten as

e~ (550 e=51D (x(u
- / fe—SID(X(u())( ) /e_SID(X(U)) =

= <€—(S—S1)>Sl /e_SlD(X(u)).

Here S is a trial action that can be chosen freely and (), is interpreted as an

/ e 9D (x(u))
(2.106)

average with respect to e 1. The variational upper bound is established by using
the inequality
<e—(5—51>> < (5750, (2.107)
S1

With these results and Eq. 2.103, the true ground state energy E can be approximated
by (in the limit 7 — 00)

E<E + E (S —S1)g, » (2.108)
T
where )
FE; = lim {— 1n/e—511>(x(u))} . (2.109)
T—00 T

Depending on the choice of the trial action, one can obtain upper bounds for the
ground state energy for different o values. For example, a trial action according to

Sy = 1 / %2 (u)du (2.110)
2 Jo

reproduces the second-order perturbation theory results in the weak-coupling

regime. The same trial action with an additional term describing a harmonic
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potential yields the strong-coupling results. To obtain a procedure that works well
for all coupling strengths, Feynman chose a trial action that describes an electron
coupled via a spring to a "fictitious" particle with finite mass Mr. The action takes
the form

Sy = % / %% (u)du + % / / e~ Wl=slix(u) — x(s)|duds, (2.111)
0 0

with C and W being variational parameters. The final inequality reads for 3D

1
EgP(0,0) < B{P + —($%7 = ${7) un

WV [ gy (2.112)
VT Jo W2 — (V2= W2)/V)(1— V)]V

oo, 3

4V

and for 2D [37]

1

EgP(0,0) < B{P + = (8?7 = ${P) a0

i

r—oo 1 9o a [m [ e “du

e L w2 |
2V 2V 2 ) [%u_(vz;gw)(l_e_u\/)]lm

(2.113)

One should now vary V and W to get the lowest upper bounds for the energy.
Furthermore, Feynman was able to estimate the effective polaron mass with only
slight changes in his approach [7, 29, 28, 30]. One finds as o — 0 [31, 37]:

E3P(0,a) = —a — 0.01230° + O(a?), (2.114)
3D
m (67
p"i( ) _ 1+ < 4002502 + O(a?), (2.115)
m3p 6
2
E3P0,0) = —ga - 2L16a2 + 0(a?), (2.116)
2D
m (6
p"i( ) _ T +0.127234802 + O(a®), (2.117)
myp 8

and as a — oo [31, 37]:

E3P(0,0) = —0.10602 — 2.83 + O(a™?), (2.118)
3D
«
%() = 0.0202a" + O(a?), (2.119)
m3p
E2P(0,q) = —ga2 + O, (2.120)
m2D [0
%() =0.733a* + O(a?). (2.121)
mMsp

There are no analytic expressions for the intermediate-coupling regime but one can
find values for the energy and effective mass through numerical calculation that
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interpolate smoothly between the weak- and strong-coupling results.

2.4.5 Scaling relations

Peeters and Devreese [40] presented very useful scaling relations which allows one
to obtain the ground state energy and effective polaron mass in 2D from known
results in 3D. These relations are valid for the Feynman polaron model and given by

2 .
E2P(0,0) = gEgD (o, ?’Za) : (2.122)

mpa (@) mag (5 a)

CamAp S (2.123)
Mop M3p

2.4.6 Other analytic properties

In [36] Gerlach et al. discuss some interesting features of the ground state energy
Ey(0, ) and the energy dispersion Ey(k, «), i.e. the lowest energies for a fixed « as
a function of k. Note that the energy Ey(k, o) depends only on the modulus & of the

wave vector k and not the direction.

e Dispersion: The polaron dispersion is strictly increasing as a function of k£ below

the continuum edge. The continuum edge E.(«) is defined as the energy value
E(a) = Eo(0, ) + hw, (2.124)

i.e. it is one optical phonon energy above the ground state (see [41]). We can
further define k.(«) as the wave vector length at which Ey(k., ) = E.(«).
In 2D, the continuum edge is approximated asymptotically by Ey(k, o) which
means that k.(a)) = oo, whereas in 3D, the polaron energy dispersion intersects
E.(«a) at a finite value k = k.(«). Furthermore, below the continuum edge the

dispersion satisfies

Eo(k,a) < min (Eo(0,a) + k%, Ey(0, @) + hw). (2.125)

o Ground state energy: Eo(0, ) is a strictly decreasing, real analytic function of
a. Upper bounds to the ground state energies are found in variational
calculations presented in the previous sections. The exact perturbation
expansion up to second order for small « values is known and given by

Eo(0,a) = —qia — gz + O(a?), (2.126)

where the 2D and 3D coefficients are

2D
q1

T 2P =0.06397. ..
2 (2.127)
. ¢P =0.01591. ..

qr =
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In the strong-coupling limit, there exists the relation

it R A (2.128)

with the exact coefficients in two and three dimensions

P =0.4047 ...

(2.129)
P =0.1085. ...

In Ch. 6, we will use these relations to test the accuracy of our implementation.



30

Chapter 3

Many-body physics and Feynman
diagrams

The description of real quantum systems consisting of many particles interacting
with each other requires the knowledge of the many-body wave function. This has
to be calculated from the corresponding Schrodinger equation and is usually
impossible. Even for model systems like the Frohlich Hamiltonian, which already
represents a simplified description of the real world, is the direct solution of the
Schrodinger equation impractical. It is therefore necessary to resort to other
methods to retrieve information from a many-body system. One possibility is the
use of Green'’s functions. They contain most of the interesting physical quantities
like the ground state energy, lifetime and energies of quasi-particles and others. To
obtain a Green’s function, one can either solve a specific equation of motion
(differential equation) or use a perturbation expansion. The exact Green’s functions
are as hard to determine as the many-body wave function, so that we will rely on
perturbation theory. The perturbation expansion can be put into a one-to-one
correspondence with an infinite sum over Feynman diagrams, i.e. each term in the
expansion corresponds to one or more Feynman diagrams [2, 42, 43].

Since the Diagrammatic Quantum Monte Carlo method (at least in our case) is
mainly based on imaginary time Green’s functions and Feynman diagrams, this
chapter is used to introduce general aspects of this approach. In Sec. 3.3 this
method is applied to the Frohlich polaron to obtain a diagrammatic expansion for
its Green’s function. All diagrams in this thesis have been drawn with the

TikZ-Feynman package [44].

3.1 Green’s functions

Green’s functions are usually known from mathematics as a method to solve
inhomogeneous differential equations. The Green’s functions used in many-body
physics and quantum field theory are loosely related to them and in the literature
often referred to as propagators and correlation functions. They appear in many

different shapes and forms: causal, retarded, advanced, single-particle,
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two-particle, and many more. We will not bother about most of them but simply
give the mathematical definition of the one which will be used throughout this
thesis.

The single-particle causal Green’s function in real time for arbitrary temperature 7'

is given by
GT (v, ta, 11, t1) = —i <T[Cu2(t2)cil (t1)}> = —i%tr(f[% (ta)eh, (t1)]p).  (B.1)

Here the (...) is an average over a grand canonical ensemble, 7" is the Wick time-

ordering operator defined as

. Cuy (t2)eh, (£1) if ty >t
Tlew, (t2)ef, (t1)] = : 1 ; (3.2)
ey, (t1) ey, (t2) ifte <ty

where € = +1 for bosons and € = —1 for fermions, that orders operators from left to
right in decreasing time and introduces a factor of —1 every time two fermion
operators are interchanged (for equal times, creation operators are on the left of
annihilation operators [43]) and ¢,, (t2) (c}, (t1)) are annihilation (creation) operators
in the Heisenberg picture that annihilate (create) a particle in state v (1):

+1Hto Hiy

Cuy(ta) =€ cl,Qe_%

i i (3.3)
(1) = ¥ iMh ) e i,

where H = H — N with H as the full Hamiltonian, x as the chemical potential and
N as the number operator. The expectation value is then written with the help of
the density matrix p = e #* and the partition function Z = tre #* in which

f = 1/(kpT) is the usual inverse of the Boltzmann constant times the temperature.

The above definition is valid for all temperatures. We are only interested in the case
T = 0, i.e. the Green’s function at zero temperature, and ¢, > ¢;. This simplifies the
expression for the single-particle Green’s function to an expectation value with

respect to the true ground state:

(W, (ta)eh, (1) [Wo)
G(va, ta,v1,t1) = —i (To[To) .

(34)
|Uy) is the ground state of the full Hamilton operator H and the Heisenberg
operators c,, (t2) and ch, (t1) are now given as in Eq. 3.3 but with H replaced by H.
In this form, the Green’s function is just the probability amplitude that if a particle
in state vy is added to the ground state of the interacting system at time ¢;, the
system will be in the ground state with an added particle in v, at time ¢, [43]. This
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can be seen immediately when we write G(v2, t2, v1,%1) as

<\IJO| €+%HtQCV267%H(t27t1)cilei%Htl ‘\I’O>
(Wo|Wo)

G(V27t27 V17t1) = —1

(3.5)

and identify the operator exp(—%Ht) as the time evolution operator Ug(t,0) in the
Schrodinger picture (assuming H has no explicit time dependence) with the
property

[¥(t)) = Us(t,0) [¢(0)) . (3.6)

For later use, let us also define an N-body Green’s function as

{Wo| Cupn (tan) - - - Conny (Eng )b () - - - chy (£1) [W0)
G ton, ... t) = — +1 N !
(V2N7 2N, y V1, 1) ? <‘1’0\\110> )
(3.7)

which gives the probability amplitude that if a particle in state v; is added to the

ground state at time ¢;, another particle in state v, is added at time ¢» and so on,
then at time ¢y a particle will be observed in state vx1, at time ¢x42 another
particle will be observed in state vn 2 and so forth [43]. To make the notation
easier, it is assumed that t; < --- <ty < --- < ton and that the particles are all of
the same kind.

The real time Green’s functions are not practical for the Diagrammatic Quantum
Monte Carlo method. Their diagrammatic expansions consist of complex-valued
terms and a Monte Carlo sampling over those diagrams introduces a sign
problem [45]. It is therefore convenient to use Green’s functions in the imaginary
time formalism. Let us introduce the real variable 7 = it. Since we assume 7 to be

real, t has to be a pure imaginary quantity, thus imaginary time formalism.

The imaginary time single-particle Green’s function is defined for m» > 7 as (cf.
Eq. 3.4)

(Wol e, (TQ)CITQ (11) [Wo)
(Wo|Wo)

G(va, 2,11, T1) = — (3.8)

and the imaginary time many-particle Green’s function for o5 > -+ > 741 > 78 >
-~ > as (cf. Eq. 3.7)

(Wol Cuyn (Tan) -+ Cung oy (TN )by (T) - - by (1) [ Wo)

G(VQN,TQN, . .,Vl,’]j) = —

(Wo|Wo)
(3.9)
The Heisenberg operators depend on 7 and are given by
_ +iHn —L1Hm
Cyy\T2) =€ R Cpy€ ,
2(72) > (3.10)

_ _+LHT —L1Hr
cll(ﬁ)—e g 1clle RHTL
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Also the imaginary time evolution operator in the Schrédinger picture can now be
written as
Ug(T,0) = e 17, (3.11)

In the rest of this thesis, we will only deal with imaginary time Green’s functions.

3.2 Perturbation expansion for the Green’s function

For many Hamiltonians, the Green’s functions as they are defined in Eq. 3.8 and 3.9
cannot be calculated directly. Fortunately, it is possible to expand them in a
perturbation series which can be further mapped onto a sum over Feynman
diagrams. Each diagram can be translated into an algebraic equation corresponding
to a certain term in the series. The goal is to derive rules on how to write down all
Feynman diagrams in a systematic way for an arbitrary order in the series.

To use perturbation theory, the full Hamilton operator is split into a non-interacting
Hj and an interacting H part
H = Hy + H;. (3.12)

We assume that the non-interacting Hamiltonian H, is diagonalizable. The
expansion of G(v2, 72,1, 71) In a series is actually based on an expansion of the
imaginary time evolution operator Uj(me,71) in the Interaction picture. The
transformation of an arbitrary operator Ag (Ax(7)) and an arbitrary state |¢s(7))
(|Ym)) from the Schrodinger (Heisenberg) picture to the Interaction picture is given
by [42, 43]

Ar(7) = Up(0,7) AsUpg(7,0) = en o™ Age7Ho7, (3.13)
Ar(r) = Ur(1,0) A (7)Ur(0, 1) (3.14)
and
[r(r)) = Un(0,7) [hs (7)) = entloT [yps(7)) (3.15)
|Yr(7)) = Ur(7,0) |[¥m) . (3.16)

The time dependence of [¢;(7)) is obtained by differentiating Eq. 3.15 with respect
to 7 and the use of the Schrodinger equation /07 |¢s(7)) = —1/hH |1g(7)):

0

S lr(r)) = - Uo(0,7) his(r) + Uo(0,7) 5 s () =

= L (Uo(0,7) Ho — Us(0, 7)H) |5 (r)) =

h
! (3.17)

= +U0(0,7)(—H1)Us(7,0) [¢1(7)) =

= i ().

Using the fact that |¢7(7)) = Ur(7,70) [¢1(70)) and that |¢;(7)) is an arbitrary state,
we get a differential equation for the time evolution operator U;(7,79) in the
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Interaction picture:

) 1
aUl(r, T0) = f%H{U[(T, 70). (3.18)

This equation can be integrated formally from 7y to 7 giving

1 T
Ur(r,m)=1- h/ dTlHII(Tl)UI(Tl,TO), (3.19)
70

where U;(19,79) = 1 is used. The imaginary time evolution operator appears again
under the integral and so by iteration one obtains a series expansion

1
U](T,Tg):l—h/ driH{ (1) + (—) / dﬁ/ dro H{ (1) H{ (12) +
70

o0 1 n T Tn—1
:Z (_h> / dTl"‘/ dTnH{(Tl)...H{(Tn),
n—=0 T0 70

while always keeping the H{(7) in the correct time order. With the imaginary time-

(3.20)

ordering operator T, which is defined for two operators as (the extension to more

operators is straightforward)
T, [H{(r)Hi (r2)] = H{ (n)H{ (12)0(11 — 72) + H{ () H{ (1)O(m2 — 1), (3.21)

where O(7) is the step function, the expansion of the time evolution operator finally
becomes [2, 43]

Ur(r,10) = n'<_> /dT1 /dTn [H{(11)...H{ ()] =

_ T[exp(—}li/m ' Hl (r ))}

Since in the definitions of the Green’s functions (Eq. 3.8 and 3.9) there appear

(3.22)

imaginary time-dependent operators in the Heisenberg picture and the ground
state of the full Hamiltonian, which of course is unknown, it is essential that we can
relate them somehow to the imaginary time evolution operator in the Interaction
picture and the ground state of the non-interacting Hamilton operator Hy. This is
achieved via the Gell-Mann and Low theorem, which expresses the ground state of
the interacting system in terms of the ground state of the non-interacting

system [42]
[Wo) .. Uj(0,£00) [®)
= lim .
<q)0‘\110> e—0 <(I)()‘ UIE(O, j:OO) ‘(I)o>

(3.23)

Here |®) is the ground state of Hy, € > 0 is a positive quantity and U§(0, +o0) is
the imaginary time evolution operator in the Interaction picture corresponding to
the Hamiltonian H = Hy + e “I"H;, ie. ase — 0 and 7 — 0 the interaction is
adiabatically switched on.
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It can now be shown that with the Gell-Mann and Low theorem it is possible to
rewrite an expectation value of Heisenberg operators with respect to the ground
state of the interacting system H as an expectation value of operators in the
Interaction picture with respect to the ground state of the non-interacting system
Hy:

(Wol A (') Bu(7) [Wo) (o| Ui (o0, TN Ar(T)US (', 7) Bi(1) U (1, —00) [®0) _

= lim

(Wo|Wo) =0 (@o| Uf(00,0)UF(0, —00) |®o)
1 — 1 [ 1\" [ >
= 1i — (== . —e(Imil++|7al)
30 (Bo| Ut (00, —00) o) nzo nl ( h) /_oo an /_oo @Tne
X <‘I’0| T[H{(Tl) e H{(TH)A[(T/)B[(T)] |‘I)0>
(3.24)
Here T7[. . .] is the Wick time-ordering operator from Eq. 3.2 only for imaginary times.

For more details see [2, 42].
Taking the limit ¢ — 0, it is now possible to write the single-particle Green’s

function as

(N e (@l T[H () H (a)el, ()l (7)] |%0)
=20 (‘h) A (0] U (00, —o0) [ o) |

(3.25)

According to the linked cluster theorem [2, 42, 43], the matrix element in the
denominator gets cancelled by so called unconnected diagrams (terms) from the
numerator. So we only have to consider connected or linked diagrams. In case of
the Frohlich Hamiltonian, there are no unconnected diagrams and the denominator
is equal to 1. Nevertheless, the final perturbation expansion of the single-particle

Green’s function is written as

/
-G V27TaV1>T) =

Z% <_71i> /OO dry- ”/00 dty, <CI>0\T[H1[(7'1) . ..H{(Tn)CII/Q(T/)Cl{I(T)] 120) conm -

n=0 —00 —0o0

(3.26)

The expression for the N-body Green’s function is similar. To obtain Feynman

diagrams, we have to evaluate the matrix elements
(@o| T[H{ (1) ... H{ (ma)e), (7))l ()] 120) o - (327)

where the "conn" refers to connected diagrams. This can be done with the help of
Wick’s theorem and will be demonstrated for the Frohlich polaron in the next

section.
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3.3 Feynman diagrams for the Frohlich polaron

From now on, we will use the Frohlich Hamiltonian from Eq. 2.67, i.e.

Hy = Z e(k)aLak + Z hWbivbw’ (3.28)
k w
=Y (Vwb;aL_Wak + V$bwaL+wak) . (3.29)
k,w

The ground state of the non-interacting Hamiltonian Hj is a state with no phonon

and no electron present, i.e. the electron-phonon vacuum state |®() = |0).

Our main focus in the following will be on the one-electron Green’s function and
the one-electron-N-phonon Green'’s function. In the perturbation series in Eq. 3.26,
the time values are setto 7 = 0 and 7 = 7 with 7 > 0. Let aL, ax and biv, bw be the
electron and phonon creation, annihilation operators respectively. Then the

one-electron Green'’s function is given as
G(ka,7,k1,0) = — (Ug| ax, (7)af, (0) [¥o) (3.30)
and the one-electron-N-phonon Green’s function as

G(k277—a k170.q2N77_7 cee 7qN+177_7qN707 s >q170) =

(3.31)
— (W by (7) - - - by 4, (T)ay (T)af, (0)B], (0) ... b, (0) ) ,

where the q; are wave vector of so called external phonons (see e.g. Fig. 3.3, 3.4
or 3.5). The one-electron Green’s function is clearly a special case of the one-electron-
N-phonon Green’s function. Let us also define the one-phonon Green’s function as

D(W27 T, Wi, 0) <\IIO‘ bwz( ) ( ) ‘\IIO> (332)

Before the Feynman diagrams for the Frohlich polaron can be derived, it is
instructive to think what the electron and phonon operators look like in the
Interaction picture. Therefore we need the commutators of those operators with Hy.
They are caluculated as follows:

[Ho, ax| = Ee(k afoar, ai] + Zhw (bl bw, ar] =
= Z ak,ak/ak — akaLak/) =
(3.33)

- Z ) ({01 + axal Yaw — aafair) =

= Z —5 5k’ kak = —€<k)ak,

[Ho, a}] = e(k)a], (3.34)
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[Ho, by = —lwby,, (3.35)
[Ho, bl,] = hwbl, . (3.36)

According to Eq. 3.13 and based on the above commutators, the operators in the
Interaction picture are expressed as

1
aﬂ(T) :ehH akge — 3 Hor =ax + h[H@,ak] hZQI[HO’[HO’ak” 4=
1 1 ) (3.37)
= ak — ﬁ (k)ak’r -+ h22[ (k)27'2ak 4+ ... = ake—ﬁﬁ(k)T7
afr( ) = ay eﬁe(k) (3.38)
bL(7) = bwe BT = bye ™7, (3.39)
b (r) = bl en™ = bl e, (3.40)

Let us further define the so called free electron Green’s function as

1
GO (kz, 7. k1, 0) = — (0] ai, (T)ay (0)[0) = — (0] e # T aye,af [0) = (3.41)
= —6_%6(1{2)7 (0] Oky kg — airqakz 10) = _6_%6(1(1)761(2,1(1’

where the fact was used that an annihilation operator applied to the vacuum state
gives zero. The Kronecker-d ensures that if no interaction is present, the electron can
not be scattered out of its initial state k. This allows us to write the free electron

propagator as GY(k, 7). The same goes for the free phonon Green’s function
DO(W27 T, Wi, 0) - <0’ b£V2 (T)bgjl (0) ‘O> = _€_WT5W2,W1 = DO<W7 T)' (342)

There are different ways to calculate the matrix elements in the perturbation
expansion. The straightforward way would be to use the commutation relations
between the operators, just like it was done above for the free electron and phonon
Green’s functions. This becomes quite tedious for higher order terms in the series.
Instead we make use of Wick’s theorem.

3.3.1 Wick’s theorem

The normal order of operators is defined such that all creation operators are to the
left of all annihilation operators. Let N|...] be the operator which brings a product
of operators into normal order, i.e.

N[achTdeTg )= (=DPbele . adg. .., (3.43)

where P is the number of permutations of fermion operators needed to get the
operators into normal order. A normal ordered product is convenient because its
expectation value with respect to the non-interacting ground state |0) always yields

Zero.
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A contraction of operators is defined as the difference between the Wick
imaginary time-ordered and the normal ordered product of two operators [43]:

"AB = T[AB] — N[AB]. (3.44)

So for our problem the contraction of one electron annihilation and one electron
creation operator in the Interaction picture yields (72 > 1)

ak, (r2)ay, (11) = ak, (2)ay (11) — (—D)ay! (1), (12) =

)67% (6(1(2)7‘2*5(1(1)71) welka)(ra—1)

= 5k2,k1 e .
(3.45)

_ T
= (ak2aL1 + ), ax,

If the creation and annihilation operators are interchanged, then the contraction
above gives the same result with an additional minus sign. This follows from the
definition of the time-ordering and normal-ordering operator. In the same fashion,
the contractions between phonon operators and electron and phonon operators can
be calculated:

al,(m)a () =0, m<m,
b‘I’V2 (TQ)bé\L (r1) = 5W27W16_w(72_7—1)7 To > T1,
by, ()bl (11) =0, <, (3.46)

' N It
at,, (r2)a, (1) = ay. (r2)ay, (1) =

For Wick’s theorem, it is also necessary to calculate normal products of operators
and contractions. As can be seen in Eq. 3.46, the contraction between two operators
is a c-number and not an operator. One can therefore put contractions in front of the
normal product. It is common to only contract adjacent operators and so care has to
be taken when the contraction is between fermion operators. Each time two fermion
operators are permuted a factor of (—1) is introduced. For example, assume that all

operators are fermionic:

N[ABCDEF...]=(-1)N[ABCEDF...] = (-1)?N[ABECDF ...] = 647)
— (-1)*N[AE BCDF...] = — AE N[BCDF...]. '

Wick’s theorem finally states that a (imaginary) time-ordered product can be
written as a sum over the normal product, the normal products with one
contraction, the normal products with two contractions,..., the fully contracted
normal products [43]. When the expectation value of an imaginary time ordered
product is taken with respect to ground states of the non-interacting Hamiltonian,
like they appear in the perturbation expansion, then all the normal products in the
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sum become zero (since they all have electron or phonon annihilation operators
operating on the electron and phonon vacuum state). Left is a sum over fully
contracted operators, i.e. where each operator belongs to one and only one
contraction. So to calculate the matrix element of the n't-order term in the
perturbation series, we have to sum over all possible ways the operators can be
fully contracted. Those fully contracted operator products, which yield a non-zero
value, can then be drawn as n‘"-order Feynman diagrams.

With all the considerations in this section, we are now able to tackle the
perturbation expansion of the Green’s function for the Frohlich polaron. From
Eq. 3.45 and 3.46, it can be seen that the only contractions that give non-zero values
are the ones between an electron annihilation and an electron creation operator and
the ones between a phonon annihilation and a phonon creation operator as long as
the creation occurs before the annihilation. If their values are compared to the free
electron and free phonon Green’s function, it is obvious that they are the same
(except for a minus sign):

...
al,(T)ayl (0) = -G %k, 7) 7> 0, (3.48)
| ——— |
bl ()b (0) = =D°(wi,7)  7>0. (3.49)

The only non-zero terms in the diagrammatic expansion will consist of products of

free electron and free phonon propagators.

Our interest is primarily in the imaginary time one-electron Green’s function (cf.
Eq. 3.26):

G(k,7,k,0) = G(k,7) = — (Vg ar(r)al (0) |¥o) =

_ _goi, <_;> / Z ane-- | ‘: dry (O T[HL (1) ... HY ()l (1)} (0)] [0) oy =
_ _2; (—il_)nfn(k,r),

(3.50)

where F,,(k, 7) denotes the contribution of the n'"-order term and 7 is assumed to
be greater than zero.

Let’s start with the zero"-order term. It is given by
Folk,m) = (0] T[ak(r)ag (0)] |0) = e 7T = —GO(k, 7). (3.51)

This has already been evaluated in Eq. 3.41 and is just the free electron propagator.
In the first order term, the interaction Hamiltonian H; occurs once. This means
that in each expectation value (see Eq. 3.52) there will only be a single phonon
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operator. States with a different number of phonons are orthogonal and so the
expectation values will evaluate to zero. The same goes for all other terms with an
uneven number of phonon operators, i.e. where n is uneven. For the sake of

completeness, let us write down the first order term anyway:

Filk,7) = /_ - dry (0| T[HE(1)al(7)ay (0)] |0) =
_ / Tan Y L1 Vbt (r)af]_ o (r)ako(m)a(Maff (0)] [0)+ (352)

P
(O T Vb ()l o (m)a (1)) ()l (0)] 0) } = 0.

The first interesting contribution is the second order term. It can be written as
Faier) = [~ an [ an 017 (1] (m)H] (m)ak(r)all 0)] 10) =
/ dTl/ dTQZ ZD1+D2+D3+D4,

l kll 1"

(3.53)

where the sums from H; have been put in front of the time-ordered product and the
rest has been expanded into four different expectation values D;. D and D, are

Dy = (0] T [Vawrbid (T1) s _ s (71 ks (71) Vbl (72) sy (72) afer (72) ae(7) g (0)] 10)
(3.54)
and

Dy = (0 T [Varbly (1)L, o (71) ke (1) Vi bl (m2)all o (72) ke (m2 )tk (7)ald (0)] [0

(3.55)
From Eq. 3.45 and 3.46, the possible contractions are known. In both terms we see
that there is no way to contract the phonon operators so that they yield a non-zero
value. Therefore D; and D, can be set to zero. The remaining two terms are

Dy = (0] T [Var bl (1) ag) s (1) ade (1) Vb (12) agl o (T2) aden (72) ale (T)ay (0)] 0)
(3.56)
and

Dy = (0] T [Vagrblys (T1) ) s (T1) s (70) Vbl (72) @i (72) s (72) ke (7) g (0)] [0) .

(3.57)
Let’s focus on D3. One way to evaluate this expectation value would be to try out
all possible combinations of contractions and see which yield a non-zero result. This
is not very efficient. It pays off to think about some rules before rushing into it. A
very important observation is that every time two operators are contracted it gives
a restriction on the time order. For example, the contraction between the phonon

operators gives

1
b‘INu(TQ)bQL, (7’1) = eiUJT(SWN,w/@(TQ — Tl), (3.58)
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where the step function is defined as

1 ifr>0
(1) = . (3.59)
0 ifr <0

It takes care of the fact that the contraction is equal to zero if the creation operator
comes after the annihilation operator, i.e. if 7 > 5. In the same way it is found that
the operators are contracted in a concrete time order 0 < --- < 7; < --- < 7 to yield
a non-zero value. In our case, the time order is 0 < 71 < 7™ < 7. It is instructive
to bring the electron operators in that order. Remember that for every interchange
of fermion operators a factor of —1 is introduced. Luckily, the electron operators
always appear in pairs for a certain time 7; and so to bring them in any arbitrary
order will always require an even number of permutations. If this is done for D3, we

get

D3 = Vi Vvt// bi,u (TQ)bQL,(Tl) aﬂ(T)ag,er,,(TQ) aﬁ,, (TQ)af’r—w’ (1) a{('(ﬁ)al]j(o) _
= VW/V;//G_WT(SW//’W/@(TQ — 7-1)5k’k”+w”e—%e(k//—f—w”)(T—Tg)@(T _ 7_2) v
X 5k",k/_wfe*%e(k/’wl)(”’“)@(Tz - n)éklﬁke*%e(k)ﬂ@(n).

(3.60)

That is the only non-zero contribution from Ds. Including the sums and the integrals
gives

/ i / “in S [Vawr 267 he (7)o (ko) (m2=m) o= clloms —
0 0 '

T T2
/ dTQ/ dry /dw VDD GOk, 1) |Vig |2 G°(k — w, 75 — 71)D° (W, 79 — 1) X
0 0 (2m)

X Go(k,T —T2),
(3.61)

where the summations over k', k” and w” have been done, the effect of the
©-functions has been incorporated in the integration limits and the last sum over
w’ has been renamed and transformed into an integral over w.

If we now look at Dy, it is seen that it has a similar form as D3 except that the
dummy variables 71 and 7 have been switched. It therefore contributes with

/OT dmy /OT1 dm / dw (QZD)D Go(k, Tg)|VW\2G0(k - W, Tl—Tg)DO(W, Tl—TQ)GO(k, T—T1)

(3.62)
to the perturbation expansion which is exactly the same as Ds. So finally, the second
order contribution can be written as:

T T2 VD
./_"2 (k, 7’) = / d7‘2 / d7'1 /dWD2 X Dg. (363)
0 0 (2m)
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The factor of 2 cancels with the factor 1/2! from the perturbation expansion of the
Green’s function G (k, 7). This happens for all other higher order terms in the series
since any of the n! permutations of the dummy variables 7; gives the same

contribution.

One would go on now to the next non-zero term, the 4"-order term, and proceed in
the same way as before. This gets quite lengthy. Instead, it is more efficient to state
a general procedure on how to get all contributions for the n*"-order perturbation

term:

e Start by choosing an arbitrary order for the internal times 7;, for example 0 <
T < e < T < Tip1 < -+ < 7, < 7. The order doesn’t matter because the
7; are just dummy variables and contributions from a different order will get
cancelled by the factor 1/n!.

e Arrange the electron operators in that order and contract them:

al(mall ().l (m)all_ (m)al, (m)all(0). (3.64)

This establishes the time order with the help of the ©-functions. In the end
each contraction will contribute a free electron propagator —G°(k;, ; —7;). The
factors of —1 which are introduced by interchanging two electron operators
drop out since it always takes an even number of permutations to bring them
in a certain time order.

e Try out all possible combinations of contractions between phonon operators
which do no violate the time order, i.e. which do not add a step function that
yields zero in combination with the other step functions from the electron
contractions. Each contraction between phonon operators will contribute a
free phonon propagator —D%(w;, 7; — 7). For each phonon propagator add
the factor |V, 2.

e Get rid of the ©-functions and Kronecker-deltas by changing the integration
limits and performing all possible sums over wave vectors. Change the

remaining sums over phonon wave vectors to integrals by using
Vb
zw: - / de. (3.65)

3.3.2 Feynman diagrams

With the above considerations, it is now possible to define rules on how to translate
the non-zero contributions from the perturbation expansion of the Green’s function
into Feynman diagrams. For this purpose, let us introduce the following notation:
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e free electron Green'’s functions are drawn as solid lines (electron line)

> — _0 Y — ek (i)
= > 7 G (k7 —T1j) =€ n J (3.66)

e free phonon Green’s functions are drawn as wiggly lines (internal phonon line)

= —D%wy, i — Tj) = e~ (mi=T5) (3.67)

Tj T

e coupling functions are drawn as vertices (vertex)

wi

= |Vay)| (3.68)
Vi,

The general procedure to obtain all Feynman diagrams for the n**-order term in the
perturbation expansion is as follows (it will be demonstrated here for the 4t _order
term): Start by drawing an electron line from 0 to 7, add n vertices and label them.

FIGURE 3.1: Electron backbone line of a 4'"-order diagram.

This yields the so called electron backbone line consisting of n + 1 free electron
propagators, shown in Fig. 3.1, and is the result from the contractions of all electron
operators in Eq. 3.64. Now add the phonon propagators by always connecting two
vertices with a phonon line. This has to be done in all possible ways. So that in the
end, each vertex has one incoming electron line, one outgoing electron line and
either one incoming or one outgoing phonon line. At last, label the edges with the
correct wave vectors. From the interaction Hamiltonian H;, it is obvious that the
total wave vector k is conserved every time a phonon is created or annihilated. For
the 4'"-order perturbation term, this yields the diagrams shown in Fig. 3.2.

To obtain the n'-order term of the perturbation expansion from the Feynman
diagrams, one can first use the rules defined in Eq. 3.66, 3.67 and 3.68 to translate
them back into an algebraic form and take their sum. Then one integrates over all
internal phonon wave vectors and over all internal times 7;, while paying attention
to use the correct integration limits according to the time order. Finally, a factor of
1/h™ is multiplied.



Chapter 3. Many-body physics and Feynman diagrams 44

0 k 1 k—-wi T k ™ k—ws Ty k T
W1 W2
0 k eal k—w; 7o k—wi —w2 T3 k —ws T4 k T
w1
0 k 71 k-wi T k-wi-waT13 k-w1 7y k T

FIGURE 3.2: 4*"-order diagrams of the one-electron Green’s function
Gk, 7).

In the DOMC method, which is introduced later, also the one-electron-N-phonon
Green’s function are needed:

Gy, 75q1,...,an) = — (Yo  bqy (T) - .. bg, (T)ax, (7')6L1Tq(0)bi111 0).. .bLN(O) |Wo) =

_ _ni)i' <_711)n/°° dTl---/OO dr (O| T[HI (71) ... H (1)

o0 —00

X bl (7). bl (T)ag, (T)ay (0)BA(0) ... 0L (0)] 10)
(3.69)

where k = ki + ) qn. Its diagrammatic expansion can be obtained in exactly the
same way as above. Therefore the diagrams will not be derived. Instead a few
examples of the Feynman diagrams for the one-electron-two-phonon Green’s

function are shown below.

The zero'-order term is depicted in Fig. 3.3. The second-order term of the

perturbation series consists already of five different types of diagrams. One of them
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is shown in Fig. 3.4. Figure 3.5 contains a 10*"-order diagram. The electron wave
vectors have been omitted but keep in mind that the total wave vector is always

conserved.

-

0 k—qi—q2 T

FIGURE 3.3: 0*"-order diagram of the one-electron-2-phonon Green’s
function G(k, 7;q1,q2).

WVVWV\MN\M/VVW\AMMM/WWV\MANW\AM/\AM/\M/V\M/V\M,V\M
q1 q1
0 k—aqi—q Tl k—q T k—qi—q T

FIGURE 3.4: 2"¢-order diagram of the one-electron-2-phonon Green's
function G(k, 7;q1,q2).

0 T T9 T3 T4 5 T6 T7 T8 79 7—10 T

FIGURE 3.5: 10"-order diagram of the one-electron-2-phonon
Green'’s function G(k, 7;q1, q2).

Note that we are distinguishing between two different phonon lines. So called
external phonon propagators are attached to the diagram ends and labeled as ;.
They appear in the definition of the one-electron-N-phonon Green'’s function, e.g.
Eq. 3.69. The others are called internal phonon propagators. They are only attached
to the electron backbone line and labeled as w;. This is of course just a notational

convenience.



Chapter 3. Many-body physics and Feynman diagrams 46

3.4 Usefulness of Green’s functions

In the last section, it was shown in detail how to obtain a perturbation expansion
of the Green'’s function in terms of Feynman diagrams but it is still not clear what
physical information is contained in the Green’s functions. To show this, let us insert
a complete set of eigenstates H |Sx) = E3(k) |fk) of the full Hamilton operator into
the definition of the one-electron Green’s function in Eq. 3.50:

Gk, ) = — (Wo| ax(r)af(0) [To) = — > (Wo|e* i aye 717 | Bie) (Bic] af, [Wo) =
B

1 1
= = en B B0 (Wl ac Bie) (Bl af, [Wo) =
B

= =" (Bl af |Wo) [Pe~ #7097,
B
(3.70)

where H V() = Eyqc | Vo) is used and the fact that the Frohlich polaron describes a
single electron problem so that there must not be any particle present in [¥), i.e. it
is the vacuum state with eigenvalue E,,. = 0 [28]. The factor

Z9(k) = | (Bl al, [wo) 3.71)

is a number between 0 and 1 and measures the overlap between the free electron
state aL |Wy) and an eigenstate of the polaron |3y). The superscript () indicates that
we are dealing with the one-electron-0-phonon Green’s function.

The Green’s function from Eq. 3.70 consists of terms which all decay
exponentially with 7. Terms with large Eg(k) will decay faster and so as 7 — oo,
the term with the lowest energy Ey(k) (8 = 0) will be projected out:

Gk, 7 — 00) = —Z (k)e~nFolT. (3.72)

Ey(k) is the lowest energy of the polaron for a given k value and the corresponding
Z-factor Zéo) (k) is called the quasiparticle weight. = We will usually write

Ey(k) = Ey(k, o) to emphasize the dependence on the coupling constant a.

The same approach applies to the one-electron-N-phonon Green’s function:

_1 T
Gn(k,m5ar,...,an) = — Y | (Bilal b, ... bL, [Wo) [Pe~n ol =
B

(3.73)
- Z ZEN) (k;q, ... ,qN)e_%Eﬁ(k)T’
B

where the Z-factor measures the overlap between a true eigenstate of the polaron
and a state with a free electron with wave vector k; and N free phonons with wave
vectors qi,...,qy. Remember that k = ki + >, q;. Again, in the long imaginary
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time limit the term with the lowest energy gets projected out
GN(ka T —>00;q1,-- - 7(1N> - Z(SN) (k7 qi1,--- ’qN)e_%EO(k)T' (374)

So the Green’s functions contain information on the ground state and excited
energies as well as the quasiparticle weights. In Ch. 5, the DOMC method is used to
retrieve quantities like the effective mass, average number of phonons in the cloud

and others with the help of Green’s functions.
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Chapter 4

Diagrammatic Quantum Monte
Carlo

The Monte Carlo (MC) method does not refer to a single specific procedure but to a
huge class of stochastic numerical algorithms. The word "stochastic" describes the
deliberate use of random numbers which is inherent to all Monte Carlo methods.
MC techniques have made their way to a lot of different fields ranging from
statistics, mathematics and physics to economics and finance. They are mainly used
for numerical integrations of high-dimensional integrals, simulating complex
processes and generating random samples from probability distributions.

A Quantum Monte Carlo (QMC) method is also not some specific algorithm but
simply a MC procedure applied to a quantum mechanical problem [46]. Examples
are the Variational Monte Carlo, the Diffusion Monte Carlo, the Path Integral
Monte Carlo (PIMC) or the Diagrammatic Quantum Monte Carlo (DQMC).
Interesting for the Frohlich polaron problem is especially the PIMC and DQMC
method. In [47] Titantah ef al. used a PIMC technique to obtain free energies of the
Frohlich polaron for different coupling strengths and temperatures and in [9]
Prokfev et al. and in [10] Mishchenko et al. calculated Green’s functions for the
Frohlich Hamiltonian with the DQMC.

This chapter reviews general aspects of MC methods and introduces the
Diagrammatic Quantum Monte Carlo. It begins by stating basic principles and
notations that will be used later in this chapter. This is followed by a short
overview of MC integration and Markov Chain Monte Carlo (MCMC) techniques
with special focus on the Metropolis-Hastings algorithm. The last section is
devoted to the DQMC method.

4.1 Basic principles

For the following discussion, notation and ideas from [45, 46] are employed. In most
cases, Monte Carlo methods are used to calculate the ratio of two N-dimensional

integrals or sums. A famous example from statistical mechanics is the average of an
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observable O over an ensemble. This can be written as

—1/(kBT)E:{,...i
<0wzzmwm0mwm€/(B)“’NZELOWi (4.1)
Zil,...,iN 671/(kBT)E¢1 ..... iN ZZ w; ’
where the sum over ¢ = {i;,...,in} is over the whole configuration space for N
& p

degrees of freedom, w; is the weight and O; is the observable evaluated for
configuration 7. Note that the sum over i is not one simple sum but actually are N

sums over each degree of freedom. If the degree of freedom i; is continuous, then

> = / dij. (4.2)

In statistical mechanics, the weight function is given by the Boltzmann factor
o—1/(kpT)E

the sum becomes an integral:

 and the denominator is called the partition function Z. Both together
can be interpreted as the probability that the system will have the configuration ¢
, —1/(ksT)E;
p=__c (4.3)
Z Y, e /ksTE:
The average of O then becomes the expectation value of the random variable O; with
respect to the probability distribution F;

(O) = Ep[0i] =Y O;P.. (4.4)

Since the sum has to be performed over all possible configurations, which is in most
situations not doable, one can estimate (O) by drawing a set of M configurations
{i®) . k = 1,..., M} according to the probability distribution P;, calculate O, for
each i(%) and take their arithmetic mean

1 M
(0) = Ep[0i] & 72 Ow- 45)
k=1

This is what is usually done in Monte Carlo methods. The difficulty lies in
sampling the distribution function. For this purpose, one can use Markov Chain
Monte Carlo techniques as will be shown in Sec. 4.3.

The above considerations can be formulated in a more general notation. Let X be a
continuous random variable (in the discrete case, substitute integrals by sums) that
can take the values x € B and let px(x) be its distribution function. Then the
expectation value and variance of a function h(X) of the random variable X are
defined as

E[h(X)] = (h(X)) = /B h(@)px (2)da (4.6)
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and
Varlh(X)] = 07 ) = /B (h(x) — BIR(X))) px (@)dx = (R2(X)) = (h(X))*. (47)

If the function h(X) is the identity function that maps =z +— =z, then the above
definitions give the expectation value and variance of the random variable X.

The expectation value can be approximated by drawing M samples z1,...,zy
from px, calculating the value h(z;) = h; for each sample and taking the arithmetic

mean

EhX)] ~h(X)=—> h. (4.8)

S

M
B[R] = () = 57>~ (h) = 37 3 () = (h(X)) @9)
and its variance is

M
o} x) = (h*(X)) = (h(X))* = % < > hihj> — (h(X))? =

1 M M
= <Z h? + Zhihj> — (X)) = (4.10)

i=1 i#j
_ L <<1§:h2> _ <h(X)>2> _ @
M M — ! M

It is assumed that there is no correlation between the samples, i.e.
(hihj) = (hi) (hj) = (h(X))2. Equation 4.10 shows that the variance of the sample
mean can be reduced by making M larger, thus by using more samples. From the
central limit theorem, it is known that as M — oo the distribution of h(X)

approaches a normal distribution with mean (h(X)) = (h(X)) and variance a}%( X"

This allows us to introduce the usual confidence intervals on our estimation h(X)

of the true expectation value FE[h(X)] by using the standard error
Vi) = Ohx) = Tnx)/ VM.

Unfortunately, ai( x) is unknown but it can be approximated by the sample

variance defined as
9 1

shix) = 77— 2 (hi — h(X)*. (4.11)
i=1

Putting this approximation into Eq. 4.10 and taking the square root gives us the so
called sample standard error s; ) which can be used as an error bar for the
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estimated expectation value:

S — 2 _
Sh(X)— \];i) \/Zz 1 h‘ h \/Zz 1 h )( )) (412)

So the probability that the true expectation value (h(X)) is found within a certain

confidence interval [h(X) — kspx)s h(X) + kspx)| of the approximated one h(X)
may be written as [46]

h(X)) < h(X) + 2s3x)) = 0.95 (4.13)

In the above considerations, it is assumed that samples x; are uncorrelated. This is
not the case for most problems. Especially when using Markov Chain Monte Carlo
techniques with local updates, as will be done later, autocorrelations are
commonplace. Equation 4.12 underestimates the error if the samples are correlated.
Thus it is necessary to think of a more sophisticated error estimation (the
approximation of the expectation value is not influenced by correlations and Eq. 4.8
is still valid).

It is possible to show that if correlations between samples are present, the variance
of h(X) can be expressed as

2
02y = J\(j) (14 27x), (4.14)

where 7x > 0 is the autocorrelation time which is only zero if the samples are
uncorrelated. If we compare this result to Eq. 4.10, we immediately see that the
effective size of the sample has been reduced from M to M/(1 + 27x) and that the
use of Eq. 4.10 instead of Eq. 4.14 underestimates the variance and thus the error.
One way to obtain a reliable error bar would be to estimate 7x. Another way is the
so called blocking method.

4.1.1 Blocking method

The blocking method actually uses the naive error estimator from Eq. 4.12. To get rid
of the correlation, it puts the data into B blocks of block size b = M /B and calculates
the mean B? for each block j. If the block size is large enough, the block averages ﬁ;’-
become independent and the naive error estimation can be used. This will be shown

in a little bit more detail in the following. We can rewrite the variance of the sample
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mean as
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By using the identities Var[aX] = a?Var[X] and Var[X + Y] = Var[X] + Var[Y]
for two independent random variables X and Y and a constant a, Eq. 4.15 may be
simplified to
B
- 1 -
Var[h(X)] = 53 > Var[hb]. (4.16)
j=1
This is only valid if the block size is large enough and the block means Bg are no

longer correlated. If we further assume that the B? have a common variance,
Var[fzg] = Var[hpock] for each j, we arrive at the result

(b —h)?. (4.17)
1

_ 1 - 1
a,%(x) =Var [h(X)] = EVar[hblock] ~

B
2
g2 —
B “hwiock

1
B(B—1)

J

In practice one obtains error estimates for different block sizes using the square root
of Eq. 417. The error will increase with the block size. As soon as the blocks
become statistical independent, i.e. when their size is large enough, the error will
stay roughly constant and its value can be used as an estimate. It is therefore
advisable to plot the calculated error or variance as a function of the block size.
Figure 4.1 shows the sample standard error of an energy estimate as a function of
the block size.

4.2 Monte Carlo integration

The estimator of an expectation value from Eq. 4.8 and the error analysis from
Sec. 4.1.1 may be used to calculate definite integrals. An integral over a volume V of
the form

I= /vh(r)dr: /Vl X h(r)dr (4.18)

can be interpreted as an expectation value of the constant function ¢(r) = 1 of the
random variable r with distribution function h(r). Of course the function hA(r)
would have to fulfill all requirements of a probability distribution and would have
to be normalized over V so that the above integral is known to be unity. As will be
seen in the following, there is still a way to map a definite integral onto an

expectation value.
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FIGURE 4.1: Error of an energy Monte Carlo estimate as a function of
the block size.

Let f : RP — R be a smooth function over some volume Q € RP. Standard

numerical quadrature methods would approximate the integral of f over 2 by

Vv M
I= /Qf(r)dr ~ 9 ;wif(ri), (4.19)

where r € R, r; are equidistant (e.g. Simpson’s rule) or non-equidistant points
(Gaussian integration) distributed over 2, w; are weights specified by the
integration rule and V' is the volume of €. The error of the approximation depends
on the method used, the number of grid points, the dimension and of course on the
integrand. For example, for a hypercubic mesh in D-dimensional space with M
points the error o scales as

oo M~F/P, (4.20)

where £ > 0 is dependent on the integration rule [48]. This means that
approximating integrals in higher dimensions is very ineffective using standard

numerical integration.

In Monte Carlo integration, the weights are all set to 1 and the points are chosen
randomly according to some probability distribution p(r) with [, p(r)dr = 1,



Chapter 4. Diagrammatic Quantum Monte Carlo 54

p(r) > 0and p(r) # 0 whenever f(r) # 0. The integral can be rewritten as

= r)ar = P@I‘: ﬂrr: @
= [ wie= [ o= [ S =p ] @2

where E,[f(r)/p(r)] is the expectation value of the function ¢g(r) = f(r)/p(r) with
respect to p. Approximating the expectation value with a finite sum yields the MC
estimation /¢ of the integral:

M M
. 1 1
I= /Qf(r)dr = Eplg(r)] = lim_ (M ;g(ri)> ~ o ;g(ri) =Iuc, (4.22)
where the points {r;}, i = 1,---, M, are drawn from the probability distribution
p(r). According to the last section, the variance of the Monte Carlo estimate O'%MC is

now given as

2 Ly Varly(r)] _ o
01,0 = Var[lyc) = Var 7 Z g(r))| = T = (4.23)
i=1
i.e. the error made in the MC approximation to the original integral scales as
Ol = —L o M7Y2. (4.24)
VM

This means that the accuracy of the MC estimate is only dependent on the function
g and the number of sampling points M and not the dimension which makes it
more favourable for approximating multi-dimensional integrals than standard
numerical integration methods [48].

There are two obvious ways to reduce the error in the MC estimate. One way is to
use more sampling points which of course can be done easily but at the expense of
performance. The other way is to reduce the variance of the function g(r). This is
called "importance sampling”. By choosing the probability distribution p(r) such
that g(r) = f(r)/p(r) = const, the variance of g will be reduced. It can be achieved
using a p(r) that resembles the shape of f. In other words, we want to sample from
regions where |f(r)| is large with a higher probability than from regions where
|f(r)| is small, i.e. important regions should be sampled more frequently.

In practice the difficulty lies in finding a suitable p(r) and to generate samples from
it. The latter can be handled with Markov chain Monte Carlo algorithms.

4.3 Marko Chain Monte Carlo

Markov Chain Monte Carlo (MCMC) techniques are used to sample from complex
probability distributions. By generating a Markov chain that has the desired
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distribution as its stationary distribution, one is able to draw samples from it. There
exist many different MCMC methods but here the focus lies on the
Metropolis-Hastings algorithm [49] which is of great importance for the DQMC

implementation.

A Markov chain is a stochastic process defined by its state space X = {X;}, a
transition operator P(X;,¢ + 1|X;,t) and an initial distribution 7(°) at time ¢ = 0. At
any given time ¢, the chain is in a certain state X; and propagates to the next state
X at time ¢ + 1 according to the transition probability P(X,t + 1|X;,t). Transition

probabilities are normalized and obey

> P(Xjt+1]X,t) =1. (4.25)
J

The Markov property tells us that the transition to the next state is only dependent
on the current one and not on any states the chain has visited before, i.e. a Markov
chain is memoryless. This dependence is the reason why MCMC methods produce
correlated samples but it also allows one to use local updates, i.e. the current state is
reused and only changed a little bit instead of producing a completely new random
state from scratch. Other important properties required from the Markov chain are
time-homogeneity, irreducibility and aperiodicity. This means that the transition
operator does not change with time, every state is accessible within a finite number
of transitions and that transitions to any state can occur at irregular time intervals.
A Markov chain possessing these properties has a unique stationary distribution 7
which is an eigenvector of P with eigenvalue 1 and satisfies

TP = (4.26)

for all t > T,, where T, is the so called burn-in time. The existence of the unique
stationary distribution follows from the fact that P is an ergodic stochastic
matrix [46]. The goal of MCMC techniques is to construct transition probabilities
such that given an arbitrary initial distribution 70 the Markov chain evolves after
Teq steps into its stationary distribution 7, which is equal to the target distribution
p(X) that we want to sample. After reaching the stationary distribution, the
constructed Markov chain generates a sequence of states which represents samples
from p(X).

The Metropolis-Hastings algorithm gives us a recipe to construct a Markov chain,
especially a transition operator P, that leads an initial distribution to the desired
target distribution p(X). Let p(X, t) be the probability that the chain is in state X at

time ¢. We can write down the so called master equation

p(X,t) —p(X,t+1) == P(X'  X)p(X,t) + Y _ P(X, X")p(X",t),  (427)
X! X
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which describes the change of the probability p(X, t) with time. Since we are looking
for a stationary distribution, i.e. p(X,t) = p(X,t + 1), the master equation turns into

d P(X, X)p(X)=>_ P(X, X")p(X"). (4.28)
X/ X/

This equation is obviously satisfied if detailed balance is required for all pairs
(X, X"):
P(X', X)p(X) = P(X,X")p(X"). (4.29)

In the Metropolis-Hastings algorithm, one uses detailed balance and splits the
transition operator into a proposal probability wy x/ and an acceptance probability
Axxr: P(X',X) = wxx/Axx'. While the proposal probability is arbitrary and
obeys
wxx >0 and Y wxy =1, (4.30)
X/

the acceptance probability is given as

1 if Ll >

Axxr = wxxp(X) = 7 (4.31)
wxrxp(X') e wxrxp(X')
wer0 = 1 TG <1

The algorithm in Fig. 4.2 depicts the pseudocode of the Metropolis-Hastings
algorithm. It works by proposing a new state X’ according to wx x+ and accepting
the new state with probability

(4.32)

!
Axyr — min (1, wxxp(X) _ R> .

wXX’p(X )

Samples shouldn’t be taken right from the start but after some burn-in time to let
the Markov chain reach its stationary distribution. One of the great features of this
algorithm is that the target distribution doesn’t need to be normalized because the
normalization factor cancels when calculating R [45, 48, 49]. If the proposal
distribution wx/x is symmetric, i.e. wx'x = wxx, then their factors cancel in the
calculation of R and the algorithm is simply called Metropolis algorithm.

4.4 Diagrammatic Quantum Monte Carlo

The Diagrammatic Quantum Monte Carlo method is a numerical algorithm based
on a Metropolis-Hastings-like sampling procedure to evaluate certain quantities
expressed in a diagrammatic expansion. The diagrammatic expansion of Green’s
functions has been introduced in Ch. 3. In general, they are a popular tool in
many-body physics and mathematically they correspond to a series of integrals
where the integration variables increase with the order of the series [50, 9].

Let Q({y}) be the quantity of interest depending on a set of external variables {y}.
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Input :initial distribution (%)

target distribution p(X)
proposal distribution wx x-
Output: random samples according to p(X)

samples][];

start from initial state X ~ 7(0);

perform thermalization steps;

while not enough samples do

draw a proposal sample X' from wy x7;
calculate p(X) and p(X');

if wX/Xp(X’) > wXX/p(X) then

| X« X;

else
calculate R = % ;
draw random uniform number r;
if r < R then

| X« X
end
samples.add(X);
end

return samples;

FIGURE 4.2: Metropolis-Hastings algorithm.

Its diagrammatic expansion is then given as

Q) =23 [doree- [ deaDu(fohignr.m). (433)

n=0 &,

where the first sum is over all orders n, the second sum indexes different diagrams
of the same order, i.e. diagrams with a different topology (cf. the diagrams in
Fig. 3.2), and the integrations are over all internal variables x;. The functions
Dy ({y}; &, 21, ..., 2,) can be represented by Feynman diagrams and in our case
will be given as products of free electron and phonon propagators as well as
coupling functions. Note that usually in analytic approaches, the integrals over x;
are incorporated into the definition of the diagrams. Here the diagrams D,, and the
integrals are separated.

The DQMC method represents an algorithm to calculate quantities like Q({y}). The
idea behind it is to interpret Q({y}) as a probability distribution function for {y}.
This allows one to use a MCMC process, like the Metropolis-Hastings algorithm
from Fig. 4.2, to generate diagrams in the parameter space {{y};&n,21,...,2n}
according to their weight Dn({y}; Eny X1, - - ,xn) and collect statistics for the
external variables {y}, for example by a histogram method. After generating a large
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number of diagrams, the statistics of {y} reproduce a distribution which converges
to the exact Q({y}) [50].

This can be clarified a little bit further. First of all, it seems quite confusing that one
should be allowed to interpret some arbitrary functions D, as probabilities or
distribution functions. They are not necessarily real, greater than zero over the
whole parameter space and certainly not normalized. The restriction of being real
and greater than zero can sometimes be bypassed by using a specific
representation. In Ch. 3, the change from the real time to imaginary time
representation had exactly the purpose to avoid these kind of problems. The
difficulty with the normalization is solved within the Metropolis-Hastings
algorithm. Suppose that D) = D, /N is the normalized probability distribution
with normalization factor N. Then the acceptance probability from state a to b in

the Metropolis algorithm is written as

Dn(b) _ NDy(b) _ Dy(b)

Dn(a)  NDj(a)  Djla)

R x (4.34)
By accepting new states according to their weight D,,, samples are actually drawn
from the correctly normalized distribution Dj;.

Another point of confusion may be the integrals over the internal variables z;.
As mentioned above, those integrals are not incorporated into the definition of the
diagrams nor are they evaluated explicitly. The function D, ({y}, &, X1,y - - ,xn) is
used as the joint probability distribution for external as well as internal variables
{{y};fn,xl, e ,a:n}. The integral of this joint probability distribution over the
internal variables gives the marginal probability distribution for the external
variables only. According to standard probability theory, we are able to draw

samples from the marginal distribution

/dm---/dann({y};gn,xl,...,xn) (4.35)

by simply sampling the joint distribution and ignoring the values over which the
integrations are performed [51]. And that’s what is done in the DQMC procedure.

The main difference to ordinary Monte Carlo algorithms is that the parameter space
has a varying dimensionality. So to create a Markov chain that is ergodic, we will
have to introduce updates which change the internal variables {z;}, the external
variables {y}, the topology &, as well as the order n. It is instructive to divide the
updates into two classes [9, 10, 9]:

1. Class I: Updates, which do not change the dimension of the parameter space.
Those are standard updates known from ordinary MC procedures and are
used to change internal variables, external variables and the topology.

Suppose we are in state Dn({y};én,aﬁl, ey Ty ,xn) and propose a new
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Input :initial configuration X © = ({y}; Eny T1, .- - 733n)
update procedures {Uy, ..., U}
Output: histogram of Q({y})

histogram[];
start from initial diagram D «+ X ();
while not enough samples do
choose an update U; from {U,...,Us};
propose a new configuration X’ = ({y'}; &y, z1, ..., 2, ) according to U;;
calculate acceptance ratio R;
if R > 1 then
‘ D+ X';

else

draw random uniform number r;

if r < R then

| D+ X';

end
histogram[{y}].add(1);
end
return histogram;

FIGURE 4.3: Diagrammatic Quantum Monte Carlo algorithm.

state D, ({y};&n,21,...,2},...,2,) where the new z} is drawn from an
arbitrary probability distribution w(z}). The acceptance probability is
according to the Metropolis-Hastings algorithm

Ay, = min{l, R} (4.36)

with
— Dn({y}7§n7x17 ceey x;, ceny xn)w(ajz)
Dn({y},gn,l’l, ey Ly ey l‘n)w(x;) '

In practice, it is advisable to choose new configurations such that the

(4.37)

acceptance probability is high. If the new state could be drawn from the
distribution w(z}) = Dn({y};&n,z1,...,2},...,2,), the probability of
accepting the proposed state/diagram would be unity.

A short remark on how to draw samples z’ from a normalized probability
distribution w(z): Let r be a uniform random number from the interval [0, 1]
and let x,,, and Z,,., be the minimum and maximum allowed value. A
random sample z’ is drawn from the distribution w(z) by solving the

equation for z’:
[ w(z)dx

Tmin

Tmin

(4.38)

r =
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2. Class 1I: Updates, which change the order of diagrams and therefore the
dimension of the parameter space. Since detailed balance is assumed (see
Sec. 4.3), there is for each update a corresponding inverse update. Let A be
the update that increases the order of the current diagram by m and let B be
its inverse which decreases the order by m. Suppose the current state in the
Markov chain is D, ({y};&n, z1,...,2,) and we propose update A with
probability p 4. That means we also have to propose m new internal variables
Tp41s- - s Tnem from an arbitrary normalized distribution P(z1,...,zy). The
detailed balance equation is written as

pADy, ({9}7 Ens T1y- - >33n)P($n+1> e s Tnpm) Ansnm =

(4.39)
= pBDn—i—m ({y}, gn—&-mp LlyereyTnyTp4ly--- )xn—i—m)An—i-m—WL-
This leads to the acceptance probability
Ap—n+m = min{l, R} (4.40)
with
Dnm ;nma A R (2 Rl 12 oy NTm
R _ PBDnt ({y}; Engms 1 T, Tntl Tntm) (4.41)
paADy, ({3/}3 EnyT1,y - - vxn)P(xn—O—la ce awn—i-m)
The distribution P(x1, ..., x,,) can again be chosen to maximize the acceptance

ratio. The acceptance probability for update B is

Anim_n = min {1, ]1%} . (4.42)
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Chapter 5

DOMC for the Frohlich polaron

The last two chapters have introduced all necessary prerequisites to finally apply
the Diagrammatic Quantum Monte Carlo method to the Frohlich polaron. From
now on, units will be chosen such that A = w = m* = 1. The Frohlich Hamiltonian

is therefore given as

= ek)afac+ 3 blbw+ Y (Vblal o+ Vabwal ), 6D
k w k,w

where €(k) = k?/2 is the electron dispersion, and V4, is the coupling function which

is given in three dimensions as

22 1
V3D = ( m) - (5.2)

V3 w

and in two dimensions as
%

2o 1
V2P — —. 5.3
() 53

Vs and V3 is the volume of the system under consideration in 3D and 2D,
respectively. Our functions of interest will be the one-electron Green’s function
G(k,7) and the one-electron-N-phonon Green’s function G (k, 7;qi,...,qy) with
qi,...,qn as the wave vectors of external phonons. Their diagrammatic

expansions have the form
Gy, 7id1,...,an) = (ol bgy (T) . . . bg, (T)ak, (T)CLLI (O)bi11 0)... bLN (0) [¥g) =

- Vb Vb
= Z Z/dTl...dTn/dW1W...dWmWX

n=024... &,
XDn kaTaqh”-7QN§§n7717--~7Tn7W17--~7wm)7

(54)

where the function Dn(k,T, ql,...,qN;fn,n,...,Tn,wl,...,wm) stands for the

Feynman diagram of order n with topology &,, k = ki + ), q; is the total wave
vector and the integrations are over all internal times 7; of the vertices and all
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internal phonon wave vectors w;. Note that in the above definition a minus sign
has been dropped (cf. Eq. 3.50 and 3.69) since no information content of the Green’s
function is lost by doing so and because it is more comfortable to work with a
positive definite series. Comparing Eq. 5.4 with Eq. 4.33 from the last section, we
see that we can make the following identifications

Q{y}) — Gnk,7iq1,-..,qN)
v} — {k7a,....an}

(5.5)
n — {0,2,4,6,8,...}

{z1,.. . xn} — {7, o T, Wi, o, Wi

Thus the DQMC algorithm may be used to calculate the Green’s functions. To
satisfy the ergodicity requirement of the Markov chain, it is necessary to implement
updates that change the external variables k and 7, the internal variables 7; and w;,
the order n and the diagram topology &,, (the external phonon wave vectors q; are
fixed according to the definition of the Green’s function). It is advisable to also fix
the total wave vector k before the DOMC simulation, so the histogram will only be
collected in the 7-space instead of the D + 1-dimensional (k, 7)-space. This allows
us to drop the k update.

Another useful tool is the so called guiding function or fictitious potential
renormalization [10]. It is used to achieve better sampling by introducing a guiding
function that leads the Markov chain to certain regions in parameter space. In our
case, each diagram will be multiplied by a factor of e#”, with u being a free
parameter, to renormalize their weights and to ensure that the calculated Green’s
function will show an exponential decay for large 7 values like it has been predicted
in Eq. 3.72. A good choice is to set 4 just a little bit below the exact ground state
energy Ey(k) [9]. The factor e*” can be put into the free electron propagators:

GOk, 7) — GOk, 7, ) = e~ (=T, (5.6)

To reverse the effect of the fictitious potential, one can either take care of it during the
sampling procedure by multiplying all MC estimators by the inverse of the potential
e~ #7 or by rescaling the results. In this thesis the latter is used and thus the actually
calculated function will be G(k, 7)e#”, with the long-time behaviour

G (k, 7)o 2222 70 0y~ (Bo) =) (5.7)

Due to finite computer memory and finite computing time ,it is not possible to
explore the whole parameter space for 7, i.e. as 7 — oo. Instead, it is necessary to
define some allowed maximum 7,,,,. The same goes for the order n,,,, and the
number of external phonon propagators Ny, ;.

In this chapter, it will be first shown how to obtain the one-electron Green’s
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function with the histogram method and a minimum set of updates and how to
retrieve the energy and Z-factor of the lowest energy state of the polaron for a given
k value. This will be mainly based on the paper by Prokof’ev et al. [9]. After that,
the improvements made by Mishchenko et al. [10] are considered by expanding the
calculations to one-electron-N-phonon Green’s functions and using direct MC
estimators for various quantities of interest.

5.1 One-electron Green’s function - A minimal example

The Feynman diagrams for the one-electron Green’s function for the Frohlich
polaron have already been derived in Sec. 3.3. They can be translated into an
algebraic form by the rules in Eq. 3.66, 3.67 and 3.68. Note that the free electron
propagator has been changed to e~ (“®)=#7 due to the fictitious potential "™ as
explained above. For example, the diagram in Fig. 5.1 has the weight

Dy (k,73&2, 71,72, W1) = —G°(k, 71, ) [Vaw, [ (=G (k — w1, 72 — 71, 1)) X

(5.8)
x (=D°(w1, 72 = 70))|[Vaw, [ (=G° (K, 7 — 71, ).

Since we know the expression for the free electron and free phonon Green’s function
as well as for the coupling function V4, all Feynman diagrams can be evaluated.

5.1.1 Feynman diagrams in computer memory

Before the DQMC procedure is worked out in detail, it pays off to think how to store
a diagram in computer memory. Let’s consider the second-order diagram given
below.

FIGURE 5.1: 2"4-order diagram of the one-electron Green’s function
Gk, 7).

One way to store such a diagram would be to just keep the vertices, the total
wave vector k and the length 7 of the diagram in memory. A vertex would then
consist of an incoming electron wave vector k;,, an outgoing electron wave vector
kout, an incoming or outgoing phonon wave vector w, a time index 7; and some kind
of pointer, denoted as conn, to the vertex to which it is connected via the phonon
propagator. By saving all vertices in an ordered list according to their time indices
7;, it is possible to rebuild the diagram completely. The diagram would then look
something like:
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e Diagram:

— total wave vector = k
- current length of the diagram =7
— Vertices:
* Vertex 1:
- incoming electron wave vector: k;, = k
- outgoing electron wave vector: ks = k — wy
- outgoing phonon wave vector: w = w;
- time index: 7; = 71
- connection: conn = Vertex 2
* Vertex 2:
- incoming electron wave vector: k;;, = k — wy
- outgoing electron wave vector: ko, = k
- incoming phonon wave vector: w = wy
- time index: 7; =

- connection: conn = Vertex 1

5.1.2 Updates

The next thing that is needed if one wants to use the DQMC algorithm from Fig. 4.3
are updates which allow one to visit the whole space of possible diagrams. To fulfill
the ergodicity requirement, we need at least three: one that changes the length 7 of
the diagram, one that adds phonon lines and one that removes phonon lines. It is
easier and probably also more effective to restrict ourselves to only add and remove
one phonon propagator at a time. We will also limit the addition and removal
update to phonon lines which start and end on the same electron propagator
GY(k,7,u) (see Fig. 5.3). This restriction would violate ergodicity. Thus it is
necessary to introduce another update which swaps the phonon lines of two
neighbouring vertices and therefore changes the topology of the diagram. In detail,
these updates can be implemented as follows:

1. change diagram length-update: This is an update of Class I. Suppose the
current diagram has length 7. To change the length of a diagram, we simply
select a new 7’ between the rightmost vertex at 7, and 7,4, If there are no

vertices, then a 7 is chosen between 0 and 7,,,42.

The acceptance probability has the form of Eq. 4.37. Since it is advisable to
have a high acceptance rate, let us first calculate the ratio between the weights

of the proposed and current diagram:

Dn(k,T’;En,Tl, . ,wn/Z) B e~ AET

Do (K, 756 1,y W) € BB (5.9)
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where AE = (k) — p. If we draw the new value 7’ from a probability
distribution w(7) o e~2ET, the acceptance ratio will be unity as long as the
proposed length 7' obeys 7 < 7,,4,. This can be achieved by normalizing
w(T) to unity over the allowed range [7, Timqez] and solving the following
equation for 7’ (see Eq. 4.38):

!
o

r = W, (5.10)

Tr

with 7 being a uniform random number from the interval [0,1]. Another
possibility is to normalize w(7) to unity over [7,,00) and simply reject the
proposed diagram length if 7/ > 7,4

W1

0 k T1 k—w; T2 k T

FIGURE 5.2: Update that changes the diagram length 7.

Let’s have a look at this update in detail. Suppose that the current diagram is
the first diagram from Fig. 5.2. The rightmost vertex is at 5. We choose a new
diagram length 7’ according to

(5.11)

If 7/ is smaller than 7,4, then the new diagram length is accepted. If it is larger,
it is rejected. Note that the probability distribution used is normalized over
[T2,00), so we have to check if the proposed length is accepted or not. If the
normalization would be over |72, Tjqz], the update would always be accepted.

2. add phonon propagator-update: This is an update of Class II. It adds a phonon
propagator to the diagram and therefore increases the order from n to n + 2.
We have to propose three new parameters: the left vertex 7/, the right vertex
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7" and a phonon wave vector w’. As mentioned above, this update will be
restricted to add the phonon line only to the same electron propagator such
that if the electron propagator is enclosed by a vertex at 7; on the left and a
vertex at 7, on the right, the proposed times have to fulfill 7, < 7/ < 7" < 7,.. If
they violate this restriction or if n 4 2 > np,q., the update will be rejected. The
ratio of the diagram weights is given by (the chosen electron propagator has
the wave vector k1)

Do (K, T3 €nt2, Tty oy Wy, 7,77, W)
D, (k, T3Eny T1y e - ,Wn/Q) N / (5.12)
= oxp {—(e(ki — W) — e(ki) + 1) — )} Va2 (SXD dr'dr,
where the +1 in the exponential comes from the fact that w = 1. The

infinitesimals occur because they do not get cancelled in the ratio. To get rid
of them, the three parameters are chosen from a probability distribution
P(r1,72,w) with probability P(r, 2, w)dridredw. The function P is an
arbitrary, normalized distribution which can be chosen to yield fast
convergence and a high acceptance rate or to make the sampling from it easy.
We focus here on the latter and choose a distribution which factorizes as

P(Tl,TQ, W) = Pl(Tl)PQ(TQ‘Tl)Pg(W‘Tl,7'2) =

Py(72|T1) /2
_ 1 L o lmm) (T2=T o Smem)  (613)
n+l7n —m7 2w
—_————
Py(11) Py(wlry,72)

To draw a sample (7, 7", w') from this distribution, let us first propose the time
7" according to P(71) by choosing one of the n + 1 electron propagators with
equal probabilities and then choosing 7" uniformly random between 7; and 7.,
where 7; is the left and 7, the right vertex of the electron propagator. Next 7"
is sampled from P(73|7’) by calculating

=7 - log(ll— T). (5.14)
Finally, the components of the phonon wave vector are chosen from the
normal distribution P(wj|7’,7") = N(0,m/(r” — 7)) with mean 0 and
variance 1/(7” — 7’). For the acceptance probability in Eq. 4.41, we still need
the ratio pg/pa. The factor p 4 is just the probability p,qq of choosing the "add
phonon propagator-update” . The other factor pg is given as the probability
prem Of choosing the "remove phonon propagator-update” (see p.68) times the
probability of choosing a phonon propagator randomly, i.e. with the same
probability. Since there are n/2 + 1 phonon lines after the add update, the
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ratio is

bB Prem
—_= 5.15
PA  Padd(n/2+1) G.15)

The acceptance probability is calculated with

Prem exp {=(e(ki —w') —e(ki) + (7" = 7)} Ve P(n + D(7r —7)

Paaa(n/2 + 1)(2m)P exp {~(r = )} (52) 7 exp { =22 (7 = 71)}
(5.16)
The overall procedure is demonstrated with an update depicted in Fig. 5.3. We

Rogqa =

first choose one of the three electron propagators with probability 1/3. Let’s
say we pick the one in the middle which goes from the vertex at 7, = 7 to the
vertex at 7, = 7 with the wave vector k — wi. We propose that the left vertex
of the new phonon propagator should be at 7’ which is taken from the uniform
distribution normalized to the interval |71, 72]. The time of the right vertex 7" is
then selected according to Eq. 5.14. Since we again normalized this distribution
over the interval [1, 00), we have to check if 7"/ < Ty < Tyqq, €lse the update is
rejected. The components of the phonon wave vector w’ are chosen from the
normal distribution (0, 1/(7" — 7’)). If the substitution k; — k — w is made
in Eq. 5.16, it gives us the acceptance probability.

0 k Tik—wi o/ k-—wi—w _rk-—wiTy k T

FIGURE 5.3: Update that adds or removes a phonon propagator.
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3. remove phonon propagator-update: This is also an update of Class II and is
the inverse of the "add phonon propagator-update" (see p. 65). The acceptance
probability is given by 1/R,4q assuming that the update changes the diagram
order from n+2 to n. Suppose the current diagram is the fourth-order diagram
from Fig. 5.3. One of the two phonon propagators is selected with probability
1/2. If the selected propagator doesn’t start and end on the same electron line,
like the one with wave vector wi going from 7| to 7, the update is rejected.
Otherwise, the corresponding 7 values and wave vectors are put into Eq. 5.16
and the acceptance probability is calculated with

1
Rodd

Ryem, = (5.17)

4. swap-update: This is an update of Class I. It changes the topology of
diagrams by swapping the phonon lines of two adjacent vertices and is
necessary to fulfill the ergodicity requirement because the add- and
remove-updates have been restricted to phonon propagators which start and
end on the same electron line. If the two neighbouring vertices are connected
via one phonon line or if there are no vertices present, the update is rejected.
The acceptance probability for changing the topology from &, to &, is simply
given as the ratio of the corresponding diagrams:

Dn(kaT;gnale s Wn/2)

sta =
P D, (k, T T, Wn/g) (5.18)
= exp {—(elky + W' — W) — elr) — 1(¢ = ) (" )}

Here it is assumed that the two adjacent vertices are not connected via a
phonon propagator and that the electron propagator between them has a
wave vector k;. The left vertex is at 7/ with an incoming/outgoing phonon
line with wave vector w’ and the right vertex is at 7" connected to the phonon
line with wave vector w”. The constants ¢’ are either equal to +1 or —1
depending on whether their phonon lines are outgoing (¢’ = +1), i.e. they are
connected via their phonon line to a vertex at 7* such that 7% < 7%, or
incoming (¢! = —1),i.e. 70 > 7*.

Figure 5.4 shows an example of the swap-update. A random adjacent vertex
pair can be chosen by selecting one of the first n — 1 vertices with equal
probability and then take its right neighbour. If they are connected via a
phonon propagator, for example like the vertex pair at 71 and 7 in the upper
diagram in Fig. 5.4, the update is rejected. Suppose the vertex at 7 and its
right neighbour at 73 are chosen. The acceptance probability for proposing the

new topology is then

Rswap = €xp {—(e(k —wy; —wy) —e(k) — (—2)) (7'3 — 7'2)} : (5.19)
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The inverse update is proposed in the same way and has the acceptance

probability 1/Rgqp-
W1 W2
0 k 71 k—wi T k ™3 k—w2 Ty k T
W1 W2
0 k T1 k —w; To k—wi1—w2 73 k —ws T4 k T

FIGURE 5.4: Update that swaps phonon propagators of two adjacent
vertices.

The updates proposed above are neither unique nor the most efficient. They simply
allow one to sample the whole space of diagrams and are straightforward to

implement.

5.1.3 Statistics and normalization

After every diagram update, accepted or not, statistics are collected in a histogram
Gg&%(k, 7;) for the one-electron Green'’s function G(k, 7), where m is the number of
the current MC step and 7; indexes the bins. Since the k value is kept fixed for each
DOMC run, only statistics for 7 are collected. This is done by defining a maximum
diagram length 7,,,, and splitting the interval [0, 7;,,4,| into IV bins of arbitrary length
o7; so that Zfi 0 0Ti = Tmaz- Suppose that after the mt" MC step the current diagram
has length 7/ which lies in bin 7, i.e. j = inf{k : 3. 67, > 7/}. The histogram is
updated according to

Gl (k) = G Y (k) + 1. (5.20)

That means we are just counting the number of times a diagram falls into bin 7;.
When the simulation is finished, we have to normalize our results. For this
purpose, one can use the zero'-order diagram Dy (k, 7). Let Ny be the number of
times Dy(k,7) has been created and let M be the total number of MC steps
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performed. By integrating Dy (k, 7) from 0 to 7pq., We get

(5.21)

Tmazx Tmazx 1 _ _(kZ/Q_N)TmaCE
Iy = / Dok, T)dr = / e~ (=17 g — ¢ 5
0 0 k2/2 = p

The histogram is now correctly normalized by multiplying Ggéyc)(k, ;) with Iy/Ny
and dividing by the length of the bin §7;:

G0k, 7)o

Gue(k,7i) = NooT,

(5.22)

5.1.4 Energy and Z-factor from histogram

When the DQMC simulation of the Green’s function is finished and the histogram
has been normalized according to the above equation, one can retrieve the lowest
energy for a given k value of the Frohlich polaron by using Eq. 5.7. We therefore plot
the calculated Green’s function G)y¢(k, 7) as a function of 7 and use an exponential

function of the form
F(7) = ZMC (ke (BT 0w (5.23)

to fit it against G /¢ (k, 7) for large 7.

Figure 5.5 shows a calculated Green’s function G(0, 7) for o = 2 (electron-phonon
coupling constant, see Eq. 2.60), k = 0 (total wave vector) and © = —2.2 (free
parameter). The exponential function has been fitted to values for 7 > 15 and gives
the results EMC(0) = —2.07629 and 2" (0) = 0.33409.

5.1.5 Algorithm

Let’s summarize the above considerations and put them together into an algorithm.
The first thing that is needed is a diagrammatic expansion of the quantity of
interest. In our case, it is the one-electron Green’s function of the Frohlich polaron.
Its perturbation expansion in Feynman diagrams has been derived in Ch. 3. The
next essential part is the implementation of updates which allow us to sample the
whole diagram space. It is also necessary to determine the probabilities with which
a certain update is addressed. An obvious choice would be to choose equal
probabilities for all updates but they can also be tuned to improve the sampling.
Then we need to define a maximum diagram length 7,,,4,, @ maximum diagram
order n,q., the number of bins for the histogram Nj;,s and their length §7;. For
example, in Fig. 5.5 the values were set to 7,4z = 50, ez = 500, Npins = 500 and
or; = 0.1,Vi = {1,..., Npins}. At last we have to fix the values for «, u and wave
vector k and start with an initial diagram, for example a zero'-order diagram with
length 7. The algorithm is summarized in Fig. 5.6.
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1.0 T T T T

— G(0,7)
- - exp. fit
0.8} g

G(0,7)

40 50

FIGURE 5.5: One-electron Green’s function G(0,7) and exponential
fitfora =2, k=0and u = —2.2.

5.2 One-electron-N-phonon Green'’s function

In [10] Mishchenko et al. improved the above algorithm by considering one-electron-
N-phonon Green’s functions Gy (k,7;q1,...,qn). This means that the diagrams
have one electron line and N phonon lines starting at time 0 and ending at time 7,
where 7 is the length of the diagram (see Fig. 3.5). Such phonon propagators will be
called external phonons. An important realization is that the one-electron Green'’s
function, with which we were concerned in the last section, is actually a special case
of the one-electron-N-phonon Green’s functions: G(k, ) = Go(k, 7). Implementing
updates which add and remove those external phonon lines connected to the left
and right end of the diagrams makes it possible to simulate all Gy (k, 7;q1,...,9n)
in one single DOMC run. Of course, the external phonon propagators have to be
restricted to a maximum N,,,,, because computer memory is finite. The introduction
of the one-electron-N-phonon Green'’s functions allows one to obtain information on
the phonon cloud around the electron and makes simulations in the strong-coupling
regime, i.e. large a values, more efficient [10]. Mishchenko et al. further constructed
direct MC estimators for the Green’s functions, the energy, the effective mass and
the Z-factors of Frohlich polarons. These estimators enable us to use the familiar

analysis of Monte Carlo simulations reviewed in Ch. 4.
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Input :values for: o, u, k,

constants: T,naz, maz, Npins, 0T, Lo

initial diagram D;pt(Tinit)

update procedures {Uy, ..., U}

updates addressing probabilities {p1,...,pr}
Output: histogram of G (k, 7)

GS&)C [mes];
Ny < 0;
m <+ 0;
initialize diagram D,,(7) <= Dinit(Tinit) and do thermalization steps;
while not enough samples do
choose an update U; from {U1, ..., Uy} with probabilities {p1, ..., px};
propose a new diagram D), (7') according to U; and set m < m + 1;
calculate acceptance ratio R;;

if R > 1 then

| Da(r) + Dp(7);

else

if uniform random number r < R then
| Dulr) « Di(r');

end
j < inf{k: Zle or > T1};
Ghitlil < Glic Vil + 1
if n = 0 then

‘ No <+ No+1;

end
oreach j = {1,..., Ny} do

. Gyrelilo,
GMCU] — ]]\{/v(?(STj 4

end
return Gco;

——

FIGURE 5.6: DQMC algorithm for the one-electron Green’s
function of the Frohlich polaron.
5.2.1 Function of interest

The function of interest in the rest of this chapter is the sum of all one-electron-N-
phonon Green’s functions and is defined as

> 1% % ~
P(k,T) —G(k,T)—i-NZ::l/(2TrD)qu1---/ (27T[))quNGN(k,T;q1,...,qN). (5.24)

Here the first term is the one-electron Green’s function from the last section, the
integrations are over all external phonon wave vectors q; and the
G ~(k,7;q1,...,qn) are one-electron-N-phonon Green’s functions with no
unattached external phonon lines. For example, the diagrams in Fig. 3.3 and 3.4

have phonon propagators which are not connected to the electron line and are
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therefore not included in ég(k, 7;d1,d2). On the other hand, the diagram in Fig. 3.5
is included since both external phonon lines are attached to the electron line. The
justification for this is that we are only interested in the long-time behaviour of
P(k,7) and diagrams with free external phonon propagators are exponentially
suppressed due to the factor e™” for each disconnected phonon line. Using the

completeness relation

V
)+ Z/ @mP dqi- - /(27T[>)quNZéN)(k; qi,...,qn) =1 (5.25)

and the long-time behaviour of the Green’s functions from Eq. 3.72 and 3.74, one

arrives at
Pk, 7 — 00) — e~ Folk)T, (5.26)

The function P(k, 7) is simulated in the DQMC procedure by generating diagrams
with a variable number of external phonon lines, all of which are connected to
electron propagators. The total wave vector k will again be kept fixed during the
DQMC run, i.e. if an external phonon line is added to the diagram, then the wave
vectors of electron propagators below that phonon line have to be changed to
conserve the total wave vector k (see Fig. 5.9).

5.2.2 Direct MC estimators

The derivation of direct MC estimators is based on the fact that if the functions

Ay} = X, D)({y}) and B({y'}) = X, DJ({y'}) are given as diagrammatic
expansions and their internal variables v are defined on the same domain, then

their ratio can be approximated with the following Monte Carlo estimator

B({y}) _ X.,DJ{y B({y'})
A{y}) X, Di{y}) MZ DA () MZQ, (5.27)

where the v; are generated according to D:}({y}). This can be used to estimate the
ratio of the function P(k, 7) with itself but for different external variables.

e Energy estimator: The estimator for the polaron energy follows from the

observation that

P(k, (1+ )\)7') rvoo e Bo(l)(1+N)T

_ ,—AEp (k)T
P = € . (5.28)

The ratio on the left hand side can be estimated according to Eq. 5.27. Therefore

we calculate

Dn(ka(1+)\)7—7q1a""qN;gnaTlv'”7Tnawla"°7wm>
Q: pr—
Dn(k,T,ql,...,qN;gn,ﬁ,... Ty Wi, e wm)

=1+ N" HeXp (—Xe(k;)AT;) H exp (—AAT;) /\;}0
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20 o Zé(ki)ATi - Z A7 | +0(\?), (5.29)

i J

where n is the diagram order or the number of time integrations, i indexes all
electron propagators with wave vector k; and length A7; = 7, — 7;, where the
electron propagator i is between a vertex at time 7; on the left and one at 7, on
the right, and j goes over all phonon propagators with length A7;. By letting
A — 0, we can expand Eq. 5.28 in powers of A like it has already been done in
the above equation. The right hand side gives

e )T A20 1 B (k)T 4+ O(N). (5.30)

Comparing both sides with each other, it is clear the lowest energy of the
polaron for a given wave vector k can be estimated with

M
<E0(k, a)>MC = % kz Tl (nk + Z e(ki) AT + Z ATJ') , (5.31)

:]_k 7

where 7, is the length and ny, the order of the current diagram. Remember that
we assumed 7 — 00, so measurements should only be taken when the diagram

length 7y, is greater than some minimum threshold 7,,y,.

e Effective mass estimator: The effective mass of the polaron can be measured at
the bottom of the polaron energy band and is defined as

dQEO(k’O‘)] - ] (5.32)
k=0

Mypot (@) = [ dk2
We can derive an estimator for m,,; by realizing that

P()\é, 7') T—00 eXp{—Eo()\é)T} _
P(0,7) x=0 exp{—Ex(0)7}

2. 2.
= exp {—(Eo()e) — Ey(0))7} :exp{—2/\ } =1- 2)\ + O\,

Mpol Mpol
(5.33)
where & is an arbitrary unit vector. The function @ is in this case
Dn()\é77—7q17' "7qN;§n7T17' -y T, W1, - .,Wm)
Q = =
Dn(OaTuqlw "7qN;§n77—17" <3 Tny W1, ... 7Wm)
k; +Xé)?  k?
= H exp — w — 2 )An; AZ0 (5.34)
; 2 2
)\2 2
A20 1 Fa@k)T — S+ S (8k)2r2 + O(ND),
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with ¢ running over all electron propagators with length A7; and wave vector
k; and the average electronic wave vector of a diagram with length 7 is

_ 1
k==Y kAr. .
Tzi: T, (5.35)

Comparing the coefficients in Eq. 5.33 and 5.34 for the same powers in ), one
arrives at an estimator for the inverse effective mass

M
<mpolz(a) >Mc - % ; (1- %(Ek)2> : (5.36)

where D is the dimensionality of the polaron problem under investigation, 7

the length of the current diagram and k;, its average electronic wave vector.
Statistics for the effective mass estimator are only collected if the total wave
vector k = 0 and if 7, is greater than some threshold 7.,

e Z-factor estimator: To estimate the integrated Z-factor of the lowest energy state

for a given k and a given number of external phonons N

May_ [ VD Vb (N) ..
Zo (k)—/de“'/WdQNZo (k7Q1a---7QN)7 (5-37)

the very straightforward MC estimator has been used:

1 M
<Z(§N) (k)> e = ; NN (5.38)

This is just the probability of generating a diagram with N external phonon
propagators (cf. the definition of Z(()N) (k) in Sec. 3.4). With the Z-factors at
hand, one can easily estimate the average number of phonons in the cloud

around the electron N (k):

N(k) = i Z8M (k) = N. (5.39)
N=1

o Green’s function estimator: Although it is very straightforward to use a
histogram method to simulate Green’s functions as has been demonstrated in
Sec. 5.1, it is always plagued with the trade-off between the systematic and
statistical error due to the size of the bins. In [10], an exact estimator for the
integrated one-electron-N-phonon Green’s functions (see Eq. 5.24) has been

introduced. It is given as

<GN(k’TO)>MC -
. 1 M 1 an (k7T07q1a -5, AN; Vk) o <|Tk . | (570) 6N N (540)
= — R — 19| — — N

Mk:l 67—0 an (ka Tk7q17"'7qu;Vk) 2 F
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where vy, are the internal variables, 7, is the length, N} is the number of
external phonon propagators and ny, is the order of the current diagram & and

© is the step function. It is assumed that 7y is the center of an arbitrary

dmo
2

been calculated in Eq. 5.29 with the substitution A = (79 — 7%) /7%:

interval [ry — %2, 70 + 5%] of length é7y. The ratio of the diagrams has already

an(va(]aql?' . -,QN;Vk:)

an (k')Tkvql? .- '7qu;Vk)

— Tk —
= (1 + 0 Tk) exp S Z e(ki)AT; + Z AT
J

Tk Tk i

(5.41)

More estimators and more details can be found in [10]. In the following calculations

only the ones presented above were used.

5.2.3 Updates

To be able to sample one-electron-N-phonon Green’s functions and ultimately the
function P(k; ), it is necessary to upgrade and modify the updates from the last
section. The updates are again only restricted by the ergodicity requirement and by
the conditions in Eq. 4.37 and 4.41. In our case, we will at least need updates which
add and remove internal phonon propagators, which add and remove external
phonon propagators and which change the length 7 of the diagram. A possible set

of updates is presented below.

1. change diagram length-update: This is a Class [ update and basically the same
as already introduced in Sec. 5.1.2. The only thing that changes is that the
diagrams going to be updated may have phonon lines attached to their ends.
We therefore need a different probability distribution from which we choose
the new diagram length 7/. The ratio of the diagram weights is given by

!
e—AET

= x5 (5.42)

,Dn(kaT/>q1a"'7qN;§n77-17"'>Wm)
Dn(k77—7q17"'7qN;€anl7"~7wm)

with AE = €(k) — p + N. If the new diagram length is chosen according to

S log(1 — )

=T T, (5.4:3)

where 7; is the right most vertex, then the update will be accepted every time
as long as 7' < Ty In the example shown in Fig. 5.7, the right most vertex is
71 = 74 and the new diagram length 7’ is determined by calculating

log(1 —r)

=7y — 5.44
o ekk—qi)—p+1 ( )

and accepted if 7’ < Tinq-
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0 k—a1 7 k mn k —w; 3 k—wi—a1 ™y k—-a1 7

0 k—-a1 7 k m k —wi T3 k—wi—qi 74 k—aq !

FIGURE 5.7: Update that changes the diagram length 7 of a diagram
with external phonons.

2. add internal phonon propagator-update: A Class II update and very similar
to the "add phonon propagator-update"” (see p. 65). The difference is that we
will now remove the restriction that the phonon propagator to be added has
to start and end on the same electron line. This only changes the ratio of the
diagram weights and therefore the acceptance probability. Apart from that,
the new parameters (7/,7”,w’) are drawn from the same probability
distribution P (71)P>(72|m1)Ps(w|11, 72) presented in Eq. 5.13. The ratio of the
diagram weights is now

Dn+2(k7 7,41, - - -an;§n+277_17 s 7Wm77_la7_//awl)
Dn(k7T7q17" . 7QN§§n77'17- ..,Wm)

= exp {— <Z(6(k, —w') —e(k)Ar; + (7" — 7'/)> } |V |2 (;i:;D dr'dr"”,

i

(5.45)

where the sum runs over all electron propagators with length A7; between 7/

and 7”. We can immediately write down the acceptance probability R’ as

pin s exp{— (3 (e(k; — W) — e(ki)) AT + (7" — 7))} [V [P (0 + 1) (7 — 71)
Pialm + 1)(2m)P exp (" = 7)) () exp { 5 (77— 7 |

(5.46)
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Here m is the number of internal phonon propagators of the current diagram.
If n+2 > npqq, the update is rejected. An example of the "add internal phonon
propagator-update" is shown in Fig. 5.8.

q1

q1

0 k—a1 T k T k—a T

0 k—-a1 7 k v k—-w T k-w-q # k-a 7

FIGURE 5.8: Update that adds and removes an internal phonon
propagator.

3. remove internal phonon propagator-update: This is also an update of Class II
and the inverse of "add internal phonon propagator-update" (see p. 77).
Therefore the acceptance probability will be

in 1

Rrem = R (5.47)
where Ré’éd is given in Eq. 5.46. For this to be correct, it is assumed that the
current diagram is of order n + 2 and a new diagram of order n is proposed.
This update is performed by simply choosing one of the m + 1 internal phonon
propagators with equal probabilities and put the 7 values of its left and right
vertex as well as its wave vector into the acceptance probability. If accepted,
the chosen phonon line is removed. Of course if there are no internal phonon

propagators present, we reject the update.

4. add external phonon propagator-update: A Class II update which increases
the order of the current diagram by adding a phonon propagator to the left
and right end of the diagram. The overall procedure is very similar to the
update which adds an internal phonon line (see p. 77). Let 7’ be the proposed
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time of the vertex connected to the left end, 7" the proposed time of the vertex
connected to the right end of the diagram and q’ the proposed wave vector
of the phonon propagator, e.g. as in the second diagram in Fig 5.9. These
parameters are chosen from the following probability distribution:

P(m1,72,q) = Pi(11)P2(m2) P3(q|mi, 72) =
Py(72)

1) Tt (T—Tm> P Plminy)  (548)
N—— 2 )
Py(m1) T
Ps(qlT1,m2)

where 7 is the length of the current diagram. P (1) is normalized over [0, co)
and P»(72) is normalized over (—oo, 7], so that we have to check if 7/ < 7 and
7" > 0, else the update is rejected. The components of q' are drawn from a
normal distribution ¢; ~ N(0,1/(t — 7" + 7')) with mean 0 and variance
1/(r—7"+7).

We now have to distinguish between two possibilities. If 7 < 7”, then we are
given a diagram which looks like the second diagram in Fig. 5.9 and the ratio
of the diagram weights is given by

. / 1 /
Dn+2(k77—aq17"‘7qN+17§n+27T17'")W’m7T)T 7q) .
Dn(k7Taqla'-'7qN;£nyTla"'awm)

= exp {— (Z(E(kl —q) —elk))Ar + (7' + 17— 7'")) } Ve |? (;l;:;lD dr'dr",

)

(5.49)

where the sum goes over all electron propagators with length A7; between 0
and 7’ and between 7" and 7. On the other hand, if 7 > 7", then the diagram
takes the form of the third diagram in Fig. 5.9 and the diagram weight ratio

becomes

. / 1 /
Dn+2(k777q17'"an+17§TL+277—17"'7WM7T77_ 7q) i
Dn(kaTaqla'"7qN;§n77—17"-7Wm)

=exp< — Z(E(kz’ —dq') —e(ki)) AT + Z(E(kj —2q') —e(k;))AT; | ¢ X

q

(2d )D dr'dr”,
T

X exp {(T’ +7— 7'")} |Vq/|2
(5.50)

where the sum over i goes over all electron propagators between 0 and 7" and
between 7’ and 7 and the sum over j goes over the other electron propagators
between 7”7 and 7'. The acceptance probability R, is in both cases given by
Eq. 441 with the probability distribution P;(7")P(7")Ps(q'|7’,7") from



Chapter 5. DQMC for the Frohlich polaron 80

Eq. 5.48, the corresponding weight ratio and

PE — __Drem _ (5.51)

pa Pigg(N+1)

If N +1 > Npyqz, the update is automatically rejected.

Wi
0 k T1 k—w; ™ k r
/
W1 q
q/
0 k—-dq ! k 7‘1k—W17.// k-wi—q Tk-q 7

or

!

0 k-dq ;7k-29' 7 k-q 71 k—w —q Tok-q T

FIGURE 5.9: Update that adds and removes an external phonon
propagator.

5. remove external phonon propagator-update: This is also a Class II update and
is the inverse of the "add external phonon propagator-update" (see p. 78). It
is performed in exactly the same way as for internal phonon lines. One of
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the IV 4 1 external phonon propagators is chosen with equal probabilities, the
acceptance ratio is calculated

R@JJ 1

remove ~ ex
Radd

(5.52)

and the update is either accepted or rejected. If there are no external phonon
lines present in the current diagram, we reject the update automatically.

With the updates presented so far, the ergodicity requirement is fulfilled. They are
not unique and most of them, if not all, can be further improved. Implementing more
updates may also lead to a faster convergence and better sampling of the diagram
space. For example, in the calculations done below, three additional updates have

been used. These updates were also proposed in [10]:

e swap-update: This is the same update which has been introduced for the one-
electron Green’s function DQMC in Sec. 5.1.2. It swaps internal phonon lines of
two neighbouring vertices and its acceptance probability is simply the ratio of
the diagram weights. If the vertices are connected via a phonon propagator or
if at least one of them is connected to the diagram end, i.e. an external phonon

line, then the update is rejected.

e shift-update: A Class I update which shifts a vertex in time, i.e. it changes its
position in the diagram. At first, one vertex is chosen randomly. Suppose this
vertex is currently at 7/, its left neighbour is at 7; and its right neighbour at 7.
Then a new time 7" is proposed between (77, 7,-) according to

log (1—7r(1— e‘AE(”_”)))
AL ’

"
T =T —

(5.53)

where AE = e(kip) — €(kout) + ¢, kiy, is the incoming wave vector, ko, is the
outgoing wave vector and ¢’ = +1 if the phonon line of the vertex is incoming
or ¢ = —1 if it is outgoing (see "swap-update" in Sec. 5.1.2). This update is

always accepted unless there are no vertices in the current diagram.

o stretch length-update: This is a Class I update. It stretches or compresses the
whole diagram like a spring. In fact, each electron propagator and the above
lying phonon propagators are stretched or compressed one at the time. For
the first electron line, a new length is proposed just as it is done in the "change
diagram length-update"” (see p. 76). As long as the length of the whole diagram
is smaller than 7,4, the new length of the electron line is accepted. The same
is done for all other electron propagators of the diagram.

5.2.4 Statistics and normalization

Using the updates from above, one is able to generate Feynman diagrams for the
one-electron-N-phonon Green’s functions and therefore also for the function
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P(k, 7) introduced in Sec. 5.2.1. It allows us to use the direct MC estimators for the
energy, effective mass, Z-factor and the Green’s functions themselves. After every
update, the estimators for the current diagram are evaluated and collected.
Remember that some of them should only be collected if the length of the diagram
or the total wave vector k are in a certain range. In the end, the estimators for the
energy, effective mass and Z-factor are averaged over all sampled diagrams like it is
done in an ordinary Monte Carlo simulation. On the other hand, the estimators for
Green’s functions and for P(k,7) are normalized like the one-electron Green's
function in Eq. 5.22. The errors can be estimated with the blocking method
discussed in Sec. 4.1.1.

5.2.5 Algorithm

We are now ready to put all these considerations into an algorithm. Suppose the
diagrammatic expansions of the one-electron-N-phonon Green'’s functions are given
and that the updates, which fulfill ergodicity and detailed balance with respect to the
diagram weights, have already been implemented. Before the DQMC simulation is

started, one has to define certain parameters:
® Tpmae: Maximum allowed diagram length

® Tmin: Mminimum length of diagrams for which certain estimators (energy,
effective mass, Z-factor) are collected

® Mgt Maximum allowed diagram order
¢ Nyge: maximum allowed number external phonon propagators

e {7;},{d7}: set of points at which one wants to evaluate the function P(k, 7) or
any other G ~(k,7;q1,...,qn) and corresponding intervals surrounding those

points

Furthermore, an initial diagram D;y(7ini:) needs to be defined, for example a

zerot-order diagram of length 1. At last, values for «, k and x have to be fixed.

Figure 5.10 shows an example and the overall structure of the algorithm. For
simplicity, it focuses only on the function P(k,7) and one estimator, for example
the energy. It doesn’t include any error analysis and the points {7;} are assumed to
be evenly distributed over [0, 7,,,45] and that they are the center of an interval of size
d7 such that ), 7307 = Tynae. The terms prsc(Dy (7)) and epre(Dy (7)) correspond to
the Green'’s function and energy estimator evaluated for the current diagram D, (1)
in the Markov chain. Figure 5.11 and 5.12 show the graphs of some P(k,7) and
. . MCy MCy
G(k, ). The exponential functions e=(Fo " ~#7 and ZéMCQe_(EO ~M7 have been
fitted to values 7 > 15. Energy estimates from the exponential fits are
EY = 555016 and E}'®® = —5.54508, respectively and from the direct MC
estimator E{*" = —5.5529.
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Input :values for: o, 11, k
constants: Toaz, Tmin, Mmazs Nmaz, {7i}, 07, Lo
initial diagram Dyt (Tinit)
update procedures {U1, ..., Uy}
updates addressing probabilities {p1,...,px}
Output: estimator Ey;¢, P(k, 7)

P]E?C [Tmaz/0T];

Ng — 0,'
(0) .
Eyfe < 0;
m<+0; // counts all MC steps
c0; // counts all samples taken for the estimator

initialize diagram D,,(7) < Dinit(Tinit);
do thermalization steps;
while not enough samples do
choose an update U; from {U1, ..., Uy} with probabilities {p1, ..., px};
propose a new diagram D), (') according to U;;
calculate acceptance ratio R;
if R > 1 then
| Dulr) « Diy(e;

else

draw random uniform number 7;

if r < R then

| Dalr) + Dp(r');
end
m+m+1;
j < inf{k: kér > 1,k € N};
PRl PG V] + e (Da(r));
if n = 0 then
‘ No+ No+1;

if 7 > T4, then

c+—c+1;

Efjo < Byic) + emc(Da(7));
end

oreach j = {1,..., Tias/07} do
Puclj] + Pucdho,

end

=

(e)

E
B ¢ 2,

return Py;c, Eyve;

FIGURE 5.10: DQMC algorithm for the function P(k, ) of the
Frohlich polaron.
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FIGURE 5.11: P(0,7) and exponential fit for « = 5, k = 0 and ¢ =
—5.75.
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FIGURE 5.12: G(0,7) and exponential fit for « = 5, k = 0 and p =
—5.75.
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Chapter 6

Results and Discussion

In [9] and [10], the Diagrammatic Quantum Monte Carlo method has been applied
to the three dimensional Frohlich polaron to obtain various quantities of interest.
This thesis tried to reproduce these results as well as to produce new results
corresponding to the two dimensional case using our own implementation of the
DOQMC algorithm. To obtain the results shown below, the MC estimators and
updates discussed in the last Ch. 5 have been used. The implementation basically
follows the algorithm described in Fig. 5.10 with some minor modifications and
additions. Units are chosen such that 7 = w = m* = 1. All calculations were
performed on the Vienna Scientific Cluster (VSC).

This chapter presents results for the 3D and 2D Frohlich polaron calculated with
the DQOMC procedure. The results include ground state energies Ey(0, «), effective
masses mpo (), Z-factors Z(SN)(k) and average number of phonons N (k) in the
cloud of the polaron ground state as a function of the coupling constant o as well as
the lowest energies as a function of the length & of the total wave vector k (polaron
dispersion). The difference between the polaronic effects on 3D and 2D systems is
shown and the results are compared to ones obtained analytically and to properties

known exactly presented in Sec. 2.4.

6.1 Results

6.1.1 Ground state energy

At first the ground state energy Ey(0, «) as a function of the coupling constant is
examined. The total wave vector is therefore set to zero k = 0 and the MC estimator

for the energy from Eq. 5.31

M
<E0(k, a)>MC = % Z Ti (nk + Z e(ki) AT + Z ATj) (6.1)

Pl

is used to find the lowest energies for given « values. Figure 6.1 displays Ey(0, o)
for different coupling constants in 3D and 2D. Both graphs are compared to results
obtained with Feynman’s path integral approach. The values of the Feynman results
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FIGURE 6.1: Ground state energy E(0, o) vs. a:in 2D and 3D.

for 3D are taken from [52] and then scaled to 2D with the exact scaling relations
introduced in Sec. 2.4.5:
2

E§P(0,0) = S E3” (0, Ta) : 6.2)
This plot especially shows the remarkable accuracy and usefulness of Feynman'’s
approach since it is of variational nature and therefore constitutes an upper bound
for the polaron energy. Likewise, it is already seen that the polaron effect in two
dimensions is stronger than in three. The corresponding data is listed in Tab. 6.1
(3D) and Tab. 6.2 (2D). Due to the nature of the scaling relations, values in the 2D
case were read off directly from the plot. For o > 8, they were calculated from the

expansion in Eq. 2.118 and the scaling relation in Eq. 6.2.

Furthermore, the accuracy of the calculations has been evaluated using the exactly
known expansion coefficients in the weak-coupling limit « — 0 and
strong-coupling limit &« — oo. The expansions and their coefficients have been

presented in Sec. 2.4.6 and are given by

Ey(0,a = 0) = —qrax — o + (’)(a3), (6.3)
lim %2’&) = —. (6.4)
a—r0o0 «

The results are displayed in Table 6.3.
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Q@ Ey DOMC Ep Feynman [52] mp, DOMC  myp, Feynman [52]
1 -1.01526(122) -1.0130308 1.19502(3) 1.1955147
2 -2.06973(114) -2.0553559 1.46182(11) 1.4718919
3  -3.16762(118) -3.1333335 1.84974(20) 1.8889540
4 -4.32490(211) -4.2564809 2.45196(57) 2.5793104
5  -5.55297(296) -5.4401445 3.47194(180) 3.8856197
6  -6.86647(287) -6.7108710 5.41952(625) 6.8383564
7  -8.31039(309) -8.1126875 9.7130(268) 14.394070
8  -9.92206(606) -9.6953709 20.55(14) 31.569255
9 -11.72535(701) -11.485786 46.90(78) 62.751527
10 -13.7820(136) -13.490437 98.8(3.3) 111.81603
11 -16.0660(127) -15.709808 158.2(4.6) 183.12497
12 -18.5943(240) -18.143395 270.1(20.0) 281.62189
13 -21.2434(249) -20.790681 / 412.78190
14  -24.1151(369) -23.651278 / 582.58390
15 -27.2629(359) -26.724904 / 797.49838

TABLE 6.1: Ground state energies FEy(0,c) and effective masses

Mpot() in 3D from the DQMC and Feynman method. Values in

brackets stand for the uncertainty in the DQMC simulation, e.g
—1.01526(122) has a sample standard error of 1.22 x 1073.

« Ey DOMC Ey Feynman [40, 52] mp, DOMC  m, Feynman [40, 52]
1 -1.64314(20) -1.62664 1.57530(11) 1.6213
2 -3.48253(46) -3.4002 3.01904(120) 3.50306
3 -5.66337(46) -5.48136 8.94191(730) 15.6066
4 -8.45543(149) -8.22536 52.108(341) 83.763
5 -12.08288(610) -11.7398 229.3(7.8) 260.148
6  -16.5403(269) -16.0485 601.9(46.0) 612.374
7 -21.7231(566) -21.1579 / 1225.62
8  -27.1346(802) -27.0381 / 2184.62
9  -34.4669(370) -33.6643 / /
10 -40.4139(379) -41.1183 / /
TABLE 6.2: Ground state energies F(0,«) and effective masses
Mpot(a) in 2D from the DQMC and Feynman method. Values in
brackets stand for the uncertainty in the DQMC simulation, e.g
—1.64314(20) has a sample standard error of 2.0 * 10~%.
q1 exact ¢ calc. ¢ exact g2 calc. 1 exact 7 calc.
3D 1 1.00394 0.01592 0.01586 ( < 2) 0.1085 0.10783 (8 < v < 15)
2D | 15708 15784 0.06397 0.06885(a < 1) 0.4047 040424 <a<?8)

TABLE 6.3: Exactly known vs. calculated expansion coefficients of
Ey(0, a) for the weak- and strong-coupling limit.
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6.1.2 Effective mass

The effective mass of the Frohlich polaron was obtained with the MC estimator from

Eq. 5.36:
(T N
Mpoi () Mc_ Mk:1 DR ) )

where D is the dimension of the system and kj is the average electronic wave
vector of the current diagram k. Note that the estimator actually gives a value for
the inverse effective mass so that its reciprocal must be taken. DQMC results are
compared again to Feynman’s variational technique. The Feynman results for three
dimensions are taken once more from the paper by Rosenfelder et al. [52] and then
scaled to two dimensions using the relation from Sec. 2.4.5

m2h(c) _ mo (%TW@)' (6.6)

* *
Mop M3p

Tables 6.1 and 6.2 show the calculated values for the effective polaron mass in
comparison with Feynman’s path integral approach. For large o values, the error in
the Monte Carlo estimators became too big and so they have been omitted. The
corresponding curves are plotted in Fig. 6.2.
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FIGURE 6.2: Logarithm of the effective polaron mass mp.(a) as a
function of « in 2D and 3D.
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6.1.3 Z-factors and average number of phonons

The integrated Z-factor Z((]N) (k) is defined as

(N) iy Vb Vb 2
75 (k) _/qul..-/quNupOZ(k)m;bgl - bl Jvac) 2, (6.7)

where [pol(k)) is the polaron state with the lowest energy for a given k value and
lvac) is the vacuum state with no electron and no phonon present. It is readily
estimated in the DQMC simulation using the MC estimator from Eq. 5.38

™) 1 M
(7§ (k)>MC == %m,w (6.8)

Since the ZéN) (k) sumuptol,i.e.

i ZM (k) =1, (6.9)

N=0

it gives the probability of finding the polaronic state |pol(k)) in a state with N
phonons. The Z-factor Z(()O) (0) is therefore the contribution of the bare electron state
to the ground state |pol(0)) of the polaron. Figure 6.3 shows how the bare electron
Z-factor behaves with increasing coupling between the electron and the phonon
tield. If there is no coupling, i.e. a = 0, then Zéo) (0) = 1 which means that there is
no polaron and that the solution is basically a one-body object consisting of a single
electron. When « is increased, the bare electron state loses importance because the
polaron becomes more and more a many-body object, i.e. dressed with phonons.
The polaronic effect is again seen to be stronger in 2D than in 3D.

In Fig. 6.4 and 6.5 the integrated Z-factors of the ground state as a function of the
number of phonons N is plotted for different o values. This shows that the
contribution of states with a higher number of phonons becomes more important
when the coupling is increased. For a given « value, for example oo = 6 in Fig. 6.4
and 6.5, the polaron in 2D is surrounded on average by more phonons than in 3D
~ 28 and = 5, respectively. The distribution of the number of phonons in the cloud
around the electron seems to approach a normal distribution with increasing

coupling constant. It has a mean N (k) which is computed easily with
1) = S 70
N(k) =) 7,/ (k)*N. (6.10)
N=1

The average number of phonons in the polaron ground state N(0) is shown as a
function of « in Figure 6.6.
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FIGURE 6.3: Bare-electron contribution Zéo) (0) to the polaron ground

state as a function of o in 2D and 3D.
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FIGURE 6.4: N-phonon contribution Z(()N)(O) to the polaron ground
state as a function of N in 3D for different coupling strengths «.
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6.1.4 Polaron dispersion

One of the most interesting results are the polaron dispersion curves shown in
Fig. 6.7 and 6.8. The plots display Ey(k, «) — Ey(0, ) as a function of the total wave
vector length k to make the comparison between different o values more apparent.
Eo(k,a) is the lowest energy eigenvalue of all eigenstates of the polaron
corresponding to a given k and « value (see Eq. 2.76 and Sec. 3.4). The quantity
Ey(k,a) — Ey(0, o) simply shifts the polaron dispersion such that the ground state
energy Ey(0, ) is set to 0. The continuum edge E.(a) = Ey(0, ) + fw or in our
units E.(«a) = FEy(0, ) + 1 is also included (see Sec. 2.4.6).

In 3D, the polaron dispersion graph crosses the continuum edge at some finite
kc(a) as can be seen in Fig. 6.7. The following values have been obtained:
k(1) ~ 1.83, kc(3) ~ 2.95 and k.(5) ~ 4.825. In 2D, the dispersion plot bends over
at large k£ and approaches the continuum edge asymptotically as has been predicted
in [36]. With increasing electron-phonon coupling, the dispersions become more
flat regardless of the spatial dimension. It is also seen that Ey(k, a) is indeed a

strictly increasing function of k.
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FIGURE 6.7: Shifted polaron dispersion Ey(k,a) — Ey(0,a) for

different coupling constants « in 3D. The grey line indicates the

continuum edge E.(a) and k.(«) is the wave vector modulus k at
which Ey(k, o) = E.(a).
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6.2 Discussion

The discussion focuses mostly on the algorithmic part and on the implementation.
The accuracy of our results and the comparison to other available DQMC data [9,
10] is mentioned only briefly. The physics are also discussed only shortly since it
has been done already and can be found in papers, books and reviews about the
Frohlich polaron, for example in [25, 28, 31].

The Frohlich Hamiltonian from Eq. 5.1 describes the interaction between a single
electron and a phonon field. Its strength is determined by the coupling constant
a > 0. If there is no coupling between the electron and phonons, i.e. a = 0, the
interaction term from the Hamiltonian drops out and left is a simple operator
describing a free Bloch electron and a free phonon field. The ground state energy of
this system is then Ey(0,0) = 0 since it consists of an electron at rest and a phonon
vaccum. This can be seen in Fig. 6.3. For a = 0, the contribution of the bare electron
state to the polaron ground state is Z((]O)(O) = 1 which means they are the same.
When the interaction is turned, i.e. & > 0, the electron couples to the phonon field.
The contribution of the bare electron state to the ground state of the polaron
becomes less important because the polaron is now a many-body object (see
Fig. 6.3). We say that the electron 'dresses’ itself with a cloud of phonons. The
stronger the coupling the more phonons will be in the cloud around the electron as



Chapter 6. Results and Discussion 94

can be seen in Fig. 6.4, 6.5 and 6.6. The dressing of the electron with phonons
increases the polaron effective mass (Fig.6.2) and lowers its ground state energy
(Fig. 6.1) with respect to the effective mass and energy of a free Bloch electron.

In all our results presented in Sec. 6.1, it can be seen that the effects of the
electron-phonon interaction are stronger in 2D than in 3D. The most interesting
difference is shown in the dispersion relations in Fig. 6.7 and 6.8. In three spatial
dimensions, the polaron dispersion crosses the continuum edge FE. at a finite value
k., while in two dimensions, the dispersion bends over and approaches E.
asymptotically. Polarons with energies above the continuum edge have a finite

life-time, even at zero temperature [53].

Our implementation of the DQMC algorithm for the 3D Frohlich polaron seems to
reproduce the results from other available DQMC data correctly. For example, our
Fig. 5.5 of the one-electron Green’s function G(0, 7) for a = 2 and the one presented
in the paper by Prokof’ev et al. [9] seem to be nearly identical. The same goes for
the graphs showing the ground state energy (Fig. 6.1), the effective polaron mass
(Fig. 6.2), Z-factors (Fig. 6.3 and 6.4) and average number of phonons (Fig. 6.6)
when compared to figures from the paper by Mishchenko et al. [10]. Unfortunately,
we don’t have the exact numerical data from those papers available at the moment

which makes a more rigorous comparison difficult.

The Diagrammatic Quantum Monte Carlo method is a powerful algorithm which
has proven to work in many applications and for many different systems. The
Frohlich polaron problem is a good way to get familiar with the DOMC technique.
Its Green’s functions have positive definite and convergent diagrammatic
expansions so that one doesn’t have to deal with the sign problem or use any
resummation techniques. Also the topologies of the Feynman diagrams are simple,
which makes the structure and implementation of the updates easy. Furthermore, a
lot of properties and results for the Frohlich polaron are already known. This
allows for tests and accuracy evaluations of the DQMC method.

The implementation itself is quite straightforward once the Feynman diagrams and
suitable updates are known. Especially, the algorithm and corresponding updates
presented in Sec. 5.1 for the one-electron Green'’s function are not hard to turn into a
working computer code. Retrieving the energy and bare electron Z-factor by fitting
an exponential function to the Green’s function at large 7 values can be a bit tedious
and also leaves room for errors. This is of course avoided by introducing the direct
MC estimators. They also make it possible to use the well known error analysis
from ordinary Monte Carlo simulations, which is very important for any stochastic
calculations. One has to be aware that the local nature of these updates leads to
correlation between generated diagrams. When the formula for the sample
standard error given in Eq. 4.12 is used, the error will be underestimated by orders
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of magnitude. The blocking method helps us to get reliable error bars but with the
drawback that we have to take many samples. Particularly for increasing « values,
the autocorrelation time becomes quite large so that the simulation has to run for a
long time to get trustworthy error estimates. Additional and more sophisticated
update procedures could make the sampling of the diagram space more efficient
and may reduce the correlation between diagrams.

Introducing the one-electron-N-phonon Green'’s functions Gy (k, 7) into the DQMC
algorithm does not only allow us to use the direct MC estimators or to obtain
interesting statistics on the phonon cloud around the electron (Fig. 6.4, 6.5 and 6.6)
but it makes the calculations in the strong-coupling regime more efficient. The
one-electron-0-phonon Green’s function does not contribute much to the function
P(k, a) for large « as can be seen by comparing Fig. 5.11 and 5.12. Especially, long
diagrams with large 7 values, in which we are mainly interested, are rarely
generated in simulations for Gy(k, 7). This is where the Gy (k, 7) functions and the
P(k, 7) function become important.

One of the major difficulties we came across was to get good results in the strong
coupling regime, i.e. & > 10in 3D and o > 5 in 2D. This can be seen in the graphs
for the energy (Fig. 6.1), the effective mass (Fig. 6.2) and the Z-factors (Fig. 6.4
and 6.5). In the case of the Z-factor and the effective mass, the obvious problem is
that the errors get too large with increasing coupling constant. The Z-factor
estimates may be readily improved by using the circular diagram representation
and the corresponding MC estimator described in the paper by Mishchenko et
al. [10]. For the effective mass, the problem is inherent to its definition. It is defined
as the inverse of the curvature of the polaron dispersion at the bottom of the energy
band (see Eq. 5.32). For large a values, the energy band becomes more flat and
accurately calculating the second derivative at &k = 0 becomes more difficult.
Another source for the large errors may be that the MC estimator for the effective
mass is actually estimating the inverse effective mass. The polaron mass is
increasing fast with increasing coupling between the electron and the phonon field.
So its inverse gets very small leading to large errors in the estimator. One can try to
bypass this problem by calculating Ey(k, ) for small k values and use a difference
quotient to obtain the effective mass. For this to work, the energy estimates would
have to be given to a high accuracy. It has not been tried in this thesis.

Another problem is more subtle. The results in the strong coupling regime seem to
depend significantly on the free parameter value i which should be chosen slightly
below the exact polaron energy. This is not the case for weak coupling. In the
implementation used for the present thesis, 1 is fixed before the simulation starts
and it is not changed during runtime. This might be the problem. A solution could
be to start with a ;i value significantly below the expected true ground state and
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then increase it slowly during the thermalization phase of the Markov chain.

Regarding the implementation, the code written for this thesis has not been
parallelized. All calculations were performed on the Vienna Scientific Cluster 3
(VSC3). Each node on the cluster consists of 16 cores. A node was utilized by
distributing a single DQMC simulation to every core, i.e. 16 simulations for
different k and « values done simultaneously on one node.
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Chapter 7

Summary and Outlook

This thesis has taken a closer look at the Diagrammatic Quantum Monte Carlo
method for the Frohlich polaron as described in [9, 10]. The main goal was to
implement the DOMC algorithm and use it to obtain ground state energies,
Z-factors, effective masses and dispersion curves for the three and two dimensional
Frohlich polaron presented in Ch. 6. The 3D results have been used to verify the
correctness of our code as well as its accuracy by comparing them to exactly known
expansions in the weak- and strong coupling limits (see Tab. 6.3). The 2D results are
new to our knowledge or at least have not been obtained via the DQMC method.

The thesis started with an overview of the polaron problem in general including a
derivation of the Frohlich Hamilton operator (Ch. 2). In Chapter 3, Green’s
functions in many body physics and quantum field theory have been introduced. It
was shown how to obtain a perturbation expansion of Green’s functions and how
they are related to Feynman diagrams before the diagrammatic expansion of the
Frohlich Hamiltonian was derived. Chapter 4 reviewed basic concepts of Monte
Carlo simulations and Markov chains. This was followed by an introduction to the
DOMC method. Maybe the most important chapter is Ch. 5. It tried to explain the
DQMC algorithm for the Frohlich polaron in detail and to give a step-by-step
manual on how it can be implemented. Results have been presented and discussed
in Ch. 6.

Future work on the DOMC method and specifically on the code written for this
thesis can be devoted to either improve the code in terms of performance and
accuracy of the results or to use it and apply it to different physical systems. For the
latter, it is likely that some parts of the code would have to be changed, especially
when the Feynman diagrams take on different forms as the ones for the Frohlich
polaron. An example where the diagram topology stays the same and where to our
knowledge no DQMC algorithm has been applied, is a ripplonic polaron. Another
interesting modification could be to use the diagrammatic expansion from the
Frohlich polaron but allow for a non-parabolic electron dispersion and for
non-constant phonon dispersions as well as different phonon branches.
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