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Abstract

In this thesis, an approximate method introduced to solve time-dependent many-body problems
known as time-dependent many-body perturbation theory is studied. Many-body perturbation theory
for interacting electrons and phonons is reviewed. In particular, the electron propagator G and an
unconventional two-component phonon propagator, which satisfy coupled integral Dyson equations,
are introduced. In practice, the associated integral kernels known as the electron 3 and phonon
self-energies need to be approximated. The conserving approximations known as the Hartree(-Fock)
and the first and second Born approximations, which respect the continuity equation between the
electron density and current, are considered in this work.

Time-dependent systems of interest are studied in this thesis by using the integro-differential forms
of the Dyson equations referred to as the Kadanoff-Baym Equations (KBE). The Kadanoff-Baym
equations are introduced for the electron and phonon propagators unconventionally as coupled first-
order integro-differential equations. It is reviewed how these equations are solved numerically by
describing an integration rule, a class of practical methods and a parallel implementation of the
numerical method. In addition, documentation of how the Kadanoff-Baym equations allow to solve
the Bethe-Salpeter Equation (BSE) with the kernel 63/6G for the density response function, is
provided.

In two of the enclosed publications, we benchmarked observables obtained by using the Hartree and
partially and fully self-consistent Born approximations against numerically exact results for the two-
site, two-electron Holstein model. In this model, the two electrons which are constrained to move
between two lattice sites interact indirectly via the electron-phonon coupling. It was observed that
only the fully self-consistent Born approximation could cope qualitatively correctly with the compe-
tition between the delocalizing and localizing effects of the kinetic and interaction energies. For the
other two approximations, spurious bifurcative symmetry breaking with an associated unbounded
density response was observed. Nevertheless, also the self-consistent Born approximation was con-
cluded to fail in describing the bipolaronic behavior of the true system. In the third publication,
we benchmarked the Hartree-Fock and second Born approximations against an exact method for
the few-site Hubbard and Pariser-Parr-Pople models in which the underlying lattice is inert and the
electrons interact amongst themselves directly. It was found that the second Born approximation is
capable of describing the so-called correlation induced doubly-excited states. This is not possible for
time-local approximations such as Hartree-Fock.

In addition to the qualitative results, which highlight successes of the applied simple self-energy ap-
proximations, the approximate and exact results were also compared on a more quantitative level. It
is the quantitative and qualitative results combined which are used in this thesis to assess the quality
of the many-body approximations used, with the aim to better understand when these methods are
predictive.
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1 Introduction

In atomic and molecular, or solid state, physics, there exist many theoretical and computational meth-
ods to study both time-independent and -dependent phenomena in a variety of physical situations.
Often these methods are overlapping, that is, they exist to describe essentially identical physical situ-
ations. The reason for this is that although in principle a unique methodology exists, it is in practice
impossible to use it to model all but the smallest of atoms. In particular, in non-relativistic quantum
mechanics, it would be ideal to be able to solve the time-independent or -dependent Schroédinger
equation; however, as the complexity of this task scales exponentially with the number of degrees of
freedom, it is usually not possible to do so. It has been then a general practice to develop approximate
methods by, in one way or another, eliminating some hopefully redundant degrees of freedom. Intu-
itively, it is plausible that the more degrees of freedom that are washed out, the further the results
are from the exact methodology. This leads naturally to a trade-off between the accuracy and compu-
tational feasibility, which determines the method used in practice. In atomic and molecular physics,
or in quantum chemistry, it is possible to study small to modest size molecules by applying, e.g., the
time-independent or -dependent variants of the Multi-Configurational Hartree (TD)MCH | ]
or Coupled-Cluster (TD)CC | ] methods in which it is straightforward, up to a limit, to increase
the accuracy at the expense of the computational cost. In particular, it is possible to obtain numeri-
cally exact results if convergence with respect to configurations is guaranteed. If larger molecules, or
clusters, are studied, then less accurate methods, such as the time-independent or -dependent Den-
sity Functional Theory (TD)DFT | |, are needed to overcome computational limitations.
However, by using these methods, it is typically not possible to achieve numerically exact results in
practice. Moreover, some observables cannot be evaluated and, in addition to quantitative errors, also
qualitative deficiencies are often found; e.g., incorrect dissociation | ], problems with conical
intersections [ ], and related problems to describe doubly-excited states [ ]. These problems
are offset by the advantage of such methods, that it is possible to use them also to study solid state
physics.

If understood in the sense of infinite partial resummations, time-independent and -dependent many-
body perturbation theory (TD)MBPT | ] is a theoretical and computational methodology which
lies roughly speaking in between methods such as coupled-cluster and density functional theory.
In fact, its time-independent version has been applied in the context of both atomic and molec-

ular physics | , , , ] and solid state physics in which it has been
used for quite a long time to routinely calculate, e.g., (inverse-)photoemission and photoabsorp-
tion spectra [ , ]. Tt is common to such applications to realistic systems that often

the simplest, non-self-consistent variants of the many-body approximations are used as they are
computationally more tractable than their self-consistent counterparts or the more complicated ap-
proximations. In its self-consistent form, there are fewer published works on the time-independent,
and considerably less on the time-dependent, many-body perturbation theory, especially regarding
inhomogeneous systems. If infinite partial resummations are conducted at least by introducing the
self-energy then time-dependent many-body perturbation theory can be used by taking advantage of
the Kadanoff-Baym formalism | ]. In order to name a few applications, which do not make addi-
tional approximations and focus on typical condensed matter systems, works concentrating on small
atoms and molecules | , , , , , ], semiconductor quantum
kinetics | , , |, few-electron quantum dots | , ], phonon-mediated
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superconductors | , ] and plasmon-accompanied spectroscopy | , ] are
noteworthy. The Kadanoff-Baym Equations (KBE), on which the formalism is based, have also
been applied recently to studying electron correlation in transient quantum transport in model sys-
tems [ ) ) ) ) ]'

In particular, the applications to model systems, such as in the transport problem, invoked interest in
benchmarking time-dependent many-body perturbation theory (i) against numerically exact methods
to ascertain that the method can be considered predictive. Since an experimental confirmation is
out of the question, in order for benchmarking to be conducted in practice, the results in some
standard approximations for the electron self-energy beyond the mean-field level, i.e., in the second
Born (2B), GW and T-matrix approximations, were compared to numerically exact results directly
in the transport context | ], as well as by investigating finite lattice systems typically used
as central systems in a transport setting [ , , ]. In the latter case, a serious
deficiency was found, as the time-dependent densities following a strong excitation were shown to
exhibit artificial damping to an unphysical steady-state for strongly interacting few-site lattices with
a local, Hubbard-type electron-electron interaction. It was also soon after that this observation was
confirmed by independent sources, e.g, in | ]. However, in | ], it is also stated that no
artificial damping is found in the linear response regime (ii) in which the dynamics of one-body
observables is dominantly dictated by the response function G /dv. In | ], it had been shown
that such 6G/dv corresponds to a solution of the Bethe-Salpeter Equation (BSE) with the four-
point kernel §3/6G but it had been hardly explored | | (iii) if the Kadanoff-Baym approach
was a potential method for calculating linear response functions, similarly as done, e.g., in density
functional theory [ ]. It was in particular observations (ii) and (iii), in addition to the need
(i) to understand when the many-body approximations are predictive, which initiated the work
summarized in this thesis.

It is highlighted, e.g., in [ ] that time-dependent density functional theory has in practice,
i.e., when a frequency-independent kernel fy. is used, issues describing absorption spectra of systems
in which doubly-excited states play a significant role. In | , ], state of the art methods
as of that time based on time-dependent density functional theory and time-independent many-body
perturbation theory, or more precisely on solving the Bethe-Salpeter equation in frequency-domain,
were been developed and shown to be able to describe double-excitations. In our chronologically
first publication IIT [ ] contained in this thesis, motivated by this, in addition to the de-
sire to benchmark time-dependent many-body perturbation theory, we summarize some results re-
garding the density-density response functions of small, few-site Hubbard and Pariser-Parr-Pople
models obtained by solving of the Kadanoff-Baym equations. In this publication, we confirm that
for the accessed time-scales, the response function does not show artificial damping, in agreement
with [ ], and as the main result show that already the simplest correlated self-consistent ap-
proximation for the electron self-energy, i.e., the second Born approximation, comes with the ability
to describe doubly-excited states. At the time, a qualitatively similar observation had been made for
a few-electron quantum dot in [ ] where, in addition, it is highlighted that the second Born
approximation also gives rise to spurious excitations, as also speculated in IIT | ] and reported
more throughly in another context | , ]. Next in the chronological order, we studied
inI] ] time-independent many-body perturbation theory by considering the ground state
properties of the two-site and -electron Holstein model. It was our motivation to explore other many-
body approximations capable of describing the effects of the electron-phonon interaction ultimately
to be applied to quantum transport. In the transport context, it has been debated, see | ]
and references therein, whether the electron-phonon interaction or its incorrect approximate descrip-
tion is responsible for the observed bistability, in which two different steady-state solutions are found,
which highlights why it is important to study the many-body approximations. In our publication,
for one, we summarize the main steps needed to take phononic degrees of freedom into account when
solving the equilibrium Dyson equation. For another, it was found that the many-body approxima-



tions, i.e., the Hartree (H), and partially (Gd) and fully (GD) self-consistent Born approximations,
support multiple solutions exhibiting spontaneous symmetry-breaking. It was also observed that the
symmetry-broken solutions, which were concluded to mimic the bipolaronic crossover of the exact
solution, emerged continuously in the manner of a bifurcation in all but the fully self-consistent Born
approximation. In IT | ], which is the chronologically latest work included in this thesis,
we continued to investigate the many-body approximations by using the same two-site and -electron
Holstein model but now focused on the electron and phonon spectral function and the density-density
response function. In this publication, we summarize how the non-equilibrium Kadanoff-Baym equa-
tions can be solved when the electron-phonon interaction is present. In regard to the application,
it is observed, by using analytical and numerical means, that only a single bounded response func-
tion, belonging to either a symmetric or symmetry broken solution I | ], exists for a fixed
interaction strength in the Hartree and partially self-consistent Born approximation. In contrast,
in the fully self-consistent Born approximation bounded response functions were observed for all
co-existing solutions showing, by example, that multiple stable solutions are possible, as also found
for a related method in the context of bistability | ]. Also, to address the question when
the approximations are qualitatively, or even quantitatively, predictive, a substantial effort was put
on comparing the approximate results against exact results for a relatively wide range of parameters
in both I | ] and IT | ].

In this thesis, in addition to summarizing the content of the enclosed publications, the theoreti-
cal and computational background behind this work is, in accord with a good scientific practice,
documented in a greater detail than what was possible in the publications. It is, in the first place,
reviewed how time-independent and -dependent many-body perturbation theory, especially for the
phonon propagator, is derived when both the electron-electron and electron-phonon interactions are
present. It is felt that a more detailed description of many-body perturbation theory is entitled as
some of the simplifications made for the extended, (quasi—)homogeneous and time-translationally
invariant systems considered in many standard sources | , ] do not ap-
ply to the finite, inhomogeneous and time-dependent systems studled in thls work. Another point
in favor of a more thorough exposition is that we have chosen an unconventional representation of
the phononic degrees of freedom in terms of both the displacement and momentum components. It
was initially an open problem for us how the Kadanoff-Baym equations should be formulated and
subsequently solved for the phonon propagator, which lead to the unconventional choice, and it is
only recently that complementary approaches to do so have emerged in the literature known to us,
cf., | , ]. Hence, it is also documented here in some detail how we have solved the
Kadanoff-Baym equations numerically for the coupled phonon field and electron and phonon propa-
gators. In particular, a numerical integration rule, similar to | , ], designed to solve the
initial-value problem for the real- and mixed-time components of the propagators is proposed and
an algorithm relying on this rule and aimed at solving the Kadanoff-Baym equations is summarized.
It is finally documented, in order to review the methodology used in the publications, how a density
response function satisfying the Bethe-Salpeter is obtained in practice by solving the Kadanoff-Baym
equations.

An outline of the thesis is provided below for the convenience of the reader. In Part. I, the many-body
problem and time-dependent many-body theory is reviewed starting by introduction of the physical
systems in Ch. 2 followed by an introduction to the observables used in the enclosed publication in
Ch. 3, and ending with a review of many-body perturbation theory in Ch. 4. In Ch. 4, the Keldysh
contour and components, diagrammatic perturbation expansions, conserving many-body approxi-
mations and the Kadanoff-Baym equations are introduced with some of the more technical details,
e.g., a proof of Wick’s theorem, placed in the appendix. In Part. I, in Ch. 5, the numerical methods
used in the publications are reviewed by specifying how the field, propagators and equations are
represented, summarizing the algorithms used to solve the imaginary-, real and mixed-time compo-
nents of the field and propagators and reviewing the parallel implementation of these algorithms.
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Moreover, in Ch. 6, the numerical integration rule and a class of two-stage methods used to solve the
initial value problem for real- and mixed-time components are motivated and presented. In Part. III,
it is explained, in Ch. 7, how the density response functions shown in the publications have been
obtained and, finally in Ch. 8, a summary of some of the main results of Pubs. I-III is represented.
An erratum to the enclosed publications is provided in the appendix of Ch. 8. Finally, a summary
of this thesis and an outlook is presented in Ch. 9.



Part 1

Theory






2 System

Non-relativistic, quantum mechanical, condensed matter systems of interacting electrons and nuclei
are used in this thesis as a platform to investigate time-independent and -dependent many-body
perturbation theory. In order to be more specific, the nuclei are treated in this work at the level
of the harmonic approximation which allows one to use phonons to characterize their properties.
Similarly, the dynamic interaction between the electrons and nuclei is treated at the level of the
electron-phonon interaction. Moreover, it is noted that unless otherwise stated, a finite, or infinite
but enumerable, Hilbert space is assumed in this thesis which essentially means that electrons are
treated in a finite basis. However, most of the results apply also for systems with both discrete and
continuous spectra,. In what follows, a brief summary of some fundamental aspects of how such
many-body systems are specified and described theoretically is given.

2.1 Hamiltonian Operator

In the exact quantum theory, the solution of time-independent or -dependent Schrodinger equa-
tion [ , | determines how physical quantities behave statically and dynamically. In
this equation, the Hamiltonian operator incorporates the information about the particular physical
system and it is responsible for generating the time-evolution. It is therefore natural to begin by
introducing the Hamiltonian operator whose role, as an object specifying the physical system, re-
mains invariant when transitioning to the approximate many-body perturbation theory. Here, it is
remarked that the units are chosen henceforth such that & is replaced by unity. In the language of
the second quantization [ , ], it is possible to describe a generic system of electrons inter-
acting amongst themselves and nuclei, which experience a harmonic potential, by introducing the
Hamiltonian operator

H= Z my P2+ = Z Ky Uty
—+ Z ]’quC Cq + = Z wpqst csét

pqst

+ Zzg;;qauapeq. (2.1)
rq p

Here, the first row describes the nuclei, with the first and second terms corresponding to the kinetic
and potential energies, the second row describes the electrons, with the first and second terms corre-
sponding to the combined kinetic and potential energy and the electron-electron interaction, and the
term on the third line describes the interaction between the electrons and the nuclei. The properties
of the nuclei are encoded in the nuclear masses satisfying m,, = m;, and in the curvature, or simply
the spring constant, matrix whose elements are denoted by k., = kj,, = k,,,. The electronic system
is characterized by the combined kinetic and potential energy matrix whose elements are denoted by
hpq = th and by the electron-electron interaction with the elements wpqst = Wopts = w;“sqp. Finally,
the last elements g, = g/,,* describe the strength of the interaction between electrons and nuclei. In



10 System

addition, in second quantization, the operators ¢, and é}; annihilate an electron from and create an
electron to a single-particle state denoted with the label p, respectively. The fermionic statistics of the
electrons is incorporated into the canonical anti-commutation relations [é,,¢], = 0, [ef, ety =0,
and [ép,é};]Jr = 0pq, where the plus sign in the subscript stands for the anti-commutator. The nu-
clei are on the other hand described by the momentum p, and displacement #, operators, which
commute with the electronic operators and obey the canonical commutation relations [t,, 4,]_ =0,
Dp,Pv]_ =0, [, py]_ = 1,,,. Here the minus sign in the subscript denotes the standard commu-
tator. In many applications, one is interested in time-dependent processes which can result from an
interaction with an electromagnetic potential. In other applications and model systems, one explores
an idealization of a physical process, e.g., an interaction quench. It is therefore preferable to gener-
alize the Hamiltonian operator by adding a possible time-dependence to all matrix elements, as well
as by adding a term describing an external force acting on the nuclei. In its time-dependent form,
the Hamiltonian operator is then given by

qu )2 + ka uﬂuy+2f#
+th )ehéq + = prqst )ehelese

pqst

+ Z > gl (tiche, (2.2)

pg

where f, denotes the amplitude of the added external nuclear force. All of the models investigated
in this thesis are completely characterizable by this time-dependent Hamiltonian operator.

2.2 Introducing a Two-Component Notation

In this thesis, a two-component notation is chosen for the displacement and momentum operators in
order to arrive at a compact representation of many-body perturbation theory. In the first place, this
choice was motivated by the desire of the author, due to numerical reasons, to arrive at equations
of motion with only first order time derivatives as opposed to the standard second order equa-
tions. It later turned out that the two-component notation is, in addition to Hamilton’s equations
of classical mechanics, used also in the quantum mechanical context in many-body perturbation
theory | ]. Tt is then for the stated reason that the displacement and momentum operators
are defined as the components

¢17u =u
¢2,u = p;L )

of the two-component phononic field operators QZN. It follows by defining an isomorphism between
the pairs {¢;, u;}, where ¢; = 1,2, and indices i that the two-component operators are referred to
with the collective indices ¢ when it is more convenient. It is noted that in the following, at the
risk of ambiguity, also the collective indices are denoted, e.g., by p to distinguish them from the
electronic indices, e.g., p. That said, it is possible to rewrite the commutation relations satisfied by
the displacement and momentum operators in the compact form

|:¢,u7 ¢u:| B = Quy,
such that the matrix « with the elements

Aip v = Q220 = 0,
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Q120 = —Q24 1y = Z(Suua

equals the imaginary unit times the standard symplectic matrix | ]. Tt is noted that the matrix
a is hermitian and idempotent and the symbol d,,, denotes the Kronecker delta. It then remains to
rewrite the Hamiltonian operator in terms of these new operators in order to complete the introduc-
tion of the two-component notation. In the abbreviated notation, it then follows that the Hamiltonian
operator is given by

Ht) = Q2 ()6u60 + > Fut)dy

nv m

DDA (2.3)
where

qu,c’y(t) = 5«/ (6<1kuy(t) + 5§25Wm;1(t)) ,

Fou(t) = 0c1fu(t),
M;é‘(t) = 5glgz‘,‘q(t) .

provide the connection between the new and original matrix elements. It is worthwhile to remark
that although the two-component notation was originally motivated by technical reasons rather than
physical arguments, the new Hamiltonian is an extension of the original Hamiltonian operator and can
also be used to address more complicated physical situations in possibly alternative unconventional
bases, see the outlook in Ch. 9 for examples.

N | =

2.3 Selected Lattice Models

In this thesis, the theoretical framework presented in the forthcoming is based on systems which can
be described with the Hamiltonian operator of Eq. (2.3). However, the applications of the theory
discussed in the present work relate to selected model Hamiltonians which are simplified versions of
the so far discussed Hamiltonian. A model typically arises from the need to simplify the real problem
such that it can be analyzed and explained with the available toolbox. In particular, the lattice
models discussed in the present work and introduced in the following arise by neglecting electronic
degrees of freedom such that only a minimal set remains.

2.3.1 Hubbard Model

The Hubbard model | , ] was initially introduced to study electron correlation in the d- and
f-bands of transition metal oxides but has since then been applied to a variety of physical situations.
In the simplest variant of this model, one considers a uniform system of atoms or molecules, hereon
referred to as sites, described by taking a single electronic basis function per site, and only retaining
local, on-site electron-electron interactions. The Hamiltonian operator is given by

Hy=—tun y_ Y (el,¢50 + ¢l ci0)

(i,4) @
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+U Y gy (2.4)

where the indices ¢ and o denote the site and spin while (7, j) indicates that the summed site indices ¢
and j must refer to neighboring sites. The operators ¢;, and ézg therefore annihilate an electron from
and create an electron to the site ¢ with the spin o, respectively, whereas n;, = ézgéw denotes the site
spin-density operator. Here, ty;,, and U are the hopping and electron-electron interaction strength pa-
rameters which model respectively the electron kinetic energy and the Coulomb interaction between

the electrons.

2.3.2 Pariser-Parr-Pople Model

The Hubbard model can be extended to also describe long range interactions between the electrons.
In this case, one typically talks about the extended Hubbard model or sometimes more specifically
about the Pariser-Parr-Pople (PPP) model. The Pariser-Parr-Pople model was originally tailored to
describe complex organic dyes [ , , ]. Tts simplest form can be described by the
Hamiltonian operator

Hppp = —tiin Z Z (é;raéjn + é;*aéin)
(i,) @

+ U Ay
1 A .
45 2 Vil = 2) (i - 2).
ij

where V;; describes the Coulomb interaction between the electrons at the sites ¢ and j while Z
is a term which describes a uniform background potential induced by the positive ions. Moreover,
n; = Y, Nis denotes the site density operator

2.3.3 Holstein Model

The Holstein model was originally introduced to describe polaronic physics in molecular crys-
tals | , ]. The model Hamiltonian can be written in its simplest form for a uniform
system as

Hyol = —tiin Z Z (éjo—éja + é}gém)
(i,j) ©

1 12 s e
+§;(M B} + Kif)
—g> i,

where p; and 4; are the momentum and displacement operators for the site i. The parameters M
and K are the mass and spring constant associated with each site and g is a local electron-phonon
interaction strength. In the diagonal representation, which is obtained by introducing the phonon
annihilation and creation operators

~ Mwo<A 1 A)
a; = U; + Di |,




2.3 Selected Lattice Models 13

[ Muwo [ (A
a; = 9 Uy — bil,

where wg = /K /M is the phonon frequency, the Hamiltonian operator is given by

Hiol = —tin Z Z (é;rgéja + é;,,éw)
(

i.j)
+wo Y (ajai + )

i

g a; +al)n 2.5
,\/Wiwo - (ai+ai)ni. (2.5)

which is another often used useful representation. Here, it is found noteworthy that certain restric-
tions of the Fock space make this Hamiltonian operator isomorphic to several textbook quantum
optics models | , , ]
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3 Observables

In this chapter, some basic concepts familiar from quantum mechanics and (non-)equilibrium quan-
tum statistical mechanics are reviewed in order to provide a reference point for the subsequent chap-
ters. It is noteworthy that although quantum statistical mechanics provides the formal framework
for many-body perturbation theory, in the applications, only its zero-temperature limit, i.e., pure
state quantum mechanics, is used. Hence, it is the intention to keep the discussion here brief and to
highlight points which are relevant for reviewing the theory behind the publications. In addition to
the general theory, also some one- and two-body observables, as well as correlation functions, which
are used, analyzed and discussed in Pubs. I-IIT are introduced. In particular, emphasis is put in this
thesis on the so-called spectral functions which contain, as their name implies, energetic information
on a given physical system. It is often that a spectral function is valuable as it is closely related to
an experimentally measurable response property. In the following, the spectral functions associated
with photoemission and -absorption spectroscopies are introduced and some of their properties are
described.

3.1 Grand Canonical Ensemble Average

Quantum statistical mechanics is concerned with, traditionally macroscopic, statistical properties of
large numbers of particles obeying laws of quantum mechanics with large being typically of the order
of Avogadro’s number ~ 1023. In the ensemble theory | , ], it is the ensemble averages
of quantum mechanical expectation values, or other probabilistic measures, corresponding to some
physical quantity which are relevant. In particular, the ensemble average of an observable O described
by the self-adjoint operator O for a time-independent system whose total energy and electron number
are allowed to fluctuate, is the grand canonical ensemble average

0= (0)
=71 Z e—ﬁ(Ek—uNk)<\I;k|6|\llk> ,
k

Z=3 e PEuN),
k

where Z is the partition function, § = 1/kpT is the inverse temperature, i the chemical potential, and
Ej and Ny, the energy and electron number corresponding to an eigenstate |¥y) of the Hamiltonian
operator H of Eq. (2.1) describing the system. It is said that a system the observables of which are
described by the grand canonical ensemble is at an equilibrium with temperature 7" and chemical
potential u. However, it is often interesting to consider situations in which the system is at some point
driven out of the state described by equilibrium quantum statistical mechanics. In particular, this can
be achieved by initially at time ¢y preparing the system in equilibrium and subsequently perturbing
the system such that each quantum state in the ensemble evolves in time for times ¢ > ¢y according
to the time-dependent Schréodinger equation with the time-dependent Hamiltonian operator H(t) of

15
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Eq. (2.2). It then follows that the time-dependent ensemble average of the observable O is given by

O(t) = 271> e AEIND (W, (1) O W (1)) |
k

where |W;(t)) satisfies the time-dependent Schrédinger equation 10, |W(t)) = H(t)| W, (t)) with the
initial condition |¥j(to)) = |¥k). In this thesis, all observables are defined as the grand canonical
ensemble average suggests but in the applications only its zero-temperature limit 5 — oo is used, in
which

: o (U (D)0 Wk (t
lim O(t) = 2ot =0, (TR (DO )>7
5*)00 Zk;Ek_MNkzgol

where Q¢ = ming(Ey — uNg). In particular, if for a fixed number of electrons N, the system has a
non-degenerate lowest energy state, i.e., the ground state, with the energy EJ¥ then it is possible to
extract this ground expectation value by using

lim O(t) = (¥ (1)|O]g' (1)),

B—o00
where |¥)') is the corresponding eigenstate, provided that the chemical potential satisfies
—Qr <p<Qa,

where Qp = miny/ <y (EY — EY)/(N — N') and Q4 = miny/sn (EY — EY)/(N' — N) denote
respectively the lowest multi-electron removal and addition energies per electron. It is noteworthy
that for a non-interacting system with a spin-compensated ground state following the Aufbau princi-
ple, this condition reduces to fixing the chemical potential between the highest occupied and lowest
unoccupied single-electron levels.

In the remaining section, some fundamental aspects of the treatment of ensembles in quantum
mechanics are reviewed. To begin with, it is, instead of the Schrédinger picture, more convenient to
use the Heisenberg picture as it, e.g., allows a more concise representation of correlation functions
on which many-body perturbation theory is based on. In the Heisenberg picture, the time-evolution
of quantum states is mapped to the time-evolution of operators by introducing the time-evolution
operator U(t,t') for all ¢t,t' > tg as the solution to

WU ) = HOU(, ),
—dpU(t,¢) = U(t,t ) H(t')

with the initial condition U(tg, tg) = 1. It follows from this definition that the time-evolution operator
maps a quantum state at ¢’ to another state at ¢ such that this state satisfies the time-dependent
Schrodinger equation. It further satisfies the closure property U(t,t') = U(¢,¢")U(t”,t’) and is unitary
U=Y(t,t') = UT(t,t') = U(t, t) which are casy to see for time-independent Hamiltonian operators H
as then U(t, ') = exp ( — H (t —t')) but can be shown to hold also for time-dependent Hamiltonian
operators | ]. Tt is then possible to rewrite the time-dependent ensemble average by using the
time-evolution operator as

O(t) = 2713 e PEIND (0 | O (1) | W)
k

= <6H(t)>G ’

where Og (t) = Ul(to, t)OU(t, to) defines a Heisenberg operator. Moreover, if Tr refers to a trace over a
complete set of quantum states, N is the electron number operator and pg = Z~! exp (—3(H —uN))
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the grand canonical density operator then {...)g = Tr [,3@ .. ] defines a convenient standard short-
hand notation for the ensemble average. It is noted that, at the risk of ambiguity, in this thesis the
subscript G specifying the statistical density operator is often neglected although the grand canonical
density operator is implied. It is then possible to treat the time-dependence of ensemble averages
by introducing equations of motion for the Heisenberg picture operators. If O(t) denotes a possibly
explicitly time-dependent operator in the Schrédinger picture then

19,05 (t) = [5H(t), ﬁ(t)} U (to, ) (0,0(0) U (1, 1) -

is the Heisenberg equation of motion for the corresponding Heisenberg picture operator 6H(t) In
order to close the section, it is noted that the Heisenberg equations of motion are an important
element in the derivation of the governing equations of time-independent and -dependent many-
body perturbation theory.

3.2 Time-Local Observables

Here, a few time-local observables which are relevant for this work are briefly introduced. It is
perhaps motivating to keep in mind that the observables to be introduced can be, and have been in
Pubs. I-I11I, evaluated from the knowledge of objects obtained in many-body perturbation theory
as is described in the next chapter. It is also remarked that in the electronic case, a choice has been
made to work in a general basis instead of the spin-position basis | , | and while some
observables are basis independent, others are specific to the latter basis and are hence represented
here in terms of more general objects. It is left until Ch. 8 on the applications to translate these more
general objects to the more natural basis specific objects, e.g., the electron density. In the case of
purely electronic observables, in the second quantized theory, the more general objects from which
all electronic one- and two-body observables can be in principle obtained are the time-dependent
electron one- and two-body reduced density matrices. In a general basis, they are defined by

Tra(t) = (&g (eup(t)

and

F;Dqst(t) = <éLt(t)éLs(t)éHq(t)éHp(t» )

respectively. If the spin-position basis characterized by the position vector r and spin label ¢ would
be chosen by p — {r,o} and ¢ — {r’,0’} such that v,,(t) = v(ro,7’ ¢’,¢) then, e.g., the electron
spin-density would be given by n(ro,t) = y(ro,ro;t) and the spin-current by j(ro,t) = —(V, —
VT/)'y(r o,r o, t)|r,zr/2me, where m, is the electron mass | , ]. In general, the pth diagonal
element of the density matrix, i.e., vpp(t), describes the population of the pth single-electron state
in the chosen basis, and then naturally its trace

N(t) = Z’Ypp(ﬂ

is equal to the electron number, which is an example of a basis invariant quantity. In principle,
also the electron energy is a basis invariant quantity, however its definition in the presence of time-
dependent electromagnetic potentials relies on gauge-invariance, and therefore, in a general basis,
without a concrete model or a physical system in mind, it is not completely clear to the author how
to define it unambiguously. That said, in this thesis, its one-body part is defined as

Eo(t) — Eee(t) = Z Ppg () Vap(t) »
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where E.. denotes the electron-electron interaction energy. It is emphasized that, e.g., in the spin-
position basis and in the presence of time- varylng electromagnetic potentials it would instead be
correct to define E,(t) = (Ho(t) +e >, [dr (v(r,t) —u(r, to)) (ro,t)), where H,(t) is the electronic
Hamiltonian containing the one- and two-body parts, e is the elementary charge and v(r,t) is the
scalar potential, since then gauge-invariance would be guaranteed | ]. InIIT | ], and in the
next chapter, also the electron-electron interaction energy, which is defined as

1
=3 Z Wpgst (t)'tsqp(t) »
pgst

is relevant and it will be reviewed that despite it being a two-body observable, it is possible to
evaluate it in many-body perturbation theory. In addition to the electronic observables, the phonon
field expectation value

u(t) = (Suu(t))

and covariance matrix
®,(t) = (Db, () Admu(t)) ,

where Agg”(t) = quu — ¢,(t) is a fluctuation operator, are of notable interest in this work since
they contain information on the properties of the joint-probability distributions of the nuclei. In
contrast to a change of the electronic basis obtained via a similarity transformation, in the harmonic
approximation a change of basis is typically achieved by a symplectic transformation, as it preserves
the canonical commutation relations, which does not preserve the trace of the covariance matrix,

e., it is not a basis invariant quantity. It is instead reasonable to discuss the energy of the nuclei,
or alternatively of the phonons, which is defined here as

ZQW W) + ¢u(t) +ZF

with the disclaimer that a more accurate definition may be introduced if a more specific physical
situation is described. It is finally possible to define the electron-nuclei, or alternatively electron-

phonon, interaction energy as
Z Z M () Aogp.u(t)

where also the so-called electron-phonon correlation function

Aospg,u(t) = <éTHq (t)eup (t)(lASHu (t))

was introduced. It is concluded here with the definition that by summing the electron, phonon,
electron-electron interaction and electron-phonon interaction energies the total energy of the system
is obtained under the disclaimers regarding, e.g., the gauge-invariance.

3.3 Electronic Spectral Functions

3.3.1 Non-neutral Excitation Spectra

It is possible to measure single-electron properties, e.g., ionization potentials in atoms and molecules
or band structures in solids, by (Angle-Resolved) PhotoEmission Spectroscopy (AR)PES. In such
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experiments, basically by relying on the photoelectric effect, electrons are electrically excited outside
the sample and the resulting photocurrent is recorded, in particular, as a function of the electric field
frequency. In order to keep track with the experiments, a considerable effort has been invested to de-
scribe photoemission spectra theoretically. This has lead to several models relating the photocurrent
to theoretically more or less accessible quantities | , ]. In the simplest
case | ], if the so-called extrinsic losses due to the mteractlon of the excited electron with other
charges are neglected then the photocurrent is proportional to the function A5, (¢;t') = (ch(t )emp(2))
or, to be more precise, if it depends on the time difference only, as in Ay, (t;t') = A5, (t — '), to
its frequency-domain representation. It is noteworthy that often this function is used directly to
interpret photoemission spectra amounting to the omission of the so-called optical dipole matrix
elements. Having said that, in IT | ] and III | |, it is A5, or its extension

Apg(t:t) = ([Emp(8), el ()] )

henceforth simply referred to as the spectral function, which is used to describe non-neutral excita-
tion spectra of the studied systems. Moreover, in this work, only the equilibrium spectral functions
corresponding to the time-independent Hamiltonian operator H of Eq. (2.1) are considered. It is
then perhaps more convenient to view the spectral function in the frequency-representation which
is known in the exact theory as the Lehmann representation, In this representation, the spectral
function is given by

w)/2m = Z Z Z kafli\l,Z Ii\lfz* (w —Q%H)

N=0kesn l€EsN 41

DD D Aarfipfing Slw ),

N=0kesn l€ESN -1

where Q! = EN*! — EN denote addition (+) and removal (-) energies and £~ 7 = (U e, TN

and fklp = (U} "1¢,|TN) the corresponding intensities, respectively. Here, EYY and |UY) refer
to the k labeled eigenenergy and -state of the N electron system, ¢y is the set of all labels for
the eigenstates of the N electron system and pg , = e~BEL—1N) /7 is a diagonal matrix element
of the grand canonical density operator. It is evident from this representations that the spectral
function contains information about single-electron properties as it obtains non-zero values only at
the electron removal and addition energies. Its intensity spectrum is hence referred to in the following
as the non-neutral excitation spectrum.

3.3.2 Neutral Excitation Spectra

In contrast to photoemission spectroscopy, in a typical experiment in optical spectroscopy, electrons
are excited by an electric field without ionizing the system and either the reflected or transmitted
field is recorded. In this way only charge conserving, i.e., neutral, excitations are observed which gives
complementary information about the physical system when compared to the photoemission case.
In particular, in a finite system, it is possible to evaluate the optical absorption spectra theoretically
or computationally from the knowledge of the photoabsorption cross section which is proportional
to the retarded density-density response function [ ]. In the spin-position basis, the retarded
ckensity density rebponse function of a system described by the unperturbed Hamiltonian operator

H(t) is defined by xE(ro,t;7" o', ') = =10t —t"){[Ag(ro,t), Ay (r o’ )] ) [ ]. In a general basis,
this density response functlon can be obtained from the knowledge of the retarded response function

Xogost(t58) = =100t — ') (Frpg (1), Yrrse ()] ) (3.1)
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where 7y = é:gép is the one-body reduced density matrix operator. If the unperturbed Hamiltonian
operator is time-independent and commutes with the initial state statistical density operator then
it follows, by the invariance under time-translations, that this response function depends on the
time-difference ¢t — t’ only. It is then reasonable to introduce its frequency representation which is
given for the Hamiltonian operator H of Eq. (2.1) by

- Mipgest  Mikpghit
~R N pq ks pq "kl,st
)= 3 3 (Pl il )
i w—Q+m w+ Q)+

where QY = EYY — EN denotes an excitation energy and hﬁ)pq = (UN[Fpq|¥N) the corresponding
intensity or oscillator strength. Moreover, the positive infinitesimal n arises from an integral represen-
tation of the Heaviside function, or equivalently by adding an exponential convergence factor prior
to the Fourier transform, and enforces the correct causal structure of a retarded function | . It
is clear from the above Lehmann representation that only (charge) neutral excitations contribute to
the response function and hence its spectral content is referred to as the neutral excitation spectrum
in this work. It is concluded by a more technical statement that, for a system described by the
Hamiltonian operator of Eq. (2.1), the retarded response function satisfies the sum rule

®dw N o PN S
_/ — Wqu,st(W) = <hpt'78q> + <7pthsq> - Z (6118 <hpp"7p’t> + Opt <’Ysp’ hp’q>)

oo U

pl
+ E : (wPSP’q’Fq’p’qt + FPSP’q’wq/p’qt)
p'q’
+ E ((wpp’q’t — Wyprtg ) sqrprg + Tpprgrt(Wsqrprg — wq’SP’q))
p'q’
- E : (5squp/q’S’FS'q’p/t + 5th8p’q/s/w3’q/p’(I) )
plqlsl

where ﬁpq = hpg + ZM M;‘q(gu denotes an effective one-body Hamiltonian operator. In the absence
of the electron-phonon interaction, it reduces to the f-sum rule, or the Thomas-Reiche-Kiihn sum
rule, and, if a spin-position representation | ] or a lattice model with only two-index interac-
tions | ] is chosen, to a relation between the retarded density-density response function and
the one-body reduced density matrix.



4 Many-Body Perturbation
Theory

An exact solution of a time-independent or -dependent many-body problem becomes quickly unman-
ageable as the computational complexity of solving the time-independent or dependent Schrodinger
equation scales exponentially with the particle number. It is this fact which has made physicists turn
to reduced objects, that is, objects which are related to the full solution such that most of the de-
grees of freedom have been integrated out. In this thesis, the focus is on reduced objects know as the
electron and phonon propagators. It is their simplest variants which admit a closed representation
of many-body perturbation theory and still contain enough information to extract some of the most
important time-independent and -dependent properties of a physical system. In particular, it appears
to be primarily due to the fact that both the photoemission and -absorption spectrum, cf., Sec.3.3,
are readily available once the electron propagator is known that many-body perturbation theory has
become ubiquitous in contemporary solid state physics [ ].

It was however already in the 1950’s that time-independent diagrammatic many-body perturbation
theory made its breakthrough into solid state physics. For instance, in | ] it was shown that
an infinite partial summation prevents divergences for the correlation energy of the electron gas.
Following its success, today, a number of textbooks describing both zero- and finite-temperature for-
malisms of many-body perturbation theory in particular for the fermion-boson and fermion-fermion

interactions exist | , , , , , , ]. Tt was also soon after, in the
mid 1960’s, when an extension to adiabatically switched-on time-dependent perturbations was pop-
ularized by Keldysh in | ].In| ], a formalism which also enabled the inclusion of switch-on

effects as well as uncorrelated, correlated zero- and finite-temperature, and general initial states was
introduced. Concerning general initial states, further progress was made the 1990’s by relying on an
exponential representation of the initial statistical density operator | , ] and a bit later by
using n-body initial correlation functions | , , ]. In essence, all but the approach to
general initial states with correlation functions were introduced by extending the domains of defini-
tion of the propagators without any changes to the formal structure of the time-independent theory. It
was only until very recently that textbooks summarizing time-independent and -dependent variations
of many-body perturbation theory have been published | , ]. It should be also mentioned
that the source-field method, which can be used to derive many-body perturbation theory without
explicit invocation of perturbative arguments, was developed in parallel with the diagrammatic the-
ory [ ]. It can be also applied to treat both electron-electron | ) ] and electron-phonon
interactions | , ]

Some comments on the suitability of approaches known to the author to the work presented in this
thesis are in order. Firstly, in some texts many-body perturbation theory for the electron-phonon
interaction is introduced for translationally invariant, or quasi-invariant, systems | , ,

, ] which leads to some simplifications not suitable for truly inhomogeneous systems,
e.g., the neglect of the Hartree (tadpole) diagram in the case of electron-phonon interactions | ,

]. Secondly, in addition to a demand of a theory for inhomogeneous systems also the capability
to deal with time-dependence is an essential requirement in the present work. In principle, as reviewed
above, only domains of the propagators are affected, however due to the desire of the author to

21
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work with first order integro-differential equations, also the momentum and displacement-momentum
components of the phonon propagator need to be considered. It is due to these reasons that an
alternative representation, which is equivalent to one used in | ] for purely phononic systems,
is chosen in the present work and it is this which obliges to a more thorough representation of the
theory.

In what follows, many-body perturbation theory is presented in a manner which is consistent with
the background information discussed in I-ITI. In addition to a review of all of the relevant basic
concepts, some more technical details are presented in the appendices of this chapter. In particular,
the appendix contains a proof of Wick’s theorem for the non-interacting phonon propagator, a
derivation of the Galitski-Migdal total energy functional and a discussion on the sufficient conditions
for obtaining conserving approximations.

4.1 Keldysh Contour

In | ], it was shown that time-independent many-body perturbation theory for the real-time
electron propagator could be extended to adiabatic non-equilibrium situations by defining a (com-
plex) contour on which the time-arguments are defined. It has been since then shown that all of
the different flavors, i.e., the zero- and finite-temperature and non-equilibrium formalisms, of many-
body perturbation theory can be described on an equal footing by defining an appropriate complex
contour which is here called the Keldysh contour | , ]. In the case that the initial state
is described by a grand canonical ensemble, see Sec. 3.1, the contour idea arises naturally if it is
recognized that the corresponding density operator pg resembles the imaginary time time-evolution
operator U (tg — 17, tg —17') = exp (— HM (7 — 7')) where HM = H — puN. It then follows that a
grand canonical ensemble average can be written as

o - Tr {UHM (to — zﬁ7t0)U(t0,t)6U(t7to)}
a Tr [UHM (tg - Zﬂ,to):|

b

which is readily understood to consist of a forward time-evolution up to time ¢, after action of the
operator O follows a backward time-evolution back to the initial time tg, and finally an imaginary
time time-evolution up to time ¢y — 8. It is possible to formally describe this sequence of time-
evolutions by defining the Hamiltonian operator

~ HM ,eccM
H =< A 4.1
(2) {H(t) s=t,eCt’ (4.1)

where z is a complex-valued time argument which can have values on the Keldysh contour of
Fig. 4.1.1. The Keldysh contour consists of two real time branches: the forward C'~ and backward
C™ branch, and a single imaginary time branch C™ which is usually called the Matsubara branch
explaining the abbreviation M. Moreover, by definition, the contour-time tg_ corresponding to the
real-time to and lying on the forward (—) branch is the starting point and the contour-time tg — 28
the ending point of the contour. It thus makes sense to order contour-times, e.g., a contour-time ¢
on the backward branch is always later than a contour-time ¢’ on the forward branch. Here on, the
notation ¢+ with £ denoting the branch on which the contour-time lies and ¢ the corresponding real-
time is used without the explanation. It is then possible to extend the domain of the time-evolution
operator for the contour-times by requiring that it solves the differential equation pair

~

ZazU(Zv Z/) = H<Z)U(Zv Z/) )
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Figure 4.1.1: The Keldysh contour C' and some of the contour-time naming conventions are illus-
trated. The contour consists of the vertical, imaginary-time branch C™ responsible for the initial
equilibrium preparation and of the horizontal forward C~ and backward C* real-time branches
related to the real-time time-evolution.

—10.U(z,2") = Uz, 2 )H(Z')
with the initial condition U(z, z) = 1. It follows from this definition that the contour time-evolution
operator satisfies the semi-group property U(z, z’') = U(z, 2”")U (2", 2’') but is not unitary if a contour
time lies on the imaginary track. The formal solution to these equations is given by

Texp| — zfc(z’z,)di fl(z)) z> 2
U(z,2) =

3

T exp zfc(z,7z)d2 ﬁ(z)) z< 2

where T and T are the chronological and anti-chronological contour time-ordering operators and
C(z,72") with z > 2’ denotes the part of the contour extending from z’ to z. If two operators are
given then by their (anti-)chronological order, it is meant that if z > 2’ then the operator with z
goes to the (right) left of the operator with z’. Hence, the (anti)-chronological time-ordering operator
acts by reordering operators to the (anti-)chronological order by repeated use the binary relation
for neighboring operators such that every transposition of two fermionic operators changes the sign
of the result. Moreover, by a (non-)fermionic operator, it is meant here an operator consisting of
strings of (even) odd numbers of annihilation ¢, and creation éL operators satisfying the fermionic
anti-commutation relations. It then follows, by extending the domain of the ensemble averages to
contour times, that

v| 7] e fotz B
<0H<z>>—T T{ B )}]

Tr T{e—z Jodz ﬁ(z)}]

where a(z) refers to a Schrodinger picture operator with an explicit contour-time argument, even
if the operator itself would be time-independent, to keep track of the time-ordering [ ]. This
contour-time extension generalizes to strings of operators such that a time-ordered ensemble average
of an arbitrary string O; ... O, of n fermionic or non-fermionic operators given by

Tr

T{e_lfcdz ﬁ(i)é\l(zl) e 5n(zn)}‘|

T{e—z Jodz H(z) }]

(T{Om1(z1)...Omn(zn)}) =

Tr
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reduces to n! ensemble averages when its arguments are given a definite order. Finally, it is particu-
larly noteworthy that if such a string of operators is given and O (to — 28) = Ok (to—) then it holds
that

(T{Om1(21) ... Oi(to —1B) ... On(20) })
= K1 Bp1 8kt - {T{Om1(21) ... Omg(to-) ... Opn(20) }) (4.2)

where k; equals the sign obtained by transposing the kth operator with the jth operator under the
time-ordering. It is the contour-time machinery reviewed here which turns out to be an important
tool for handling the complexity of the perturbation approach presented in the next sections.

4.2 Contour-Ordered Propagators

In many-body perturbation theory, the central object is the propagator or the Green’s function
which, roughly speaking, describes the time-evolution (propagation) of added particles, holes or
fields in the physical system. In the case that electron-electron and electron-phonon interactions
are considered there are several relevant propagators which can be classified as electron, phonon or
mixed propagators. In this thesis, only observables which can extracted from the simplest electron
and phonon propagators, that is the one-body electron and one- and two-field phonon propagators,
are considered. Moreover, these propagators are especially important as they are the simplest objects
which form a closed theory and allow one to represent also higher order propagators as shown in
the next sections. In here, by using the results of the previous section, the simplest propagators are
introduced and more general mixed propagators are defined. To begin with, in order to define the
phonon propagator, the phonon field

e~ Jodz HEG (5
|

Tr T{e—zfcdz ﬁ(z)}]

is introduced so that the two-field phonon propagator, or simply the phonon propagator D, can be
defined as

Tr

T{elfcdz PI(:Z)AQASH(Z)AGASV(Z/)H

T{ezfch ﬁ(f)}]

where AQAS#(z) = d?# — ¢u(%) is a fluctuation operator. It is possible to view the phonon propaga-
tor as an object describing the propagation of displacement-momentum fields in the system. The
phonon field and propagator are also directly related to observable quantities, e.g., the covariance
matrix introduced in Sec. 3.2 is readily obtained, and hence any derivable observable, by using
®,,,(t) =Dy (t—,t4+). It is noted that often | , , , ] the phonon propagator
is not defined by using fluctuation operators, which is in particular justifiable for time-independent
translationally invariant systems, but in the work contained in this thesis the definition in terms
of fluctuation operators, which arises naturally in the source-field method [ , , 1,
is found more convenient. The one-body electron propagator which describes the propagation of

D, (z,7") =

& | =

)

Tr
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electrons, or holes, in the system is instead defined as usual by

Tr

T{ez Jodz ﬁ(z)ép(z)é};(z’)}]

T{ez Jodz H(z) }]

and is here on often referred to simply as the electron propagator | , ]. Tts physical rele-
vance comes, for instance, from the possibility to evaluate the one-body reduced density matrix, and
derivable observables, by using v,q(t) = —1Gpq(t—;t4+). Moreover, in contrast to some other methods
based on reduced objects, e.g., density functional theory, both photoemission and -absorption spectra
discussed in Sec. 3.3 can be deduced directly from the knowledge of the electron propagator. It is
also possible to define a generic mixed propagator from which the phonon field and propagator and
the electron propagator can be obtained as special cases. However, in order to facilitate a compact
representation of the diagrammatic theory, a short-hand notation similar to the routinely employed
short-hand 1 = (1, 1), where x; denotes a spin-position variable, used in | ) ] is introduced
first. In the present work, this standard notation is sometimes inconvenient or ambiguous due to the
equations having both electronic and phononic degrees of freedom. It is therefore proposed that
when an ambiguity exists, to overcome it, a set of quantum numbers and/or contour times is instead
referred to according to the convention that if i,7,k € Z>o then i., = (zi, 1), jlp, = (2,05, q5),
kzupq = (Z, ik, Pk, Gk ), etc. . It is then possible, by using this abbreviated notation, to define that

Gpy(z;2') =

)

< | =

Tr

5(%) = au(zl) and ¢ (i,,) = ég)(zl) and to introduce the mixed propagator

- . -q! .
Xi,j(]-z;u sy laps 1zp> s Jzps 1zp7 s a]zp)

T{e"fcdz HOG(A,,) o d(ia)E(Lap) - 60ap)E (3L, - - af(yzp)}]

T{ezfcdz H(z2) }‘|

in terms of which it is further possible to define higher order phonon and electron propagators.
Firstly, the j-field phonon propagator D; is defined as

Tr

1
= Ji/2+i

(4.3)
Tr

Tr

T{e_zfcdz HEAS(1,) ... Aa(jz#)}]

T{e—zfcdz ﬁ(z)}

in terms of which Dy, ,,(21,22) = D(1.,,2.,) = D2(1.,,2,), and the j-field phonon propagator

Dy.;, defined without the fluctuation operators as

. 1
Di(1,,... 0:0) = 7
Tr

DO;j(lz/u cee 7j2/1.) = Xj,O(lz;u cee 7jz,u§ §)
T{ezfcdz I?(Z);zﬁ\(lzu). jzlt)}‘|

o
T{ez Jodz H(2) }] ’

is also introduced as it appears naturally in the diagrammatic theory. In order to avoid confusion
both phonon propagators are referred explicitly by D; and Dy,; or it is indicated otherwise which

Tr

= 2

Tr
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one is in question. Secondly, the j-body electron propagator is defined as
Gi(Lapy ooy Jops Voo Jop) = KXo G laps ooy Jops 1oy oo J0p)

T{e—zfcdz ﬁ<z>é(1zp) o é(jzp)éT(j;p) . éT(lgp)H

T{e—zfcdz I’-i(z)}‘|

such that G, (215 21) = G(1.p;1,) = G1(12p; 1,,,) is obtained as a special case. It is noted here that,
by defining the j-field phonon propagator in terms of j two-component operators, propagators with
both even and odd numbers of phononic operators can be considered, but at the same time a possible
confusion with the more common terminology in which a j-body propagator consists of 25 operators
is introduced. In the next sections, the strategy is to formulate perturbation theory for the mixed
propagator as far as needed and then specialize to the electron and phonon propagators. It is possible
to do this, i.e., to formulate perturbation theory for the contour time-ordered propagators introduced
here, since the mixed propagator satisfies specific boundary conditions. It can be concluded by using
Eq. (4.2) that the generic mixed propagator satisfies the boundary conditions

Tr
1

2

|

Tr

Xi,j(lzy,a ooty =B phg, - 7gz,u; 1zpa cee 7jzp; 1/zpa cee 7j,/zp)
= Xi,j(lz,ua RPN I ) 7izp; 1zpa s 7jzp; 1/zpa cee aj;p)a

5 . - .1/ -/
Xi,j(lz;u s lzps 121)7 s atO - Zﬁpka -+ Jzps 1zpa s a]zp)
_ - . / ./
= _Xi,j(]-zpn s laps ]-Zpa RN ZV Y 7] y Jzps 1zp7 ce a]zp)v

= .47 / ./
Xig(Lapsotizps Lapy ooy Japs Lops o5 t0 — 28Dk, -+, 52p)

= . / / .
==X, (1op, oo ytaps Lap, oy Jops Lpseeestom Dy ,jzp),

which are known as the Kubo-Martin-Schwinger (KMS) boundary conditions. It is noted that these
are in fact the usual symmetric (bosonic) and anti-symmetric (fermionic) boundary conditions for
the electron and phonon propagators | , ].

4.3 Perturbation Theory for Contour-Ordered Propagators

In what follows, it is reviewed how diagrammatic perturbation expansions with respect to the
electron-electron and electron-phonon interactions are carried out in many-body perturbation theory.
It is the strategy to proceed by first showing that an expansion of the mixed propagator of Eq. (4.3)
exists in terms of the non-interacting electron and phonon propagators of all orders and then by
proving that this expansion can be rewritten in terms of the lowest order non-interacting electron
and phonon propagators by using Wick’s theorems. It is then shown by using standard diagrammatic
arguments, i.e., by arguing that only the connected, topologically inequivalent, irreducible and skele-
tonic diagrams are relevant, that a closed formal solution in the form of coupled Dyson equations
for the electron and phonon propagators follows as a special case of the more general expansion.
Finally, it is reviewed that an electronic generalized response function, and hence the density-density
response function, has a similar closed solution, provided that the electron and phonon propagators
are given, as it satisfies the Bethe-Salpeter equation. In the process, it is the intention to keep the
reader informed, if the presentation chosen here differs non-trivially from ones found in the literature
known to the author.

In order to introduce the perturbation expansions, the Hamiltonian operator of the non-interacting
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system is defined as Ho(z1) = ﬁOC(zl) + ﬁop(zl) where, in terms of the two-component notation,

HOe (21) E ,h zpq cplcql )

P1q1
HOp Zl E Q z,uu ¢,u1¢u1 + E F Em (b,ula
Hivi M1

denote the Hamiltonian operators for the non-interacting electron (e) and phonon (p) systems.
Here, the abbreviations F(1.,) = Fu,(z1), Q1) = Quiu(21) and h(l.pg) = hpq, (21), with
the right-hand sides defined piece-wise on the contour analogously to Eq. (4.1), were introduced. It
is then meant by perturbation theory with respect to the many-body interactions that the operator
H(z) — Ho(z) containing only the many-body interactions plays the role of the perturbation with
respect to which the perturbation expansions are introduced. In order to keep the expressions for
the perturbation expansions a bit shorter, it is convenient to introduce the short-hands

/dlzp EZLle ey

/d1zﬂpq .. ZZ/dzl

M1 P1q1

and their straightforward generalizations to additional indices to abbreviate combinations of sums
and a contour-time integral. Moreover, for the same reason, the abbreviations M(1.,,,) = M}'%, (21)
and w(l.pg, 1%,,) = Wp,p,q1q,(21)0(21,21), where 6(z,2") is a delta function on the contour, are
introduced identically to the above defined other abbreviated elements. It is then possible to proceed
by expanding the time-ordered exponentials in the numerator and denominator of Eq. (4.3) with
respect to the perturbation by relying on the commutativity of non-fermionic operators under the
time-ordering | , ]. In particular, the denominator, i.e., the partition function, can be shown

to have the expansion

(_1)121/2+]
Z :ZO Z W dlzﬂpq dlZupqd d]zpqdlgpq djzpq
4,5=0 A
x M(lzupq)--~M(izupq) (llzpqvllzlpq) (2;pq72,’zlpq)
Logsensings Loy dogseeosdlonim
% doi(Lops ..., )gl%(lj"’ prapriosl ’JZW%‘J ) (4.4)
zZpr -t Zp’ zZpr = zp?"'?.]zpajzp

where Zj is the partition function of the non-interacting system and the superscript + (—) denotes
an infinitesimal increment (decrement) of the contour-time to which it is attached to. Here, to arrive
at the result, it was acknowledged that a non-interacting ensemble average of a time-ordered string
of electronic and phononic operators is equal to the product of the non-interacting ensemble averages
of the strings of electronic and phononic operators, respectively. Moreover, in the process, the non-
interacting j-field phonon propagator

Tr

e et B30, 3 }]

T{e odz Hop(z) ]

. 1
dO;j(lzpn o a.jzﬂ) = W
Tr




28 Many-Body Perturbation Theory

and the non-interacting j-body electron propagator

Tr

rfemt ot FocIe(1,y) .. el (1) . é*(l%)}]

T{e—z Jodz fIOe(z) }‘|

were introduced. It is noted that the arguments of the latter were divided into two rows to fit
the expression on a single line in the expansion of the partition function. It then follows by a
similar expansion of the numerator of Eq. (4.3) that the mixed propagator X; ; has the perturbation
expansion

1
Y

gj(lzz)w'-7jzp§1/zpa~~-7j,/zp) = (4.6)

Tr

T - . . 17 .
Xi,j(]-z;u sy laps 1zp> s Jzps 1zp7 s ,]zp)

ZO . (71)kzk/2+l l " ! "
=2 3 T / ALzpipg - - Abzppqdll g dl, .. dll dlY
k,l=0

X M(lzupq) e M(ljzﬂpq)w(lépq’ lgpq) e w(l,/zpqvlzlpq)

_ - Lopyoovsfopsdogyeoeskog, 10 17 1L 1
X dO,i+k(lz,u7---7izuylzpa--~7Ezy)gj+k+2l( P . pr=zq 7+q TE =R 7Z(_1~_7z/7 R

1/zp7 te 7j;p7ljpa te 7]§zp7llz-£7lz;_a e 7l;p7lz;_
(4.7)

which serves as the basis for the subsequent steps, of which the next, is the decomposition of this
expansion into a sum of products of the non-interacting one-body electron and two-field phonon
propagators. In order to accomplish this, Wick’s theorems need to be introduced.

4.3.1 Wick’s Theorems

It is possible to rewrite the j-body electron and j-field phonon propagators of the non-interacting
system, which appear in the perturbation expansions of Egs. (4.4) and (4.7), in terms of the one-body
electron and two-field phonon propagators by invoking Wick’s theorem. It was originally introduced
in [ ] in a form suitable for the zero-temperature formalism and extended in | ] to cover
also the finite-temperature case and stands today as one of the corner stones of diagrammatic per-
turbation theory. In its original form, the theorem is usually formulated algebraically by introducing
the normal ordering and by defining contractions | ]. Here, as the propagators are defined on an
extended non-equilibrium contour, it is found more convenient to use an approach based on solving
the equations of motion for the propagators, cf., | , ]. In the following, Wick’s theorem for
the electron and phonon propagators are stated and, by following [ , ], a proof of the latter
invented by the author is presented in App. 4.C.1.

In order to express Wick’s theorems diagrammatically, the reader is reminded that a diagram is a
graph which consists of a given number of vertices connected to each other by edges. Here, by the
edge referred to as the g-line, which connects a vertex with the label 17, to a vertex with the label
1.p, it is referred to the relation

21 2
1. ;1/ = )/
Ilaily) = o—g (4.8)

where g(1.,;1,,) = 91(1.p; 17,), and similarly, by the d-line, which connects vertices with the labels
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1., and 17, to the relation

Zp
z1 21
d(]-z;u ]_/ZM) ~ f'o ST o,
i I (4.9)

where d(1.,,17,) = da(1.,,17,). In this context, the symbol =~ is used to denote an isomorphism
between the algebraic and diagrammatic representations. It is also necessary to introduce the notion
of topologically (in-)equivalent diagrams by the statement that topologically equivalent diagrams
can be deformed into each other by continuous transformations, e.g., rotation, bending, etc. , while
topologically inequivalent diagrams cannot. It is then possible to state a Wick’s theorem for the
non-interacting j-body electron propagator. In the statement, as ambiguity is not an issue, the pair
(#i,p;) is abbreviated with ¢ instead of i,,. Moreover, it is convenient, for the brevity and clarity
of the presentation, to define the k X k matrix Gor,...an;a,....af, Such that for the given sets of row
{a1,...,ax} and column {af, ..., a; } arguments its matrix element (7, j) is defined as g(ay; ) for
i,7 € [1,k] N Z. In particular, then it is possible to define the determinant

k
det(gr,.. k1, k) = Z( 1) g(i;57) det(gr,im 1,651, i1 (1) (1) ook
=1
k
= sgn(o) [ [ (i, (1)),
g€Sk =1

where k € Z-1 and i € [1,k]NZ in the recursive Laplace form on the first line while, in the expanded
Leibniz form on the second line, Sy, refers to the symmetric group of order k and sgn : S, — {—1,1}
is the sign function.

Theorem 4.3.1 (Wick’s Theorem A). The non-interacting k-body electron propagator gi satisfies

gk(la BRI} k; ]-/a BRI} k/) = det(gl,...,k;l/,...,k’)

sum of all topologically inequivalent diagrams,
in which {1',...,k'} are pair-wise connected to
{1,...,k} by g-lines , with the sign (—1)¢, where
C' is the number of the crossings of the lines when
{1,...)K'} and {1,...,k} are organized to a left and
right column for a fized order of the labels

~

with the first and second lines being the algebraic and diagrammatic statements.

It is referred to | , ], for the proof of this theorem and for its illustration by some simple
examples.. It follows analogously that the non-interacting k-field phonon propagator

Tr

T{GZ Jodz ﬁop(z)Aa(lz#) e Aa(kz,u)}‘|

T{e—z Jodz ﬁop(z)}

1
dk(lz#,...,kz#) W (410)

Tr

where A(E(iw) = (;ASM —1t2dg, (t2,), satisfies a Wick’s theorem which is stated below by assuming the
convention that the pair (z;, y1;) is abbreviated with i instead of 4., It is convenient, also similarly as
above, to define the k x k£ symmetric matrix dq,,... o, such that for the given set of row and column
arguments {oq, ..., ag} its matrix element (¢, j) is defined as d(o, ;) for 4,5 € [1, k] N Z. It is then
possible to define the hafnian

haf(dl,.i.,%-s-l) =0,
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2%
haf(dy, o) = Z d(i, j)haf(dy, . i—141,..5—1,j+1,....2k)
=1

J#i

k
_ % 3 [ d@i - 1).0(20),

oc€Syy i=1

where k € Z-7 and i € [1,2k] N Z in the recursive statement, which plays an analogous role to the
determinant of g1, g;1/,... & in the following.

Theorem 4.3.2 (Wick’s theorem B). The non-interacting k-field phonon propagator dy, satisfies

di(1,...,k) =haf(d1, 1)
{if k € 2Z, sum of all topologically inequivalent di-}

~

agrams in which {1,...,k} are pair-wise intercon-
nected by d-lines , else the null diagram

with the first and second lines representing the algebraic and diagrammatic statements.

Here, by the null diagram it is referred to a diagram which evaluates to zero. It remains to state a
Wick’s theorem for the more conventional non-interacting phonon propagator defined without the
fluctuation operators. In order to do this, a vertex known as the F-vertex is defined by

2_1/2F 1, ~ P
(Lew) o (4.11)

where by the gray dashed line, it is implied that a d-line is the only acceptable joining edge, and it
is stated that

doa(t) = 75 [@2d0.2)F(2),

which is shown to be true in the proof of the theorem stated below. It is further useful to define
the k x k diagonal matrix do.q, ..., such that for the given set of arguments {a,...,ax} its ith
diagonal element is defined as do.1(a;) for ¢ € [1,k] N Z. In particular, the permanent of do.1.. x is
then given by

per(do.1,.. k) = doa(1)...doa(k),

as follows by the usual definition of the permanent. Moreover, if s C {a1,...,ax} then (d;)ay,....ar)s
refers to a (k—|s|) x (k— |s|) matrix obtained by removing from dg;)a,.....a, the arguments contained
in s whereas if s = {aq, ..., oy} then the slightly counterintuitive conventions that haf(dy,. o, )s =1
and per(dp.q,..ay)s = 1 are used in the statement of the following theorem. It then follows, by taking
into account that to convert a diagram into its algebraic representative all internal vertices are labeled
and thus obtained arguments are integrated over, that the Wick’s theorem for dy.;, can be stated as
follows.

Theorem 4.3.3 (Wick’s theorem C). The non-interacting k-field phonon propagator do.j, satisfies

dok (1, k) = Y haf(dy, k) x\sper(do, . k)s

Ss€ Pk
sum of all topologically inequivalent diagrams with
l € [0,k]NZ, such that k + 1 € 2Z, unlabeled F-
vertices are pair-wise connected to {1,...,k} by d- 5 ,
lines with the remaining of {1,...,k} being pair-wise
interconnected by d-lines

R
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where Py is the set of all subsets of K = {1,...,k}, with the first and second lines being the algebraic
and diagrammatic statements.

The proof of this theorem, and as a corollary that of Thm. 4.3.2, is provided in App. 4.C.1. Its use
is illustrated for do,, with k € [1,4]NZ by

X
dosi(1) = i
[}
1
X X
do;2(1,2) [T - S 02 +
o ]
02 ° o Q
,,,,,, A
do;3(1,2,3) ~ 107 4 + o==X i + o, ¥ + 0 X
03 0 ..... o °
1O rrmrrnmnrnnns 02 [ ? ox ’.o O ronnes X ? ? ?
doa(1,2,3,4) =~ + P W+ P X X
AQ=rrrnnnnnnnan 03 [ é ° ° [ TS X 6 (- SITTTTTTITTIe e
(- STTTTTTTTIIT 0 [ Heerenn e ox-k.“. 0 o O rennss X Q
.... *o 04
+ X X + toa . TOX X+ X X
o o O W o ”gl_ ° o o O W o

where the labeling of the external vertices of an unlabeled diagram is to be deduced from the
first labeled diagram on the right-hand side, It is finally noted that it is possible to extract the
decomposition of the corresponding phonon propagator dj by neglecting all diagrams with F-vertices.

4.3.2 Diagrammatic Perturbation Expansions

It is by virtue of Wick’s theorems that the non-interacting j-body electron and j-field phonon prop-
agators can be written in terms of the non-interacting one-body electron and two-field phonon prop-
agators giving rise to an increasing number of terms for the increasing number of interactions in the
perturbation expansions of Eqs. (4.4) and (4.7). In order to keep these expansions tractable, it is
customary to introduce a graphical method which relies on the diagrammatic statements of Wick’s
theorems and enables one to write the expansions in a compact and intuitive fashion in terms of
graphs known as the Feynman diagrams. If only the electron-phonon and electron-electron interac-
tions are considered, as done in this thesis, then in addition to the g- and d-line and F-vertex, the
M-vertex, defined by the relation

Zl/QM(]-zupq) ~ ‘.’ul
0 (4.12)
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and the w-line, defined by the relation

j2! a
z
o) = Jesenel
A
@ @ (4.13)

1w (1pg, 1

form the edges and vertices of the Feynman diagrams. Here, by the gray dashed lines with arrows,
it is implied that an in- or out-going g-line is the only allowed joining edge. It is then possible to
represent each term in the expansions as a graph consisting of these elements if it is also taken into
account that each graph with j M-vertices and k& w-lines comes with the multiplicative prefactor
1/(j'k'2%) and with the sign (—1)?*¢ where C is the number of the crossings of the g-lines obtained
as described in Thm. 4.3.1. The sign of a diagram contributing the perturbation expansion of the
propagator X; ; can also be determined more conveniently by taking advantage of a diagrammatic
rule known as the loop rule.

Diagrammatic Rule 4.3.1 (Loop Rule). Given the last 2§ arguments (1,...,5;1,...,5") of the
propagator X; ;, the sign of a diagram contributing to its perturbation expansion is equal to

(1)t

where L is the number of closed loops formed by g-lines when the diagram is closed such that the
external vertex with the label i’ is moved on top of the vertex with the label i for all i € [1,7]NZ.

It is not common that the loop rule is stated as above so a justification of this statement is provided
in App. 4.C.2 and it is referred, e.g., to [ | for a more usual formulation. In order to proceed,
it is noted that the perturbation expansion of the mixed propagator simplifies because some of the
diagrams cancel against Z/Z; and some are related by changes of integration variables. It is these
results, known as the cancellation of disconnected diagrams and the summation of only topologically
inequivalent diagrams | , ], which lead to a drastic decrease in the complexity of the expan-
sion. In what follows, the consequences of these results are summarized by stating the perturbation
expansion of the mixed propagator X; ; of Eq. (4.7) graphically in terms of the Feynman diagrams
and by providing the diagrammatic rules, i.e., the so-called Feynman rules, for converting each dia-
gram into an algebraic expression. In order to do this, it is first defined that a diagram whose each
internal vertex is connected to at least one of the ¢ + 25 labeled external vertices by any combination
of edges, i.e., g-, d- or w-lines, is a connected diagram. Moreover, to avoid cluttered notation, by a
variable k appearing as an argument of X ;, it is referred to (zy, py) if it is one the first ¢ arguments
and to (zg, pk) if it is one the last 25 arguments. It is then possible to conclude that

sum of all connected, topologically inequiv-
alent diagrams in which {1,...,i}, unla-
beled F-vertices and unlabeled M-vertices are
connected pair-wise by d-lines, and the M-
Xi,j(17 IS L L ,j”) ~ < vertices and unlabeled end-vertices of w-lines, (4.14)
{1”,...,3"} and {1’,...,5'} are connected
pair-wise by g-lines such that the elements
of {17,...,5"} and {1’,...,j'} are only con-
nected by an out- and in-going g-line

which is to be complemented with the following diagrammatic rule.

Diagrammatic Rule 4.3.2. In order to convert a diagram into an algebraic expression

1 assign dummy labels to all unlabeled F- and M- vertices and end-vertices of w-lines
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.

i1 replace all graphical elements, i.e., the g-, d- and w-lines defined by Eqs. (4.8), (4.9) and (4.13)
and the F- and M-vertices defined by Eqs. (4.11) and (4.12), by their algebraic counterparts

11 add the superscript + to all second arguments of the electron propagators

.
<

integrate over the dummy labels assigned in

and multiply the result with the sign given by the loop rule /.3.1.

It is referred to App. 4.C.3 for the justification that the expansion can be indeed represented in terms
of connected topologically inequivalent diagrams only. That said, until here, many-body perturbation
theory has been treated at a very general level, i.e., the diagrammatic expansion of a generic mixed
propagator has been introduced, and most of the steps have been justified, cf. App. 4.C. However,
here on, the representation chosen in this thesis becomes better compatible with the standard texts
and hence a more brief discussion is deemed more appropriate.

4.3.3 Electron/Phonon Propagators: Dyson Equation

Equation (4.14) is now readily applied to obtain the diagrammatic perturbation expansions of the
one- and two-field phonon propagators and the one-body electron propagator. In what follows, it
is reviewed, in a brief manner, how the standard resummations of the perturbative series, i.e., the
identification of the irreducible and skeletonic diagrams, can be used to arrive at closed coupled
equations, known as the Dyson equations, for these objects. As a result of this, another drastic
reduction in the complexity of the perturbation expansions is accomplished and the summation of
certain classes of diagrams to infinite order with respect to the interactions is made possible. It is
the latter, i.e., the infinite partial resummation of the perturbative series beyond the conventional
perturbation theory [ ], on which the applications of many-body perturbation theory sum-
marized in this thesis and, to the best knowledge of the author, in the majority of literature are
based on. It is recapitulated that the reader is, already in advance, referred to standard literature,
e.g, | , , , ], for the most of the details presented
in this and the next beCthIl In regard to conventions, it is also noted that here the label i, and its
barred or primed variations, refers to i., when it appears as an argument of an electron propagator
or self-energy and to 7., when it appears as an argument of a phonon field, propagator or self-energy.

It is found convenient to begin by considering the perturbation expansion of the one-body electron
propagator. In order to do so, Eq. (4.14) is used to define, similarly to the g-line, that a G-line which
connects a vertex with the label 17, to a vertex with the label 1., refers to the relation

21 21
G(Lap: 1{217) = p?#:gll

sum of all connected, topologically inequivalent diagrams
in which external vertices with the labels 1., and 1, and

unlabeled F-vertices, M-vertices and end-vertices of w-lines
= . . (4.15)
are connected pair-wise by g- and d-lines such that the ex-

ternal vertices with the labels 1., and 1/, are attached re-
spectively to an in- and out-going g-line

where the second line defines the diagrammatic perturbation expansion of the one-body electron
propagator. The diagrammatic rule 4.3.2 can be then used to convert this expansion into an algebraic
perturbation expansion. It is however noted that for the one-body electron propagator the loop
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rule 4.3.1 reduces to a form found in most standard textbooks, i.e., a diagram comes with the sign
(—=1)® where L is the number of closed loops formed by the g-lines. It is possible to justify this
by noticing that when the two external vertices of a connected diagram are placed on top of each
other, a single additional loop is created and therefore (—1)r<~! where L. is the number of loops
in the closed diagram, becomes (—1)¥, where L = L. — 1 is he number of loops in the original
diagram. In order to resum this perturbative series, it is the next task to identify the so-called one
g-line irreducible (1GI) diagrams defined as connected diagrams with two external vertices connected
to each other by any combination of edges such that it is not possible to disconnect the external
vertices from each other by cutting a single g- or G-line. Moreover, the so-called electron self-energy
insertion is defined as a piece of a diagram which can be disconnected from the rest of the diagram
by cutting two g- or G-lines. In order to achieve a further resummation, or reduction in the number
of diagrams, it is useful to define a G-skeleton diagram as an diagram which does not contain any
electron self-energy insertions. It follows by these definitions that the perturbation expansion of the
one-body electron propagator can be rewritten diagrammatically in the form

o—<o + °—<—@='<=°
o—<o + °='(=@—<-° (4.16a)

and, by restoring the omitted external and internal labels and integrating over the internal labels,
in the equivalent algebraic form

o—=f0

G(1sY) = g(1:1) + 22 g(1:2)5.(2:2)G(231)
=g(1;1) + /d2d2’ G(1;2)34(2;2)g(2"; 1), (4.16b)

which is just the Dyson equation for the one-body electron propagator. In this equation, the singly-
skeletonic electron self-energy .5 defined as

/
o< €O,
P

Ys(1.p51%,)

zZp

12

p1

sum of all connected, topologically inequivalent, one g-line
irreducible, G-skeletonic diagrams in which external ver-
tices with the labels 1., and 1;1, and unlabeled F-vertices,
M-vertices and end-vertices of w-lines are connected pair- (4.17)
wise by d- and G-lines such that the external vertices with
the labels 1;p and 1,,, accepting respectively an in- and
out-going g- or G-line, are either M-vertices or end-vertices
of a w-line

was introduced. Here, as before, the gray dashed lines with arrows indicate the only allowed joining
edges, i.e., out- and in-going g- or G-lines. It is noted that to convert a self-energy diagram to its
algebraic form, the diagrammatic rule 4.3.2 and the revised loop rule, i.e., (—1)* where L is the
number of fermionic loops, are to be used.

It is found convenient to continue by introducing first the perturbation expansion of the phonon field
¢ and then by considering the two-field Dg,)2 phonon propagator. In terms of these objects, it is
also possible to introduce yet another reduction in the number of the electron self-energy diagrams.
It is remarked that since these objects are less frequently discussed in the literature known to the
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author,when compared to the electronic case, it is felt that a slightly more detailed exposition is in
order. In this work, the phonon field ¢(1,,) = 2'/2Dg.1(1,,,) is referred to diagrammatically by the
relation

—1/2 ~
Y o(1, #) ~ %Ml
sum of all connected, topologically inequivalent diagrams
in which an external vertex with the label 1., and unla-
= ¢ beled F-vertices, M-vertices and end-vertices of w-lines are (4.18)
connected pair-wise by g- and d-lines such that the external
vertex is attached to a d-line

where the second equality follows by using Eq. (4.14). Tt is possible to resum this diagrammatic
expansion by taking advantage of the observation that, in contrast to the g-lines, an internal vertex
accepts at most a single d-line, i.e., the number of d-lines is not conserved at an internal vertex.
It then holds that a sequence of d-lines, in which any diagrammatic element free of d-lines acts as
a vertex, starting from an external vertex can end either to another external vertex, a F-vertex or
a M-vertex attached to g-lines forming either a closed loop or terminating to external vertices. If
the phonon field is considered then only a single external vertex exists and since any closed dressed
fermion loop is related to electron self-energy insertions, it holds diagrammatically that

6 é (4.19a)

and, by restoring the omitted external and internal labels and integrating over the internal labels,
algebraically that

o(L) = / ar,, (1.1, ) F(1L,)

. / A1 ALy 1) M1 VG 1) (4.19b)
which is readily verified by checking that the given algebraic form satisfies both the Kubo-Martin-
Schwinger boundary conditions and the equations of motion derived in App. 4.A. It is noted that, in
the harmonic approximation for the nuclei, the result is physically appealing since it can be under-
stood such that the displacement (momentum) expectation value has possibly non-zero values only
in the presence of a (generalized) force F' acting on the nuclei or due to the electrically induced force
—1M G related to the interaction with the electrons. In many standard texts | , , 1,
due to the absence of external forces and due to considering extended translationally invariant sys-
tems, diagrams such as those found on the right-hand side of Eq. (4.19a) are neglected which amounts
to fixing the displacement (momentum) expectation value to zero. It is also argued below that such
diagrams have an effect on how the perturbation expansion of the two-field phonon propagator D,
which is introduced in the following by using Eq. (4.14) for the phonon propagator Dy.2, can be
resummed. It follows from the diagrammatic arguments used to resum the perturbation expansion of
the phonon field that every internal vertex of a diagram in the perturbation expansion of Dy.s is con-
nected to only one, when all sequences of d-lines starting from an external vertex end to a F-vertex
or a M-vertex attached to closed fermion loop, or both, when a sequence of d-lines starting from an
external vertex ends to another external vertex, of the external vertices by any combination of edges.
The sum of all connected, topologically inequivalent diagrams of the former kind, i.e., diagrams with
each internal vertex connected to only one of the external vertices, is equal to the product of the
sums of all connected, topologically inequivalent diagrams attached to the external vertices or, in
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other words, equal to the product of two phonon fields of Eq. (4.18). It then follows, by using the
definition of the fluctuation operators, that it is possible to refer to the two-field phonon propagator
D graphically by the D-line connecting two vertices with the labels 1., and 17, such that

V4 4
D(]-z;u 1’2 ) ~ cl):::::::::::::::::::::::::o/1
" H1 M1

sum of all connected, topologically inequivalent diagrams
in which external vertices with the labels 1., and l’zu and
unlabeled F-vertices, M-vertices and end-vertices of w-lines
= . . (4.20)
are connected pair-wise by g- and d-lines such that the ex-
ternal vertices are attached to d-lines and interconnected

by any combination of lines

where the second line defines the perturbation expansion of the two-field phonon propagator. In
order to obtain the corresponding algebraic expansion, similarly to the electron propagator, the
diagrammatic rule 4.3.2 and the revised loop rule can be used. From this point on, it is possible to
proceed also otherwise identically as done in the case of the electron propagator. Firstly, the so-called
one d-line irreducible (1DI) diagrams are defined as connected diagrams with two external vertices
connected to each other by any combination of edges such that it is not possible to disconnect the
external vertices from each other by cutting a single d- or D-line. The so-called phonon self-energy
insertion is defined as a piece of a diagram which can be disconnected from the rest of the diagram
by cutting two d- or D-lines. Lastly, a D-skeleton diagram is defined as an diagram which does not
contain any phonon self-energy insertions. It is then possible to rewrite the perturbation expansion
of the phonon propagator diagrammatically as

(4.21a)

and, by restoring the omitted external and internal labels and integrating over the internal labels,
algebraically as

D(1,1) = d(1,1") + /d2d2’ d(1,2)I1,(2,2")D(2',1")
=d(1,1) + /d2d2’ D(1,2)I1,(2,2")d(2',1), (4.21D)

which is known as the Dyson equation for the phonon propagator D. Here, the singly-skeletonic
phonon self-energy Il is defined as

, 21 21
HS(12M712H) /fI ..... ﬁ’l

sum of all connected, topologically inequivalent, one d-line
irreducible, D-skeletonic diagrams in which external ver-
tices with the labels 1., and 1}, and unlabeled F-vertices,
M-vertices and end-vertices of w-lines are connected pair-
wise by g- and D-lines such that the external vertices, ac-
cepting a d- or D-line , are M-vertices

12

(4.22)

where the gray dashed lines indicate that a d- or D-line is the only allowed joining edge. In order
to convert a self-energy diagram to its algebraic form the diagrammatic rule 4.3.2 and the loop rule
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specified in this section are to be used. It is particularly noteworthy, as already stated above, that
it is the phonon propagator D, i.e., the propagator defined in terms of the fluctuation operators,
which satisfies the Dyson equation and that it reduces to the phonon propagator Dy, only when it
is justified to neglect the phonon field.

It is possible to achieve a further standard reduction, and the last one introduced in this thesis,
in the number of diagrams by resumming the singly-skeletonic electron and phonon self-energies.
This is done by removing all phonon (electron) self-energy insertions from the electron (phonon)
self-energy and by replacing all non-interacting phonon (electron) propagators with the interacting
phonon (electron) propagators. In order to avoid unnecessary repetition, it is merely stated at this
point that the so-called doubly-skeletonic electron 45 and phonon Il self-energies obtained in this
way are defined respectively by adding the term D-skeletonic and G-skeletonic and by replacing
d- with D-(lines) and g- with G-(lines) in Eqgs. (4.17) and (4.22). In the case of the phonon self-
energy, also the term F-vertices in Eq. (4.22) should be removed when defining the doubly-skeletonic
self-energy. Moreover, in the case of the electron self-energy, a d-line should not be replaced by a
D-line in the diagrams shown in Eq. (4.19a) since, by doing so, a double-counting of diagrams would
occur analogously to the purely electronic case | , ]. In addition, the electron and phonon
propagators entering the doubly-skeletonic self-energy diagrams satisfy Eqgs. (4.16) and (4.21) with
the singly- (s) replaced by the doubly-skeletonic (ss) electron and phonon self-energies. In fact, by
introducing the doubly-skeletonic self-energies, the Dyson equations for the electron and phonon
propagators have been coupled. In order to introduce an alternative, explicit way to construct both
doubly-skeletonic self-energies a dressed ®-functional is defined below. It is first noted that in this
context by equivalent G-lines, it is meant lines which lead to topologically equivalent diagrams when
removed | ]. The dressed ®-functional is defined by

sum of all topologically inequivalent, G- and D-
X @ skeletonic diagrams, except the diagrams on the left,
1 in which unlabeled M-vertices and end-vertices of w-
—& ~ @ + 3 i+ < lines are connected pair-wise by G- and D-lines such p , (4.23)
that all vertices are connected to each other by com-
@ binations of lines and each diagram is multiplied by
1/N; where Nj is the number of equivalent G-lines

cf., | ]. It then holds that the doubly-skeletonic electron self-energy is given by summing all terms
which are obtained by removing a single G-line from each term of the dressed ®-functional in all
possible ways. Similarly, the doubly-skeletonic phonon self-energy is given by summing all diagrams
which are obtained by removing a single D-line from each term of the ®-functional in all possible
ways. It is the symmetry prefactor of each ®-diagram which ensures that each self-energy diagram
arises with the correct prefactor. Moreover, it is possible to argue that a functional derivative of a
diagram with respect to a propagator corresponds to removing the corresponding line in all possible

ways | ]. So, to summarize, it holds in both diagrammatic and algebraic terms that
5P
Yeo(1;1) = ——
(L) 0G(17;1)

sum of all diagrams obtained by removing a single G-line
from each term of the ®-functional in all possible ways such

that the resulting external vertices accepting an out- and
in-going g- or G-line are labeled by 1 and 1’ respectively

0%
0D(1,1") |4
sum of all diagrams obtained by removing a single D-line
from each term of the ®-functional in all possible ways such

that the resulting external vertices accepting a d- or D-line
are labeled by 1 and 1’

)

Ms(1,1') =
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where the subscript S stands for the symmetrized functional derivative §/6D(1,1") |S =(6/06D(1,1)+
5/5D(1,1))/2 [5117].

4.3.4 Electronic Response Function: Bethe-Salpeter equation

In addition to the one-body electron and two-field phonon propagators, the perturbation expansions
of which were treated in the previous section, also electronic response functions, whose perturbation
expansions follow similarly from Eq. (4.14), are of interest in this thesis. In the following, a generalized
electronic response function is defined in terms of the one- and two-body electron propagators and
its perturbation expansion, along with some standard resummation strategies, is introduced. In
particular, by the elimination of the self-energy insertions and by identifying the so-called two g-line
irreducible diagrams, it is possible to arrive at a closed equation for this response function known
as the Bethe-Salpeter equation | , , ]. In Ch. 7, it will be moreover explained, in a
detailed way, how a retarded electronic response function satisfying the Bethe-Salpeter equation can
also be deduced from the sole knowledge of the one-body electron propagator. In order to define
the generalized response function, it is possible to start by considering the perturbation expansion
of Eq. (4.14) for the two-body electron propagator G and by making the observation that in a
connected diagram a sequence of g-lines starting from an external vertex can only end to another
external vertex. It then holds that there exist connected diagrams in which the external vertices
associated with the first and third arguments of the two-body propagator are connected to each
other by a sequence of g-lines but not, by any combination of lines, to the external vertices labeled
with the second and fourth arguments. It is such terms which prevent one from forming a closed
equation for the two-body electron propagator analogously to what happens with the diagrams shown
in Eq. (4.19a) in the case of the phonon propagator, see Sec.4.3.3. In order to go around this issue,
it is possible to define the generalized electronic response function

L(1,2;1,2") = = [G2(1,2;1,2") — G(1;1)G(2;2')], (4.24a)

where the label i() refers to i(zg, which applies also to the remaining section. It follows from this

definition that

Tr

T{e_zfcdz H(E)Aamth (21) A%p, g, (22) }]
T{e—zfcdz ﬁ(z)}

where x is a contour-time extension of the response function of Eq. (3.1), which, for one, explains
why L is referred to here as the generalized electronic response function. In any case, it is clear that
this response function does not contain the problematic terms as they cancel against the product of
the one-body electron propagators. It then follows from Eq. (4.14) that the generalized electronic
response function has the graphical representation

L(1.p, 2. 15,28 ) =

Zp; z2q) “zq
Tr

= 12X (Lapg) 22pq) »
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sum of all connected, topologically inequivalent dia-
grams in which the external vertices with the labels
{1.p,22p, 12,20, } and unlabeled F-vertices, M-vertices and
end-vertices of w-lines are connected pair-wise by d- and g-
lines such that the external vertices with the labels 1., (17,,)
and 2., (27,) are attached to in(out)-going g-lines and 1.,
and 1, are connected to 2., and 2, by any combination

of lines

12
|

(4.24D)

where the second line defines the perturbation expansion of this response function. It is now pos-
sible to define the so-called two g-line irreducible (2GI) diagrams as connected diagrams in which
the external vertices corresponding to the first and third arguments are connected to the external
vertices corresponding to the second and fourth arguments by any combination of lines such that
this connection cannot be broken by removing two g- or G-lines. It follows, by removing also all elec-
tron self-energy insertions and replacing the g- with G-lines, that the generalized electronic response
function satisfies the diagrammatic equation

o:q(_ < <0
+ K, L
P

L.
>

L = —

»-0

o< <

(i

o
Ks
o

o> >

(4.25a)

and, by restoring the external and internal labels and integrating over the latter, the equivalent
algebraic equation

L(1,2;1',2)) = G(1;2)G(2;1') — /d3d4d3’d4’ G(1;3)G(3; 1)K, (3,4';3;4) L(4,2; 4, 2')
:G(1;2’)G(2;1/)—/d3d4d3’d4’ L(1,3;1,3) K, (3,4;3; )G (4;2)G(2:4'), (4.25b)

which is known as the Bethe-Salpeter equation. Here, the singly-skeletonic four-point kernel K was
introduced and defined as

21 22
(o ¢ <0
D1 p/2
’ / ~
Ks(]-zp;2zp§ 1zp72zp) — , K
21 22
op- »-0
D1 b2

sum of all connected, G-skeletonic, two g-line irreducible,

topologically inequivalent diagrams in which the external

vertices with the labels (1.,,2.,;17,,,2,,,) and unlabeled M-

vertices and end-vertices of w-lines are connected pair-wise
by d- and G-lines such that the external vertices with the
labels 1., 2., and 1, 2, accepting respectively out- and
in-going g- or G-lines, are M-vertices or end-vertices of w-

lines

1

(4.26)

where the gray dashed lines with in- or out-going arrows indicate that an in- or out-going g- or G-line
is the only acceptable joining edge. It is noted that the diagrammatic rule 4.3.2 applies here if the
diagram is closed explicitly by a G-line in the loop rule [ ]. A further reduction in the number
of the kernel diagrams can be achieved by removing all phonon self-energy insertions and replacing
all d- with D-lines in all diagrams except in
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as doing so would lead to double-counting. The doubly-skeletonic four-point kernel K¢ obtained in
this way is defined by adding the term D-skeletonic and by replacing the d- with D-lines, expect for
the above diagram, in the definition of the singly-skeletonic four-point kernel of Eq. (4.26). Finally,
in particular with regard to Ch. 7, an important connection between the electron self-energy and the
four-point kernel is stated. If the singly-skeletonic electron self-energy is regarded as a functional of
the one-body electron propagator then

034(1; 1)
K (1,2;1,2) = —— 12
( 34y Ly ) 5G(2I, 2) )
which follows from the proof presented in | | for purely electronic systems.

4.4 Conserving Approximations for Electron and Phonon
Propagators

In order to use many-body perturbation theory in practice, it is conventional to introduce approx-
imations by truncating the perturbation expansions of the self-energies or four-point kernels. It is
true that, if further resummations are not introduced, the higher order self-energy or four-point
kernel diagrams are more difficult to evaluate since there are more internal integrals to calculate.
It is partially due to this reason that the number of practical approximations has remained to this
day relatively low. In fact, in many applications, it is even necessary to restrict to singly-skeletonic,
or insertions containing, self-energies in order to reduce the computational demand. However, as a
consequence, it can be that such approximations have undesirable traits such as a failure to respect
the conservation laws for the particle number or total energy, which are particularly undesirable
deficiencies in some applications. It was in | , ] that a recipe to construct the so-called
conserving approximations, which are guaranteed to lead to the fulfillment of the continuity equation
for the particle density and to the obedience of the particle number and the total momentum, angular
momentum and energy conservation laws, was introduced. In this thesis, only approximations which
respect the continuity equation are studied since the present work has been partially motivated by
the applications to transient quantum transport in which it is desirable that the change of the charge
of a volume element equals minus the charge current through the enclosing surface.

It is shown in [ ], for a purely electronic system, that a so-called ®-derivable approximation,
i.e., a self-energy approximation ¥ obtained by functional differentiation ¥ = §®/6G of an approxi-
mation ® to the exact ®-functional, is a conserving approximation. In App. 4.D, it is shown explicitly,
for a system with both electron-phonon and electron-electron interactions, that if, analogously to the
case of the screened interaction for purely electronic systems | ], the ¥-functional is defined as

1 0
e hig

(4.27)
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then the so-called W-derivable approximations are conserving approximations. Here, by conserving,
it is meant that the electron one-body reduced density matrix, cf., App. 4.D.1, and total energy,
cf., App. 4.D.2, obtained from the approximate propagators satisfy the continuity equations following
from the Heisenberg equations of motion. It is noteworthy that the particle number and, in the
absence of an explicit time-dependence, total energy conservation arise as special cases of these
continuity equations. Moreover, by W-derivability, it is meant here that the phonon field ¢ and
propagator D and the electron propagator G satisfy the integro-differential forms of the integral
equations (4.19), (4.21) and (4.16), cf., Sec. 4.5.2, with the W¥-derivable electron and phonon self-
energies

ow
Y1, 1L,) =3 Lop; 1 T
( Py zp) epMF( P Zp)+ 5G(1/zp;1zp)

M(1,,,1,,) = —2— 2%
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= 5z, 24) 30 MY, (21)6(1,) (4.28)

H1

is the electron-phonon interaction induced mean-field part of the electron self-energy. It is assumed
that ¥ is a well-defined approximation to the exact W-functional which means here that it is obtained
diagrammatically as a sum of diagrams in which M- and end vertices of w-lines are connected pair-wise
by D- and G-lines such that a given vertex is connected to all other vertices by some combination of
lines. In a general basis, it is also necessary that the electron-phonon correlation function Ay = X; 1,
cf., Sec. 3.2, and the two-body electron propagator G5, which appear on the right-hand sides of the
continuity equations, are W-derivable, i.e.

1 o
) iy .1t
Ao(Loy; i 1) = Yol [¢(1ZM)G(1ZP7 12+ m )
2 o
G 1271 ’12;,1"" = - T )
2(Lp, 1ag =t) 1 0w(1zsp, 1atg) | g

and that the two-body electron propagator also obeys the exact symmetry Ga(1,p,1.4; 13, 15) =
—Ga(1ag, Lap; 11, 15) = —Ga(1.p, 124515, 17,). It is noted that when W is the exact W-functional,
the above relations follow, for instance, by a straightforward use and generalization of the identities

—x/2 = 6<I>Xc/6w|s and —P/2 = 6\D/6W’S for the proofs and notation of which it is referred

to [ ]. Finally, in the proof regarding the continuity equation for the total energy, cf., App. 4.D.2,
the exact symmetries D(1.,,1,,) = D(1,,,1.,) and dD(1.,,1},)/dz1 = dD(1.,,11,)/dz were used

and hence, unless an alternative proof can be introduced, these symmetries are a prerequisite for a
conserving approximation.

In what follows, the conserving approximations, which follow by truncating the exact W-functional
up to second order with respect to M-vertices or w-lines and which are studied in the publications
contained in this thesis, are summarized. It is noted that here and, unless otherwise stated, from
now on, the subscripts referring to singly- or doubly-skeletonic diagrams are omitted.
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4.4.1 Hartree and Born Approximations

In T | ] and II | ], we have considered the Holstein model in which there is no
direct interaction between the electrons but they instead interact with the phonons via the electron-
phonon interaction. In this work, we have used conserving many-body self-energy approximations
which we call the Hartree and partially and fully self-consistent Born approximations. Here, these
approximations are introduced by defining the corresponding many-body contributions, obtained by
neglecting the first diagram of Eq. (4.23), of the ®-functional. The Hartree (H) approximation is

obtained by using the ®-functional

N —

from which the electron self-energy
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follows by functional differentiation. It follows from W-derivability with Uy = 0 that the phonon
self-energy is omitted in the Hartree approximation and that this approximation is conserving in
the sense that the continuity equations for the electron one-body reduced density matrix and total
energy are guaranteed to be obeyed. If approximations based on an order-by-order truncation of
the diagrammatic expansion of the singly-skeletonic electron self-energy are considered then it is
the partially self-consistent Born approximation which is the simplest approximation beyond the
Hartree approximation. Equivalently, the partially self-consistent Born (Gd) approximation is given
by differentiating the functional

such that the electron self-energy
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and the omission of the phonon self-energy follow. It is the latter, i.e., the neglect of the phonon self-
energy, due to which only the continuity equation for the reduced density matrix is guaranteed to be
satisfied, cf., | ]. In fact, by considering the doubly-skeletonic extension of this approximation,
also the continuity equation for the total energy can be shown to be obeyed. In order to obtain the
doubly-skeletonic extension, the ®-functional

|

KH
Q

w)}

|
N[ —=

is defined such that, by functional differentiation, the electron

O

Sap(lap;12,) =~ ' - A
e I9<0<o oab—f=<o
1 Pl

’
= Yu(Lzp; zp + ¢ Z Z Mllflth llll»t'l (Zl?zi)Mét’llp’l (zi)qui (21;2’1)

#1/-‘*1 lhth
and phonon
I , ! 2
GD(lz#a 12;/,) - /?1 . l?/1

’
= Z bia (1) Garp; (215, 21) Gy (21 Zl)MziL’llqi(zll)

P1¢11
P1(11

self-energies are obtained. It is this both continuity equations respecting approximation which is
denoted in this work as the fully self-consistent Born (GD) approximation. It is emphasized here
that if, instead of a d-line, the tadpole diagram in Xgp would be dressed with a D-line then a
double-counting of perturbative terms would occur, see Sec. 4.3.3 and cf. | , ]. Finally, it
is noted that in other contexts it is perhaps more natural to refer to the fully self-consistent Born
approximation as the Migdal(-Eliashberg) approximation | , , ].

4.4.2 Hartree-Fock and Second Born Approximations

In IIT | |, we have considered finite lattice models, i.e., the Hubbard and Pariser-Parr-Pople
models, in which the nuclei are assumed to be inert and the electrons interact only amongst them-
selves. The Hartree-Fock and second Born approximations which are both fully conserving, i.e., the
continuity equations for the electron one-body reduced density matrix and total energy are both
respected, are used in this work. The Hartree-Fock (HF) approximation is obtained from the -
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functional

~ 1 1

such that, by functional differentiation, the electron self-energy

ZHF(]'ZP;llzp) = 21+
o<« 40, o<« <0

p1 i

= —10(21,2}) Z Wp1pagap} (21) Gaaps (21527)

P2q2
+ 10 (21, Zi) Z Wpyq,phar (Zl)quq{ (21 Zf_)
q19]

= EeeMF(sz? llzp)

(4.29)

follows. It is due to its time-local dependence on the one-body reduced density matrix that this
approximation is referred to as a mean-field approximation and hence denoted above also as the
electron-electron interaction (ee) induced mean-field (MF) self-energy. The second Born approxima-
tion follows by considering all singly-skeletonic self-energy diagrams which have at most two w-lines
hence it represents the simplest order-by-order extension of the Hartree-Fock approximation. It is

possible to obtain the second Born approximation by using

~ 1 1 1

such that the electron self-energy

Ao

&

E2B(1zz¢§1lzp) = oz zp T + % +
Z?'( '(0/ o<« <0 o<« 0 o<« <O
1 p1

- EHF(lzpa llzp)

+ Z Wp1p2q2q1 (Zl)wq{péqépi (Zi)qui (213 Zi)qup’z (213 Zi)Gqépg (Zia 1)

q19;
P2q2

/ ’
P2ds

- Z Wp, ghphqr (Zl)wqiqui (le)quqz (213 Zi)qu; (Zi’ Zl)Gpgq{ (213 Zi)

q1q;
D2q2

i
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follows by functional differentiation. In IIT | ], the second Born approximation is referred to
as the correlated approximation since it describes electron correlation, and exchange, beyond the
mean-field description.

4.5 From Contour-Ordered to Real-, Imaginary- and Mixed-
Time Propagators

In the previous sections, time-independent and -dependent many-body perturbation theory has been
introduced at a formal and general level which is, in many cases, not suitable or necessary as such
for practical applications. Here, by focusing on the one- and two-field phonon propagators and the
one-body electron propagator, the standard methodologies to bridge the gap between the formal
representation and a practical one are introduced by decomposing the contour-ordered propagators
into more amenable real-, imaginary- and mixed-time objects referred to as the Keldysh compo-

nents | ]. It is particularly noteworthy that the equations of motion for the Keldysh components
of the aforementioned propagators known as the Kadanoff-Baym equations are introduces in this
section | ]. Tt is these equations whose solutions and the solving of which forms the lion’s share

of the work published in this thesis and in the enclosed publications. Finally, it is noted that although
applications relying on these notions are by no means limited to many-body perturbation theory or
only to numerical applications, it is, nevertheless, the context in which they are applied in this thesis.

4.5.1 Keldysh Components

In order to access the physical information contained in the propagators defined on the Keldysh
contour, their contour-time structure needs to be decoded back to the original representation based
on real and, in some cases, imaginary times. It is common to do this by defining the so-called Keldysh
components [ , , ] of the contour-ordered one-

Tr T{ezfcdz f](z)é\(z)}
kl(Z) = 5
Tr T{e—zfcdz ﬁ(z)}]
and two-time
Tr T{e"fcdz ﬁ(z)a(z)é’(z’)}]
ko(z;2') = )

Tr

T{e—z Jodz ﬁ(z)}]

correlation functions. Here, the operators O and O’ are arbitrary fermionic or non-fermionic op-
erators. It is noted that although Keldysh components of more complicated objects could also be
defined, they are perhaps not as useful and are, nevertheless, not required in this work. It follows
from the piece-wise definition of the Hamiltonian operator that the one-time correlation function has
only the two Keldysh components

ki(t) = ki(ts),
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k‘{VI(T) = ky(to — o)
~ i

, (Matsubara)

where t4 is a contour-time on the backward/forward branch corresponding to the real time ¢. Here,
it has been acknowledged that since the Hamiltonian operator is independent of the imaginary time
on the imaginary track, also the Matsubara component is independent of the imaginary time. In
contrast to the one-time functions, the two-time correlation functions are also piece-wise defined due
to the nature of the contour-time ordering operator. In fact, the two-time correlation function is a
special case of a more general Keldysh function which has the contour-time structure

ko(z;2') = 6(2, 2)k5(2) 4+ 0(2, 2V k3 (2;2') + 0(2', 2)ks (2 7)),

where § and 6 are the contour-time Dirac delta and Heaviside functions | |. Here, the contour-time
function k°, such that

kS(t) = k5 (tx)
kS (1) = kS (to — o7)
= kgM , (Matsubara)
is called the local contour-time component while k> and k< are referred to as the greater and

lesser contour-time components, respectively. It is possible to further define the real-, imaginary-
and mixed-time Keldysh components

k3 (t;t)) = ko(tost' ), (Greater)
k3 (t;t') = ka(t—5tl)), (Lesser)
kY (t;7) = ka(tasto —or), (Right)
k(m3t) = ka(to — 175ts) | (Left)

EM(1;7") = ko(to — a5t — 27')
=kM(r -1, (Matsubara)

where, similarly to the one-time function, the imaginary-time difference dependence of the Matsub-
ara component follows from the imaginary time independence of the Hamiltonian operator on the
imaginary track. The real-time, i.e., the greater and lesser, components can be further used define
the retarded and advanced components

ER(t;t") = 0(t — t")ES(t) + 0(t — t))kb (; 1)

=0(t —tkS(t) + 0(t — ') [k () — k5 (:¢)] (Retarded)
k(1)) = 6(t — t)ES (1) + 0(t' — t)kS ;1)

=0(t —tkS(t) + 0t — t)[k5 () — k3 (:¢)] - (Advanced)

where the functions with the lower case superscripts r/a are referred to as the regular parts of the
retarded/advanced components. It is also possible to define the time-ordered and anti time-ordered
components | ] but as they are not relevant for this work they are not introduced. However, it is
relevant to be able to rewrite contour-time integrals of the one- and two-time correlation functions,
in particular integrals such as

c1(z) = [az 0 b1](2)
= /di as(z;2)b1(2),
c
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c2(z;2") = Jag 0 bo)(2;2)
= / dz as(z;2)ba(z, 2')
c

where b; and ¢; are one- while as, ¢o and by are two-time Keldysh functions, in terms of the real-,
imaginary- and mixed-time components. It is possible to do this by using a set of rules collectively
referred to as the Langreth rules | ) ]. In this work, the Langreth rules

_ M
_ oM
and
E (1) = [af o 03] (t:t)) + [a5 0 b ] (1) + [ab x L] (4:¢) ,
cy(t;7) = [aff @ ] (;7) + [ad 0] (5 7),
ch(r;t) = [ah 0 03] (r58) + [ad! % b)) (751),
A (r7) = a3 0] ()
=l =),

are particularly convenient. Here, the standard abbreviations

[z @ Bu](t) = /Oodfaz(t;f)ﬂl(f),

’ B
(oo % B1](7) = fz/o dr as(1;7)B1(7) ,
and

[ o 8] (1)) = / " dF st Ba(E 1),

to
B
ls o] (737) = 1 / 07 a(r: 7)Ba(7i ),
0

were introduced to denote the integrations with respect to the imaginary and real times in a compact
way.

4.5.2 Kadanoff-Baym Equations

In their original form, the Kadanoff-Baym equations were introduced in [ ] as the equations of
motion for the greater and lesser components of the one-body electron propagator. In the case of
the extended Keldysh contour, i.e., when the contour-times lie also on the imaginary branch, and
in the presence of the electron-phonon interaction they are instead the equations of motion for the
real- and imaginary-time components of the phonon field as well as for the greater, lesser, right, left
and Matsubara components of the electron and phonon propagators. Instead of proceeding to write
down all of these equations, it is found useful to first list a few symmetries of the aforementioned
components in order to present only the equations the solutions of which are not related by the
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symmetries. Firstly, it follows, by their definition and by the Kubo-Martin-Schwinger boundary
conditions, that the Keldysh components of the exact electron propagator obey the symmetries

Ggq(u t)=— [qup(t/%t)r ) (4.30a)
Gly(t;7) =[Gl (B—T:1)]", (4.30b)
Gpg(T) = =Ga(T = B)

=[G =B, re 0,8, (4.30¢)

which show that it is sufficient to consider the greater and lesser components for ¢ > ¢/ (¢’ > t) and
the Matsubara component for 7 € [0, 8] (7 € [-3,0]) and, moreover, that the left (right) component
is fully determined by the right (left) component. Here, it is also remarked that the last equality
implies that the Matsubara component is anti-hermitian for a fixed imaginary-time value which
effectively follows from the time-independence of the Hamiltonian operator on the imaginary track.
It is similarly possible to show that the Keldysh components of the exact phonon propagator obey
the symmetries

*

(t';t)
= —[D,(t:t)
D/, =—[Dl,(B-71)]
=-[D,tB-1)]", (4.30e)
Dli(r) = DM(T B)

nv
== [D vul\T — B }

- [D;%(ﬁ - T)} : ) TE [Oa 6] ) (430f)
where the additional relations follow from the symmetry D, (z;2") = D,,(2; ). It is due to these
additional symmetries that the greater (lesser) component is fully determined by the lesser (greater)
component and that it is sufficient to consider the right, left and Matsubara components for 7 €
[0,8/2] (T € [-6/2,0]). In order to introduce the Kadanoff-Baym equations, it is first noted that the
contour-time equations of motion

D (100: = Qs (2)) 80 () = —zZM 1), (4.31a)

v

D3 (4:¢) = = [D5,

(4.30d)

]
5

Z (1000 — Qua(2)) D(2 A; 2" v) = 6,,,6(2,2") + Z/ dz(zpu;ZA)D(z\;2'v),  (4.31b)
X P

Z (=102 — D (2))D(z ;2" N) = 6,,,6(2,2") + Z/ dz D(zp;z NIz N 2" v),  (4.31c)
X o

Z (10ps0= — hps(2))G(z 852" q) = 6pgd(2,2") + Z /Cdé Y(z2p;25)G(zs;2' q), (4.31d)

S

Z (= 105q02 — heq(2))G(2p; 2" 5) = 6pgd(2,2") + Z /Cdé G(zp;zs)8(zs,2' q) (4.31e)

S

where Q,,(2) = Qu.(2) + Quu(2), follow by differentiating the integral equations (4.19), (4.21)
and (4.16). The Kadanoff-Baym equations are then obtained by choosing the external contour-times
to lie on the real- and/or imaginary-time branches of the contour and by applying the Langreth
rules summarized in Sec. 4.5.1. It is reasonable, by taking into account the symmetries, to only
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introduce the equations, in addition to the real- and imaginary-time components of the phonon field,
for the greater, lesser, right, and Matsubara components of the electron and phonon propagators.
Moreover, for the same reason, only the equations obtained by differentiating the first time argument
are introduced. It then follows by adhering to these guidelines and by taking the Keldysh components
of Egs. (4.31) that

Z (—aud; — Qﬂ/,lj)q/) = - zz MM”GM 07), (4.32a)

v

> (100 — Qs (1)) 4 () = —ZZ G5, (tt), (4.32D)

v

Z (= aundy — QM) DA () = 18,,0(7) + Z [ « DY (1), (4.32¢)
Z 1000 — Q) D), (7) = S [ DLV +10, « DY) (t;7) (4.32d)
A A
3" (0gnds = Qi) D5, (6:¢) = >[I 0 DY, + 115, @ DY, + 11, « DY J(5:¢),  (4.320)
A A
> (= 0psOr — WY GEI(7) = 16,40(7 Z *GM1(7), (4.32f)
Zs(uspsat — (1)) Gl (157) =Y [2F GW +3l G (57, (4.32g)
i (165500 — hips (1)) G2, (151)) = Z (2 e G2 + 35 0GE + 3] +GL (1), (4.32h)

where the identities df (2)/dz|i,—r = df (to — o7)/d7T and §(tg — o7, to — v7') = 16(7 — 7') were
used to obtain the equations for the Matsubara components. Here, by the superscript M to the
matrix elements introduced in Egs. (2.1) and (2.3), it is referred to their imaginary-time (Matsubara)
components whose definitions follow stralghtforwardly from the definition HM = H — ,uN of the
imaginary-time Hamiltonian operator HM , cf., Sec. 4.1. Tt is this set of integro-differential equations
which is collectively referred to as the Kadanoff-Baym equations (KBe) in this work. It is noted
here that the so-called collision integrals [II o D] and [X o G], the name of which is related to the
interpretation that they can be seen as nonlocal potentials describing scattering events, obey the
same symmetries as do the propagators in whose equations of motion they appear. It remains to
complement the Kadanoff-Baym equations, which only determine how the components of the field and
propagators evolve in real- and imaginary-time, with the appropriate boundary and initial conditions.
It follows from the Kubo-Martin-Schwinger boundary conditions that the Matsubara components of
the phonon field and the phonon and electron propagators are required to satisfy the boundary
conditions

¢ (0) = 0, (8)
M\ _ pM
D/.LV(T) - D,LLV(T - B) )
G%(T) = _G;f?\g(T - 6) ’
where 7 € [0, 8], which guarantee that the integral equations of Eqgs. (4.19), (4.21) and (4.16) are
satisfied. Moreover, these boundary conditions also ensure, as seen by using the variation of constants
formula, that the Matsubara component of the phonon field is independent of the imaginary-time,

ie., oM (1) = ¢M, as it should be. It also follows straightforwardly that the phonon field and the
electron and phonon propagators satisfy the initial conditions

Pulto) = o', (4.33a)
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;w (t07 tO) = D% (Oi) (433b)
( 0;T) :D%( T), (4.33¢)
(t07 0) = G% (Oi) ) (433(1)
Gl (to;T) = G2 (~7), (4.33¢)

which are required to be able to numerically solve the real-time Kadanoff-Baym equations. It is
finally emphasized that the equations for the Matsubara components are closed on their own and
can therefore be solved first such that the greater, lesser and right components can be obtained
subsequently from these fixed initial conditions.



Appendix

4.A Martin-Schwinger Hierarchy

In what follows, the equations of motion for the mixed propagator of Eq. (4.3) are derived primarily
due to the fact that they are needed in this work to derive Galitski-Migdal total energy functionals,
see App. 4.B, and to prove Wick’s theorems, see App. 4.C.1. It is characteristic to these equations that
a contour-time derivative of the mixed propagator with j electron addition and removal and k phonon
field operators depends on propagators with higher numbers of either electron or phonon operators
which prevents the propagator to be determined by a finite number of equations of motion. It is the
infinite hierarchy of coupled equations of motion obtained in this way which is usually referred to as
the Martin-Schwinger hierarchy of equations of motion | ]. Tt is possible to derive this hierarchy
by using the Heisenberg equations of motion for the electron and phonon operators | ]. In this
work, the relevant Heisenberg equations of motion are given by

CHP th
+ZZ 2)D1u(2)enq (2)
+ prqst z ch (2)éns(2)ent(2),

gst

—’L*C Zch
+ Z Z ¢Hu MH ( )
+ZCH1: z éHS z CHq(Z)th(IP(Z)7

gst

¢Hﬂ ZO‘IW o (2)dma(2)
+ Z o
+ ZZawM;q<z>eLp<z>qu<z>,
rqg H

where Q,,,(2) = Q0 (2) +Qu,(2). It is further useful to write down explicitly the Heisenberg equation
of motion

AQbHu ZO‘W A (2) Db ()

+ Z S 0 M (2) (W (g (2) = (W (e (2))) (4.34)

51
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where A(EHM(z) = aHM(z) - (&Hu(z» is a fluctuation operator. It then follows by using these equa-
tions that the mixed propagator Xy ; defined in Eq. (4.3) satisfies the equations of motion

1" "

’
18 .Xkl(].z#,... k‘zﬂ, zp""’lzp’ ,...,lzp)
k — —
/ / . 1" "
E Qi 025 25) Xm0 (Lapis -+ s zpy -+ o5 Japs v Kz Voo oo Ui L5 L)
Jj=1
J#i
— / ’ " 1"
+ E auiuﬂuu(zi)Xk,l(lzpa~~'7ziVu~-~ kzu’lzp7"'7lzp7 ,...,lzp)
nv
r—1 / " "
1/2 E Oép”u Zz Xk; ll(lz/n”-ylz;u-”akz;u zp7"‘7lzp’ Zp7"'7lzp>
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/ E E M. zl D, CEEREETC P SR Ko Upy oo s Ups 2 6 1 sy Ly 24 D),
/ . 1" 1"
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the derivation of which requires, in addition to the Heisenberg equations of motion, that the contour-
time derivative of the time-ordered string of operators is evaluated as shown in | |. Here, by a
bracket on top of an argument (index), it is meant that the argument (index) is missing. It is now
useful to write down explicitly several relevant special cases of these equations of motion. For instance,
by neglecting the electron-electron and electron-phonon interactions, one arrives at the equations of
motion for the non-interacting phonon and electron propagators. The equations of motion for the
non-interacting phonon propagators do 5 of Eq. (4.5) and dj, of Eq. (4.10) are given by

Zazido;k(lzu, ey k‘z”)

k . .
= E amuj(S(Zi, Zj)do;k—2(1z;u e 722/“ . ,]ZH, sy kzﬂ)
Jj=1
i
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+Zau7 v(Z)dowk (Lo, .oy ziv, oo ksy)
T
1/2 Za# wFu(z)dose—1(Laps - yizps oo ko) s (4.35)

and

Z@Zidk(lzu, ceey kau)

k
1 [
— Z OZMWCS(Z@', 2i)k—2(Lops oo s laps ooy Jops oo s Kap)
j=1
i#j
+ Z Oluiuﬁuu(zi)dk(lzuy ey 2 Vs kzu) ) (436)
nZ

respectively. Similarly, the non-interacting k-body electron propagator of Eq. (4.6) satisfies the equa-
tions of motion

/Lazigk;(lzp, e kzpa 1;177 ey klzp)

& i , o A
:Z(—l) 5pip;5(zi,zj)gk_1(1zp,...,zzp,...,k:zp;lzp,...,jzp,...,kzp)
j=1
+thip(zi)gk(1zp,...,zip,...,kzp;l;p,...,k'zp)
P

—Z@Z;gk(lzp,... kzp; zp,...,k‘;p)
k
T T
:Z( )Z+j5p'p75(zz/‘7Zj)gk—l(]'zpa"'a]va"' kZP7]‘/zp7 L) zpa"'aklzp)

+ng Zpy ottt zp’l/zp c Z 77k/zp)h’pp;(z7{)

Moreover, it is convenient to write down explicitly the equations of motion for the interacting two-field
phonon and one-body electron propagators. The phonon propagators Dy, and D satisfy respectively
the equations of motion

10, Do, (2, 2') = @ 6(2, 2")

+ Z a0 (2) Do (2, 2')
Ay

IS aaRE(E)
A

£ M TGt () (e (2)}) (4.38)
prq A

and
10, Dy (2,2") = a6(2,2")
+ Y iy (2)Dou(z, 7))

Ay

+ % o> My (N { Db (2)el (2 )enq(2)}) 4 (4.39)
Pq A
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as well as the adjoint equations which can be obtained by using the symmetry D g.2,),.(2,2) =

D 0;2:vu (%', 2). Here, the identity <A($HZ,(Z)> = 0 was used to obtain the equations for D. The
interacting electron propagator G instead satisfies the equations of motion

10,Gpq(2;2") = 8,40(2, 2")

)l (2)Grg(2: 7))
S S M T (G (el ()

23 e T {El () (e (2D (2))) (4.408)

=10, Gpq(252") = 0pgd(2,2)
+ ZGPP 232 )y g(2')

- fZZ T{Dru()E(2)eup(2) )M ()

- Z (T{el  GHE (M) (2)eup(2) Dwpgroa(2)), (4.40D)

qu

which concludes the derivation of the relevant equations of motion.

4.B Galitski-Migdal Total Energy

Here, a derivation of a Galitski-Migdal total energy functional [ , ] for systems with both
electron-phonon and electron-electron interactions is presented. It is shown that although the total
energy is not a one-body observable, it can be obtained from the contour-time derivatives of the
electron and phonon propagators by using the equations of motion derived in App. 4.A. It follows
directly from the definitions of the electron and phonon energies, cf., Sec. 3.2, and from the definitions
of the one-body electron and two-field phonon propagators that

Ee(z) — = *Zzhpq (zq;2" p),
_zZQW (zv, 2" p) —1p(2v) (2 1)) —|—ZF

and from Egs. (4.38) and (4.40) that

Eop(2) + Beo(2) = = 5 2 (19300 i) G4

+ - Z 10,02 — D (2)) (D(2v, 2" p) —19(2v)p(2' 1)) ,__y

zl=z+

-3 Z Fu(2)9(= 1) (441)

2=zt

-1t Z — 10pq02 — hpg(2))G(2 q; 2’ p)
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Y (— 10 = () (Dl 1) 19 )6 )
-3 Do) (1.41D)

where the first and second expressions follow by using Egs. (4.40a) and (4.40Db), respectively. In
this work, the total energy is defined to be the sum of the electron, phonon and electron-phonon
interaction energies. It is then found by using Eq. (4.41a) that

E(z) =— % Z (10pq0= + hpq(2))G (2 q; 2" p)

2=zt

+ % Z (10,02 + L (2)) (D(zv, 2" p) —19(zv) (2" 1)) ,__y

1
+5 2 Ful2)9(z ). (442)
n
and by using Eqs. (4.41a) and (4.41b) that

B(2) = =1 D (180(D: = 0) + Py (2) + g () Gz 0:2' )

2=zt

+ i Z (Zauu(az —0)+ Quu(z) + Quu(zl)) (D(Z v, 2 w) —19(z V)d)(zl 'u))z':z+
+ 3 LBl e

where Q,,,(2) = Q.(2) — Quu(2). It is these equations which are here referred to as the Galitski-
Migdal total energy functions or functionals. It is noteworthy that if there are no electron-electron
interactions then another expression can be derived for the total energy by using only the equation
of motion for the one-body electron propagator. It follows by assuming that no electron-electron
interaction is present that the electron-phonon interaction energy can be written as

Eep(z) = _ZZ (’5pqaz - hpq(z))G(z 4% p)

z'=zt"

and hence the total energy becomes

E(z) =Y 0.G(zp:2'p)

2=zt

139 (2) (D, 2t 1) — 16200z ) + 3 Ful2)6(zv)

ng

which is referred to as the Galitski-Migdal total energy functional in I | ].

4.C Justification of Diagrammatic Rules

4.C.1 Wick’s Theorem (B and C)

In the following, Wick’s theorem 4.3.3 is proven for the non-interacting phonon propagator dy of
Eq. (4.5) by following the principles behind the corresponding proof | ) ] for the non-
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interacting electron propagator g of Eq. (4.6). It follows from the relation

di(1, ..., k) = dok(1,. .., K)| o
= haf(dl,m’k> ,
that the proof of the Wick’s theorem 4.3.2 is obtained as a special case of this proof. Here, the relation
on the first line follows, e.g., by acknowledging that the equations of motion and boundary conditions

are the same for the left- and right-hand sides. In the proof, the inverse of the non-interacting two-field
phonon propagator d, which is defined by

d_l(lzﬂ,2zu) = (lammﬁzl — Qmuz (zl))é(zl,zg),
and, by defining 6(1.,,1,,) = 0.,/ 0(21,21), satisfies

51 1l,) = / @200 (1, 22) (220 10,)

:/dQZMd(lw,Qw)d_ (220,12, 5
is used to arrive at a compact representation. That said, it is the strategy to prove that

do.x( Z haf(dy,... k) k\sper(do,... k)s
s€ Pk

holds by showing that the right-hand side satisfies Egs. (4.35) and meets the Kubo-Martin-Schwinger
boundary conditions. Here, Px denotes the set of all subsets of K = {1,...,k} and a set of arguments
(s, K\ s) as a subscript of a matrix is to be understood as described above Thm. 4.3.3. In what
follows, do.;, given above is regarded as a trial solution. It then holds for ¢ € [1, k] N Z that

do(1,..., k) = Z Z d(i, j)haf(di,.. k) k\(s\{i,5) Per(dost,.... k)s

seP; s\{¢
50%1}17(5036 M#

+ Z haf(di,... k) k\sdo;1 (P)per(do,... k) sufiy

s€EPk
sn{i}=0

k
:Zd(i,j) Z haf(dy, . k) k\sper(dost,... k) sufi

1 S€PK\ (i,5}
1

+doa(i) Y haf(di.k)k\sper(doa,.. k)sugi)
SEPK\{ }

k
rl r
= d(i,f)dog—2(1, .. iy Gy k) + doa (Ddo—1 (L, ..., k)

=1
J#i
where the extended recursive definition of the hafnian
k
haf(dy ) = Zd(i,j)haf(dl...k){i,j} )
=1
=

which is valid here for k£ € Z>1, has been used. Here, also the convention that a bracket on top of
an argument (index) indicates that the argument (index) should be excluded. It is then possible to
deduce, by using the above recursive form, that

/dz (4,1 )dog(1, ..., 7. .. k)
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k

— Z/di’ d=2(i,7)d(, j)doe—2(1, -+ iy sy k)

Jj=1

—l—/dlld 1(2 Z)d01( )d()k 1(1 .,i,...,k)

n n 1 n
1

k
= Zé(i,j)do;k_2(1, R AU R ) WF(i)do;k_l(l, o

dok(1,...,t0 =18 s, ..., k)

d(to - ZB ,U’ivj)do;k:—Q(la P P

Il
[
S
e
|
.
o~
=

+
&

(tO_ZﬁMz)dOk 1( 7’a7k)

. ] n
d(tO— ui7j)d0;k—2(1a EEEE SRR FEER k) + do;l(to— ,u’i)d(),k—l(la

I
-
|
3
o=
~

.S
W
S

I

o8
2
x>
—

—

'7t07/j/i7"'ak)7

which shows that the trial solution is the solution since it satisfies the equations of motion of
Egs. (4.35) and meets the Kubo-Martin-Schwinger boundary conditions. It remains to conclude
the diagrammatic statement of Thm. 4.3.3. If

doa(1) = 75 [V 1) F()

is regarded as a trial solution then

/dl’d“(l,l’)do;l(l)fi//dlde L(1,1d(1',2)F(2)
1
—/F(l)
o (to — 18 1) i//dl d(te — 18 ju, 1) P (1)
11/2 d1’ d(to_ puy, 1')F(1")

=do;1(to— p1,1'),

shows that it is the solution since it satisfies Eq. (4.35) for & = 1 and meets the Kubo-Martin-
Schwinger boundary conditions. It then follows, by using di(1,...,k) = haf(d; . ), from the induc-
tion steps

.....

i by definition da(1,2) = d(1,2) equals to the sum of all topologically inequivalent diagrams in
which the vertices with the labels {1,2} are pair-wise interconnected by d-lines

ii by induction assumption dy(,—1)(1,...,2(k—1)) equals to the sum of all topologically inequiva-
lent diagrams in which the vertices w1th the labels {1, ...,2(k—1)} are pair-wise interconnected
by d-lines
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iii by definition of the hafnian

I n

2k

dor(1,...,2k) = > d(i, §)dae—1) (1, iy G, 2K)
=1
g

r N

so that by assuming ii to hold for dy_1)(1,...,4,...,7,...,2k), it is true that

any two diagrams in which the same labeled vertex i is connected to different labeled
vertices j; and jo, such that j; # jo # i, are topologically inequivalent

|

o

the summand equals to the sum of all topologically inequivalent diagrams in which the
oo

vertices with the labels {i,j} are connected by d-lines and {1,...,7,...,5,...,2k} are
pair-wise interconnected by d-lines

and hence it holds that dag(1,...,2k) is the sum of all topologically inequivalent diagrams in
which the vertices with the labels {1,...,2k} are pair-wise interconnected by d-lines

that haf(d _j) satisfies the diagrammatic form of Thm. 4.3.2 and, moreover, it holds that

per(do;l,___7k) = do;l(l) e do;l(k)

X X
B 6
1 k
represents a topologically unique diagram in which the vertices with the labels {1,...,k} are con-

nected to unlabeled F-vertices. Hence, if s € Pk, such that |s| € 2Z, then haf(dy,... ) k\sPer(do;1,... x)s
is equivalent to the sum of all topologically inequivalent diagrams in which the vertices with the labels
s are pair-wise interconnected and vertices with labels K /s are connected to unlabeled F-vertices by
d-lines . It then follows from the uniqueness of per(do.i.... k)s, i-€., each s € Pk leads to topologically
inequivalent diagrams, that by summing over all s € Pk, as in

dow(L,..., k) = Y haf(dy_ k) r\sper(dog,...k)s
SEPK

one arrives at the diagrammatic rule of Thm. 4.3.3 which completes the proof.

4.C.2 Loop Rule

Here, the loop rule 4.3.1 is justified by straightforwardly extending the arguments used in | ]
to justify a more conventional statement of this rule. In order to begin, it is noted that each term
contributing to the perturbation expansion of Eq. (4.7) of the propagator X; ; comes with the sign
(=1)*(—=1)¢ where k is the number of the M-vertices and C' is the number of the crossings of the
g-lines arising from the application of Wick’s theorem 4.3.1 to the propagator g;r+2 where [ is the
number of the w-lines. Algebraically, any of the (j+ k4 2{)! terms arising from the Leibniz expansion
of the determinant

. / " / " .

. 1Zp7"'7]Zp7lzqa'"7£€anlzqvlzq7"'alz(plzg?
9j+k+21 1 i1+ Lt o1+ 17+ s
zp?"'7.]zp7—zp?"'7—zp7—zp7—zp5"'?—zp7—zp
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:det (glzp“'jzpl zq- kz<11/2q zq- l/qulz/qvlzp ]zp kjp1/+1/z/+~- lH;L;l/zllj»)
can be obtained by a finite sequence of transpositions of the last j + k + 2] arguments of g;x42

starting from the identity term

g<12P7 1/zp) g(jzp7j;p)g<12q7ljp) (kZ(P k:p) ( zq7 1;—;) (l{zq7 llz—;) ( zq7 1,2;_) g(qu7lZ;_)

such that each subsequent transposition changes the prefactor of the previous term by a multiple
of —1. Graphically, a transposition equals to an interchange of the origins of the corresponding

g-lines | ] and the identity term corresponds to the identity diagram
o—<—o //+
P z} ) *

where, for brevity, only contour-time indices are shown. Moreover, any diagram obtained from this
diagram by dressing it with F-vertices and d- and w-lines appears in Eq. (4.7) with the same prefactor
(—1). If the open g-lines are closed such that the vertex with the label 2} is moved on top of the
vertex with the label z; for all ¢ € [1,j] N Z one arrives at the closed diagram

QOQQ

SOOS

which has L = j + k + 2l loops formed by the g-lines, i.e., closed fermion loops, and hence the
prefactor (—1)£=7 = (—1)* of the loop rule 4.3.1 is the correct prefactor for the identity diagram. It
then follows from the observations that

i each interchange of the origins of two g-lines can be carried-out by closing the diagram, inter-
changing the origins of the g-lines and finally by reversing the closing of the diagram, e.g,
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@ 2121 @
Z Z
close
/
Z2 2 22 22
<;: > 2h 29 <;: >
transpos i transpose

Z1 Zl 21
Z-‘r
21
open
-
!
) ) 22

ii in a closed diagram, each interchange of the origins of two g-lines either increases, if the out-
going vertices belong to the same loop, or decreases, if the out-going vertices belong to different
loops, the number of closed fermion loops by one | ].

that the prefactor (—1)2~7 of the loop rule 4.3.1, where L is the number of the closed fermion loops
when for all ¢ € [1, j]NZ the vertex with the label 2] is moved on top of the vertex with the label z;,
is the correct prefactor for any diagram.

4.C.3 Reduction to Connected Topologically Inequivalent Diagrams

In the following, it is justified why it is valid to sum over only connected and topologically inequiv-
alent diagrams in Eq. (4.14). It follows from Wick’s theorems 4.3.1 and 4.3.3 that the perturbation
expansion of the propagator X; ; given in Eq. (4.7) can be written in the form

sum of all topologically inequivalent diagrams in which the

i i external labeled vertices, m unlabeled F-vertices and k

labeled M-vertices are connected pair-wise by d-lines, and

X = Z Z k;'l|21 Z the j external labeled vertices for in- and out-going g-lines,

i+k¥me2z | the M-vertices and 2 labeled end-vertices of I w-lines are
connected pair-wise by g-lines

k=0 1=0

where the d- and g-lines are only allowed to connect to the internal vertices as shown in Egs. (4.11),
(4.12) and (4.13) and a d-line is not allowed to connect F-vertices to each other. In order to convert
the diagrams into algebraic expressions, the unlabeled vertices are to be given dummy labels and all
labels, but the unspecified labels for the external vertices, are to be integrated over. It is possible
to express each topologically inequivalent diagram appearing in the above sum as a product of a
connected and a disconnected diagram. Moreover, it follows from the loop rule 4.3.1 that the sign of
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such a diagram is equal to the product of the signs of its disjoint pieces. Hence, it is found that

sum of all topologically inequivalent diagrams in which the i external labeled vertices, m unla-
beled F-vertices and k labeled M-vertices are connected pair-wise by d-lines, and the j external
labeled vertices for in- and out-going g-lines, the M-vertices and 2l labeled end-vertices of [
w-lines are connected pair-wise by g-lines

sum of all connected topo- sum of all topolog-
logically inequivalent dia- ically  inequivalent
grams in which the i ex- diagrams in which
ternal labeled vertices, m’ m — m' unlabeled
unlabeled F-vertices and F-vertices and k — k'
kool min(m,i+k’) k I k' labeled M-vertices are labeled  M-vertices
= Z Z Z (k’) (l’) connected pair-wise by d- » x ¢ are connected pair-
=01'=0 m'=max(0,m—(k—Fk')) lines, and the j external la- wise by d-lines, and
i+k'+m’ €22 beled vertices for in- and the M-vertices and
out-going g-lines, the M- 2(1 — 1) labeled
vertices and 21’ labeled end- end-vertices of [ — I
vertices of I’ w-lines are con- w-lines are connected

nected pair-wise by g-lines pair-wise by g-lines

where the binomial prefactors enumerate the possible ways to pick k' out of the k labeled M-vertices
and I’ out of the [ labeled w-lines. Here, it was taken into account that it follows by relabeling
all but the external vertices that when &’ and !’ are summed over, all choices of the k' labeled
M-vertices and I’ labeled w-lines to form the connected and, as a consequence, disconnected parts
contribute equally. Moreover, it is noted that for some m’ in the above sum there are no connected
or disconnected diagrams which needs to be understood such that their sum is identically zero. It
then follows by using this result and the reordering

i+k mm(m,z+

itk m'+(k—k")
3 ) 2 2
m’=max(0,m—(k—k"))

i+k'4+m’'€2Z i+k +m 622 z+k+me2Z

m=0
i+k+me2Z

of the summations followed by the sequence k — k' = k, | — I’ = [ and m — m/ = m of relabelings of
the summation indices that

sum of all connected topologically inequivalent diagrams in

which the i external labeled vertices, m unlabeled F-vertices

X~ Z Z Z 1} and k labeled M-vertices are connected pair-wise by d-lines,

b ~ k1120 ) and the j external labeled vertices for in- and out-going g-

itk tme2z lines, the M-vertices and 2[ labeled end-vertices of [ w-lines
are connected pair-wise by g-lines

where it was also recognized that

o o z sum of all topologically inequivalent diagrams in which m
Z - 1 unlabeled F-vertices and k labeled M-vertices are connected
Zo Z Z Z k11920 | pair-wise by d-lines, and the M-vertices and 21 labeled end-
z vertices of [ w-lines are connected pair-wise by g-lines

and that if i +k4+m € 2Z and i + (k+ k) + (m +m) € 2Z then k +m € 2Z. It has been thus shown
that it is valid to consider only connected diagrams and it remains to justify why the expansion



62 Many-Body Perturbation Theory

can be rewritten in terms of connected topologically inequivalent diagrams with unlabeled internal
vertices only. Given a connected diagram with k labeled M-vertices and 2[ labeled end-vertices of [
w-lines, there are k! permutations of the labels of the M-vertices and 112! permutations of the labels
of the end-vertices of the w-lines | | which result into a different connected labeled diagrams but
whose value is the same as the value of the original diagram. It is due to this observations that the
sum of all connected topologically inequivalent diagram with labeled M-vertices and end-vertices of
w-lines is equal to k!1!2! times the corresponding sum with unlabeled internal vertices. It then follows
that

sum of all connected topologically inequivalent diagrams in

- - ik which the 7 external labeled vertices, m unlabeled F-vertices

X~ Z Z Z and k£ unlabeled M-vertices are connected pair-wise by d-

©J — lines, and the j external labeled vertices for in- and out-

i+k+me2z | going g-lines, the M-vertices and 2! unlabeled end-vertices
of [ w-lines are connected pair-wise by g-lines

k=0

~

=0

which concludes the justification why only connected topologically inequivalent diagrams can be used
in Eq. (4.7).

4.D Continuity Equations and V-derivability

In what follows, it is shown that, under some additional constraints, W-derivable approximations
satisfy the continuity equations for the electron one-body reduced density matrix and total en-
ergy as argued in Sec. 4.4. It is the strategy, by following | ], to consider variations of the W-
functional which, by denoting ¥\ epmr (2 p; 2’ q) = X(2p; 2" q) — Bepmr (2p; 2/ q) and A(z p; 2 p; 27 q) =
Ao(z s 2p; 21 q) — @2 w)G(2 p; 2+ q) /212, can be written as

=3 / dzdz’ Shepur (2 p; 2 q)0G(2 q; 2 p)
pq c
1
uv V€

+Zl/2ZZ/dZ Az p; z p, 2zt q)éMgp(Z)
C

n pq
— % Z /Cdz Go(zp,2q; 27 t, 21 8)0Wisgp(2) - (4.44)
pgst

where it was assumed that 0D(z y, 2’ v) = §D(2' v,z p) and Swpgst(2) = Jwgpes(2)-

4.D.1 One-Body Reduced Density Matrix

It follows from Eqs. (4.40a) and (4.40b) that the exact electron one-body reduced density matrix
Ypq(2) = —1G(z p; 2T q) satisfies the continuity equation

Loa2) = 3 (O p 2" 9hag(2) — hyul(2)Gz 52" 1)

+ 23037 (Mole g2zt ) MYy (2) — M (2)Aa(z iz 52t )
s p
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1
- Z (Gg(zp, 2832t 2T W wursg(2) — Wpstu (2)Ga(zu, 2t 27 8,27 q)) (4.45)

stu

or any of its variations obtained by using the exact symmetries of the objects on the right-hand
side. It is now shown that the corresponding continuity equation obtained by using Eqs. (4.31d)
and (4.31e), i.e

d

210(2) = 2 (G pi =T $)hea(2) = ()G 27 0)

+ZZ (232" 8)8(z )My (2) — M(2) (= )Gz 552 q)

+ Z / dz’' (G(zp; 2" 8)S\epmir (2 5527 @) — S\epmr (203 2" 5)G(2' 5527 q)) . (4.46)
c

reduces to the continuity equation of Eq. (4.45) for a W-derivable approximation. In order to do this,
by following | ], the gauge transformation

Go(zp; S q) = Z [BZ@(Z)]W,G(ZP/; S q/) [e—z@(z’)]

qaq’
p'q
Mg§pq(z) = Z [elg(Z)]pp’MIl:;q/ (Z) [6_19(2)](1’[1 ’
p'q’
Weipgst(2) = Z [ez@(z)]pp, [ez@(z)]qq,wp,q,s,t,(z) [efz@(z)]ys [efze(z)]t,t’
plqlsltl

where the gauge functions ©,4(z) satisfy the contour-time boundary conditions ©,,(to — 158) =
©pq(to—), is introduced. It follows from the facts that each M- or end-vertex of w-line accepts an in-
and out-going g-line and that internal variables are integrated over that any well-defined W-functional,
cf., Sec 4.4 is invariant under this gauge transformation. Hence, by recognizing that

0G(zp, 2 q) =1 Z (0ps(2)G(z 52" q) — G(zp; 2 5)O54(2))
SME (2) =1 Z (2) — MY (2)O44(2))
Otpget(2) = zZ (2)Wugst (2) + Ogu(2)wpust(2) = Wpgut (2)Ous(2) = Wpgsu(2)Oui(2))

it follows from the equation 0 = §¥ by a relabeling of the summation indices that
0= Z/Cdz (ZZ/CdZ’ (G(zp; 2" @) B\epmr (2 ¢ 2 1) — S\epur (203 2" )G (2 ¢; 2 1))
pu q
+232 N (M (A (2 s 2 g2 w) — Az s 2 p; 2t )M (2))

+ Z Wpsqt (2)G2(zq, 227 5,2 u) — Ga(zp, 2321 s, 27 t)wstqu(z))>9up(z).

gst

where also the symmetries wpgsi(2) = Wops(2) and Ga(zp, zq; 27 5,27 t) = Ga(zq,zp; 27 ¢, 2T s)
were used. It then must be, since ©,,(z) is arbitrary, that the content of the parenthesis vanishes
identically which, when substituted back to Eq. (4.46), leads to the equation

a2 = Y (Cepi=* s)hagl) — hpn(2)Cz 52 )

S
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+a 2N ((A(z pizp; 2t s) 40 PG (2 2t 8)p(p2)) M (2)

— M) (M= i 532" 0) +07 PGz 524 )02 1))

1
+ - Z (Ga(zp,zu; 27 5,27 wapug(2) — Wpsut (2)Ga(zu, 28527 5,21 q))
?

stu

showing that Eq. (4.45) is obtained. It is noted that here it was assumed that Go(2p, 2z q; 21 5,21 ) =
—Gao(zq,zp; 2% 8,27 t) = —Ga(2p, 2q; 27 1,27 s) without which, in general, an unambiguous relation
between the two continuity equations is not achieved. However, as readily checked, it follows only
from the symmetry Go(zp,zq;2" 5,27 t) = Ga(2q,2p; 27 t, 21 s), which is obeyed by construction,
that > dvypy(2)/dz = dN(z)/dz = 0 showing that the particle number is conserved.

4.D.2 Total Energy

In this work, the total energy is defined as the ensemble average of the Hamiltonian operator and
hence, as follows from the Heisenberg equations of motion, it satisfies the continuity equation

LB = =Y hyo(2)C( 2" )
+ Z Oy (2)(D(zv, 2+ 1) —16(2 1) (2 )
+ iﬂ(zw(z m)
—23/222 2)Ao(z ;2 ;27 p)

noopg
+ - prqst VGa(zt, 28527 q, 2 p), (4.47)
pgst

where the overhead dot denotes a contour-time derivative. It is shown below that in a W-derivable
approximation, the total energy obtained by using Eq. (4.43) satisfies this continuity equation. Firstly,
it follows by differentiation of Eq. (4.43) that

L) = 2 Y ()G 2" p)
F o0, () (D2t )~ 10(z )0l 1)

I ACTE

- i Z (Zapq(az —0y) + hm(z) + hpq(zl)) (82 + 5’2/)G(2’ a7 P)

2l=z+

+ i Z 100, (0, — 02)(0: + 02) (D(zv, 2" ) —19(2v)p(2' 1))

z/=zt
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where it was assumed that dD(zp,z"v)/dz = dD(zv,z" u)/dz which is true if the identities
D(zp,2'v) = D(z'v,zp) and D(z" pu,zv) — D(zpu, 2t v) = —wy, are satisfied. It then follows
by using Eqgs. (4.31d) and (4.31e) that

—zZ/ dz (0.G(z2p; 25)5(2 52" q) + S(2p; 25)0..G(Z 532 q))
—Jo

= Z / dz (S(z2p; 28)G(Z 832" t)hg(2) — hps(2)G(z 55 26)5(2 ;2 q))
st c
and subsequently by using the relations

(0. — 0.)(2(zp; 29)G(2q; 2’ p) — G(zp; 2q)X(2 ¢; 2’ p))

z'=zt

d
= @(E(Zp; 2q)G(z¢;2" p) + G(zp;29)%(2¢; 27 p))

— Q(Z(zp; 29)0.G(Zq; 2" p) + 0.G(zp;2q)%(2q; 2+ p)) ,
(0. — 0)(MM(z s 2v)D(z2v; 2" ) — D(z p; zv)IL(Zv; 2" ) ’
= diz (I(z s 2v)D(Zv; 2t p) + D(z s zv)(Zv; 21 )
—2((z p; 2v)0.D(Zv; 2t p) + 0.D(z p; zv)I(zv; 27 )
and additionally Eqgs. (4.31a), (4.31b) and (4.31c) that

TBG) = 1Y b ()G )

z!=zt

03 0 () (D(v 2t ) = 19(0)9(= )
+ > Fu=)(z 1)
P ACICICErEY

HoPq

7 d
-1 Z/Cdi - (B(zpi29)G(z4;27 p) + Gzpi2q)2(2 ;27 p))
pa
+ZZ/d5 (B(zp;29)0:.G(2q: 2" p) +0.G(2p;29)2(2 ¢; 27 p))
c
pa
42 Z / dz 4 (I(z s 2v)D(Zv; 2t p) + D(z s 2v)I(Zv; 2 p))
4 o C dz
L Z / dz (I(z p; 2v)0.D(Zv; 2 p) + 0.D(z p; 2v)II(Zv; 21 )
2 T Jo

T 3D DI B EInITerEy

K Pq
LS MG i ).
® o Pgq

In order to use W-derivability, the mean-field self-energy corresponding to the electron-phonon inter-
action is treated explicitly by taking advantage of the result

1 d
~1 Z/ dz I(zepMF(Zp§2q)G(2 427 p)+G(zp; Z2q)Sepmr(24; 27 p))
ra ¢ o
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+ZZ/d2 (0:G(2p;2 Q) Sepmr (245 271 p) + Sepmr (205 29)0.G(Z ¢; 27 p))
C
pq

- % Y Mp(2)¢(z )Gz 42" p)

Ho Pq

- % SO> ME(2)(z )Gz ;2T p)

H P

45 303 M) n)C ).

o pq
which allows one to arrive at the equation

d%E(Z) = 1Y hpq(2)G(2q: 2" p)

#12 Qula) (Dl ) 10(:0)00 1)

+ i Eu(2)$(2 )

- ZM%: %; M}y ()62 )G (2 4; 2™ p)

i3 L B 200G ) + G20 e (i )

+ZZ/di (Br\epmr(2p;29)0.G(Z q; 2" p) + 0.G(2p; 2q)S\epur (25 27 )
C
pq

g 7 i Z zv; 2t -z 5y ot
+ZZ/CdZ %(H(zu,zu)D(zz/,z 1)+ Dz z2v)I(Zv; 21 )

nv

- % Z / dz (W(zp; 2v)0.D(Zv; 2" p) + 0.D(z s zv)I(Zv; 27 ) (4.48)
pw 7€
which is now shown to reduce to the continuity equation for the total energy, i.e., to Eq. (4.47). In
order to do this, by following | ], it is appropriate to consider the transformation
1 1
de(z)\* do(z")\*
) = ) /
Go(zp; 7' q) = < - ) G(©(2)p;O(z )q)( ; ,
1 1
_ (dO(z)\? de(z")\ 2
Daz#'v) = (“52) Do morn (55 )
Mg ,q(2) = My, (6(2))

w@;pqst(z) = wPQSt(@(Z)) :

where O(z) is a contour-time function satisfying ©(ty —108) = to — 15 and O(to—) = fo— such that
dO(z)/dz # 0. The ¥-functional is invariant under this transformation since the factor dO(z)/dz,
which is found at each internal vertex either because of four G-lines connecting to a w-line or due
to two G-lines and a D-line being attached at a M-vertex, cancels in the change of the integration
variable z — O(z). As before, by substituting the first variations

SME (2) = ©(2)ME,(2)

Swpgst (2) = O(2)Wpgst(2)
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8G(zp;2'q) = (i@(z) + i@(z’) +0(2)0, + @(z’)(“)zf)G(zp; 2 q),
SD(z p, 2" v) = <;@(2) + %6(2’) +0(2)d, + @(z')82/> D(zp, 7' v),

into the equation 0 = 6V, it follows, by a relabeling of the summation indices and by using partial
integration, that

1 d )
0= / dz < - Z Z/ dz' di (G(Zp; Z Q)Z\epMF(zl 4q; Zp) + E\epMF(Zp; 4 Q)G(zl q; Zp))
c pg I C 2
+ Z/ dz' (0.G(2p; 2 @) X\epmr (2 ¢ 2D) + D\epmr (213 2’ 9)0-G(2' ¢; 2 p))
C
pq

1 d
T Z/Cdz/ @(D(Z 1, 2 V(2 v, 2 p) + (2 p, 2" v)D(2' v, 2 )

nz

- EZ / dz' (8:D(z p, 2’ V)IL(z' v,z ) + (2 p, 2’ v) 0. D (2" v, 2 )
2 " Jo

+41/2 Z Z Az p;zp; 2 q)Mé‘p(Z) - % Z Ga(zp,zq;2" 5,27 t)wstqp(z)> O(z).

[ 2} pgst

Here, it has been taken advantage of the fact that the boundary terms which arise from the partial
integrations vanish since the electron and phonon propagators and self-energies satisfy the Kubo-
Martin-Schwinger boundary conditions. It then must be, since ©(z) is arbitrary, that the integrand
of the outer integral vanishes identically and hence, by a substitution to Eq. (4.48), it is found that

%E(@ =—1) hp(2)G(z ;2" p)

03 () (DEv2t 1) — 6z )6(= )
+ 3 Fu(2)(zp)

I
B3SO () (M= sz g2 p) + 107 20(2 p) G2 g 2T p))
rq M

1 .
+ 5 D Wpast(2)Ga(zt 2532 4,27 p),
pgst

which shows that Eq. (4.47) is recovered. Here, it was also assumed that Ga(zp,zq; 2" s, 27 ¢t) =
—Gao(zq,zp; 2t 8,27 t) = —Ga(2p,2q; 21, 21 s) without which, in general, an unambiguous conti-
nuity equation is not obtained.
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5 Solving Kadanoff-Baym
Equations

Solving the Kadanoff-Baym equations is a task which in all, but perhaps in the simplest, cases
has to be delegated to a computer for which, due to the rarity of equations with a similar two-
time integro-differential structure, no commercial software is presently available to do the task, and
hence, a dedicated software has to be self programmed. It is the latter, amongst other reasons,
which has influenced how wide-spread the method has become and spurred several, not all perfectly
independent, documented computer implementations | , , , , . In
Pubs. I-II1, the results concerning the studied many-body approximations have been obtained by
solving the Kadanoff-Baym equations, or just the Dyson equations, with a computer program which is
based on the one developed by several post-graduate and -doctoral, in particular Dr. N. E. Dahlen,
students of Prof. R. van Leeuwen [ , , ]. It however has to be said that the
author has revised the original program by implementing alternative numerical integration schemes,
a hybrid openMP/MPI parallelization and by including the possibility to study, by implementing
the numerical integration of the phonon field and propagator and the self-energies of Sec. 4.4.1,
systems with electron-phonon interactions. In the course of this, most of the original program code
has been rewritten in the C++ programming language with some more minor features added and
some removed which is why an overview of the main features of the implementation is documented in
this chapter. In what follows, the implementation is reviewed by first describing how the problem is
posed to a computer and then proceeding to document how the equilibrium, boundary-value problem
associated with the imaginary-time propagators is solved and finally how the real- or mixed-time
propagators are obtained by numerical integration of an initial-value problem.

5.1 Discrete Representation

In what follows, it is described, in general terms, how the fields, propagators and self-energies which
appear in the Kadanoff-Baym equations are described on a computer and moreover, it is specified
how the equations themselves are represented. In order to address the first part, it is noted that,
in a reasonable computer implementation, the one- and two-time Keldysh functions are described
spatially as finite-dimensional vectors or matrices. In particular, here, the phonon field is referred
to by the column vector ¢(z), such that [qﬁ(z)h = ¢,(z), and the phonon and electron propagators
are referred to by the square matrices D(z,2’) and G(z;2'), such that [D(z,2')|, = Duv(z,2)
and [G(z;2")]pq = Gpq(z;2’) respectively, for which all operations familiar from linear algebra are
readily at ones disposal. Moreover, in the following, the-non-interacting field and propagators and the
phonon and electron self-energies are referred to by an analogous notation. Instead of then solving
the integro-differential equations of Egs. (5.6) directly, they are first preprocessed into another, at
least in some cases, numerically preferable form. It is, for one, found useful to isolate the time-
local, mean-field part of the electron self-energy, which is defined as the sum of the electron-phonon,
see Eq. (4.28), and electron-electron interaction, see Eq. (4.29), induced mean-field self-energies or
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equivalently as

[EMF (% Z/)] = EMFipg (25 2)

= 6(2, 2" )vepmr (2) + 6(2, 2" ) Veemr (2)

rq

where
[UepMF (z)}pq = VepMF;pg (%)
= Z M
m
= VeeMF;pq(2)

<(,.
= _ZE :wpstq G(252) ""5 Wpsqt (2) G5 (23 2)
st

[UeeMF (Z)} g

are the corresponding mean-field potentials. It is then possible to treat the mean-field self-energy by
including the mean-field potentials into the definition of the mean-field, electron one-body Hamilto-
nian matrix

har(2) = h(2) + VepMr (%) + VeeMr (2) (5.1)

such that the electron self-energy contributing to the collision integrals reduces to the time-nonlocal
eXchange-Correlation self-energy Yxc(z;2') = 2(z;2") — Zmr(z;2'). Tt follows, by applying the
Langreth rules of Sec. 4.5.1 to Eq. (4.19b), that the phonon field determining the electron-phonon
interaction induced mean-field electron self-energy is given by

¢M(t) = Z [d;lfy b FMF v + Z MF v (t) ’ (523’)

S =0 (7)
= Z v * Fiipa ] (7)) (5.2b)

where it is to be understood that d)y is independent of the imaginary time 7 € [0, §]. Moreover, in
these equations, the one-time Keldysh function

Fyru(2) —ZZ (2;2),

henceforth referred to as the mean-field generalized force, was introduced. In order to evaluate the
Keldysh components of the phonon field, in fact only the imaginary-time component is needed here,
it is necessary to be able to evaluate the non-interacting phonon propagator. Here, it is thus briefly
reviewed how the non-interacting phonon and electron propagators can be obtained in a closed
form by solving Egs. (4.39) and (4.40) in the absence of the electron-phonon and electron-electron
interactions. It is possible to do this by defining the time-evolution matrices U and V' as the solutions
to the contour-time differential equation pairs

10,U(2,2') = h(2)U(z,2),
—10,U(2,2') =U(z,2")h(2'),

and

10,V (2,2') = Q(2)aV(z,2'),
—10,/V(2,2)) = V(2,2)Q( e,
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with the initial conditions U(tg,tg) = 1 and V(tg,tp) = 1. In Sec. 4.1, analogous equations were
considered, and by an identical way, here the formal solutions

Texp| — ch(z,z’)dz h(2)> 2> 2

U(z,2") =
T exp oo 42 h(z)) z< 2

and

/ Texp| — zfc(z,z,)dé Q(Z)oz) 2> 7
Viz,2') =
T exp oo 42 Q(z)a) z<

can be introduced in terms of the contour-time ordered exponentials in the arguments of which
C(z, 2') refers to the contour from 2’ to z. It is then possible to express the non-interacting electron
propagator formally in terms of the time-evolution operator U as

9(z:) = =0 (z,t0) (6(z,2) = £ (BR™) U to, )., (5.3)

cf., [ ], and similarly, the non-interacting phonon propagator can be written formally in terms of
the time-evolution operator V' as

d(z;2") = —aV (z,to) (9(2’, 2+ f (BQMa)>V(t0, 2, (5.4)

where 6 is to be understood as the Heaviside function multiplying an identity matrix and f4 denote
the matrix-valued Fermi-Dirac (+) and Bose-Einstein (—) distribution functions. It is straightfor-
ward to verify, by checking that the correct equations of motion and the Kubo-Martin-Schwinger
boundary conditions are obeyed, that these equations hold. It now follows by using the imaginary-
time component of the non-interacting phonon propagator of Eq. (5.4), cf., Eq.(5.8), to evaluate the
convolution integral of Eq. (5.2b) that the imaginary-time component of the phonon field can be
written as

oM = oMt (FM - Ztr(MMGM(O_))) ) (5.5a)

where it is assumed that Q™ is invertible and by the trace it is meant a trace over the electronic
indices only. It is noted that this result can also be obtained by solving Egs. (4.32a) with the help
of the variation of constants formula and by requiring that the Kubo-Martin-Schwinger boundary
conditions are satisfied. In order to solve the imaginary-time components of the phonon and electron
propagators, a similar strategy is adopted, that is the imaginary-time integro-differential equations
are converted into integral equations which are solved numerically. It is possible to carry-out this
conversion in a way resembling in idea the preconditioning of linear algebraic equations which can
be introduced, for instance, to improve the convergence of an iterative technique [ ]. In here,
the so-called static phonon field ¢g and phonon dg and electron gs propagators are introduced by
demanding that they satisfy Eqs. (4.31) with the so-called static phonon IIg and electron Xg self-
energies and with some closely related Hamiltonian operator the elements of which, e.g., hg and (g,
are referred to by the subscript S. It is moreover required that the static field and propagators satisfy
the same Kubo-Martin-Schwinger boundary conditions as the field and propagators of interest. It is
then possible to recast the imaginary-time integro-differential equations for the phonon and electron
propagators of interest, by using the corresponding equations for the static propagators, as the
integral Dyson equations

DM(7) = dy (1) + [d§ «»TIM « DM](7), (5.5b)
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GM (1) = g¥ (1) + [gf‘q/f x*2M *GM] (1), (5.5¢)

where ITM (1) = 16(7) (QM — Qf\g/'[) + 1M (1) — ¥ (1) and M (1) = 45(7) (hf\‘,[/'[F — hg/IMF) + ¥ (r) -
Eg{XC(T) denote the effective phonon and electron self-energies. It is remarked that in [ ,
], where purely electronic systems are considered, the electron propagator in the Hartree-Fock
approximation plays the role of the static propagator. It is already in this simple case, i.e., when the
Hartree-Fock is chosen over the non-interacting propagator as the static electron propagator, that
the shift of the spectrum caused by the interaction in the particle-hole symmetric Hubbard model is
taken into account automatically alleviating the convergence substantially. As far as the rest of the
equations are concerned, it remains to conclude that the real- and mixed-time components of the
electron propagator are obtained by numerically integrating the integro-differential equations

(10, — haae (1)) G2 (15) = [SFo 0 G2 + 55, 0 G+ 2L+ QT (1)), (5.6a)
(10, — hap (1)) G (15 7) = [£8c o Gl + 5L GM] (5 7) (5.6b)

where the differential operator 0; is to be understood to be proportional to the identity matrix. In
order to be complete, the real- and mixed-time components of the phonon field and propagator are
solved by integrating the equations

(10, — Q1)) p(t) = F(t) — atr(M(t)G<(t;1)), (5.6¢)

and
(100, — Q(t)) D (t;t') = [I17 ¢ D2 + 112 ¢ D + 111 x DI (;1') (5.6d)
(100, — Q(t)) D1 (t;7) = [117 o DI + 111 « DM](t;7), (5.6¢)

which are the same as those written down in Sec. 4.5.2. It remains, in order to facilitate a numerical
solution, to introduce the imaginary M7 and real-time Mg meshes on which the imaginary-, mixed-
and real-time components are discretized. Firstly, the imaginary-time components are discretized on a
non-uniform mesh to take into account the exponential dependence of the propagators, cf., Egs. (5.8)
and (5.9), on the imaginary-time arguments | , ]. Moreover, in order to take full advan-
tage of the symmetries of the imaginary- and mixed-time-components, the mesh is chosen to span
the interval [0, 3] and to be symmetric with respect to 5/2. The imaginary-time meshes used in the

present work are the uniform power and geometric meshes. It is referred to | , ] for the
description of the former, which is used in IIT | ], while the latter, which is used in I | ]
and IT | ], is defined as

MI(B;a,b) = {Tk,ﬂ —Tr € [O,B] LT — O,Tk+1 = Tk + akak S Zzo}, (57)

where a €]0, 00 and b € [1, 00[ are grid parameters. and could, for instance, look like

0 B/2 B
0-0—0 o : o 0—0-0
T0T1 T2 T3 T4 75 Te T7

with only eight mesh points. Henceforth, as suggested above, the elements of an imaginary-time
mesh are referred to by 7, such that 7o = 0, 7,41 > 7 and 7p5—1 = B for k € [0, [M;|[NZ
where | M| denotes the number of the mesh points. Secondly, in order that the collision integrals are
efficiently evaluable, the mixed- and real-time components are discretized on direct product meshes,
ie., Mg x My and Mg x My for the right and greater/lesser components respectively. In the present
work, the real time mesh Mg is uniform, that is

Mg(T; h) = {tk S [to,T] tto=0,tk41 =t +hVk e 220}7

such that, e.g.,
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to T

o—o—o—o—o—o—o—o—o
to t1 ts ty ta t5 tg tr ts

where h €]0, 00] is the spacing between neighboring mesh points which is often referred to as the
step size in the context of numerical integration. In the following, the elements of a real-time mesh
are referred to by tj such that tx1 >t for k € [0, |Mg|[NZ where |Mg| denotes the number of the
mesh points. It is further convenient to introduce the abbreviation

R n € [0,|MRr|[NZ, z, € C*
" ) b — 1T 1 €] — [Mil,0[NZ

since it can be used to introduce the short-hand ¢,, to denote an approximation to the field at z,, as
well as the short-hands Gy, and D,,.,, to denote approximations to the propagators at (z,; 2, ). Here,
it is noteworthy that a subscript + for a discrete contour time or its indexing integer, e.g., Dy ;m
for n,m > 0, refers to the contour time on the + branches. It is the purpose of the following sections
to described how the above introduced approximations to the field and propagators for the discrete
contour-times can be obtained in practice.

5.2 Imaginary-time, Boundary-Value Problem

In order to solve the initial-value problem associated with the real- and mixed-time components,
the initial values of these components, which are determined by the boundary-value problem for
the imaginary-time components, need to be solved first, cf., Sec. 4.5.2. It is stressed that instead of
solving the imaginary-time integro-differential equations of Sec. 4.5.2 directly, the equivalent integral
equations of Egs. (5.5) are solved in order to obtain the imaginary-time components. In the present
work, this is done by relying on the method of fixed-point iterations in which a convergent sequence
of approximations to the imaginary-time components is generated by introducing and subsequently
using a mapping the fixed-point of which the components are. In other words, by defining the
functions

Y1 E¢’7
yQE(D7G)7

and by regarding y; as a functional of ¥, it is the aim to introduce a map F with the fixed-point
y2 = F(y2) such that the sequence of approximations (y5 : y5 ™! = F(y%), k € [0, 00[NZ) converges to
the solution y5 up to a controllable numerical error. Here, it is to be understood that the codomain
of yo is the direct product of the matrix algebras of the propagators such that Eqs. (5.5) can be
abbreviated as

Y2 = Y25 + Y25 0 k3 ly2] o o
= yns + k3ly2] 0 y2 0 ya;5
where ya2.5 = (ds, gs) and

k% [y2](y1, Y2) = (ﬂ[GV D]yh 2[G7 D]y2) 9
k3[y2](y1,y2) = (1 I[G, D],y2S[G, D)),

define the linear operators kj[yz] for v € {1,2}. In the following, a schematic review of an algo-
rithm, or its implementation, using a map F based on the above equations and aimed at solving
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for the imaginary-time component of ys is documented. It is remarked that due to the symmetries,
cf., Sec. 4.5.2, only the function values for 7 such that —7 € [0, 8] are considered.

I Initial Guess:
In practice, it is possible to choose the zeroth iterate y9 = (D, G?), i.e., make the initial guess,
by choosing

i the non-interacting propagator
dM(—1) = < f_ (ﬂQMoz) e2Mar , (5.8)

where 7 € [0, 3], cf., Eq. (5.4)

ii any propagator satisfying Eq. (5.5b) and obtained numerically in a previous calculation

as the initial phonon D° propagator and by choosing

s

iii the non-interacting propagator

gM(=7) = o fy (BRM)eMT (5.9)
where 7 € [0, g], cf., Eq. (5.3)

iv the mean-field propagator g1 obtained by replacing in Eq. (5.9) A with /. of Eq. (5.1)
and by demanding that the self-consistency condition —1g#.(07) = £, (ﬁh{\%F) is satisfied

v any propagator satisfying Eq. (5.5¢) and obtained numerically in a previous calculation

as the initial electron G propagator.

II Fixed-Point Iteration:
It is noted that the static phonon and electron propagators, which appear below contained in
2;5, can be chosen to be any of the Li-ii labeled phonon and L.iii-v labeled electron propagators

available as the initial guesses. In Pubs. I-III, only the options I.i and Liii-iv have been used.

For k=0...00

i In order to obtain the next (k + 1)th iterate from the previous kth iterate the map F is
used such that y5 ™! = F(y%). In practice, F is defined via Eqs. (5.5) by either linearizing
them so that

Y5t = s +yzs o ks[ysloys T,

from which the imaginary-time component of y§+1 is solved for 7 s.t. —7 € My by using
the Bi-Conjugate Gradient Stabilized (BiCGStab) method similarly to what is described

in [ , , ], or by introducing the function

Y5t = yas +yzs o ky[ysl o s
from which the imaginary-time component of y§+1 is obtained by evaluating it for 7
st. —7 € Mp. In IIT | ], the former, and in I | ] and IT | |, the

latter of the two methods has been used.
ii In order to evaluate imaginary-time convolution integrals of the form
T

z[aM *bM](—T) = ; dr aM(—T')bM(? —7)
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iii

B
i/d%aM(—%)bM(f—T—ﬁ), Te M,

where b satisfies either the fermionic (—) or non-fermionic (+) boundary conditions and
neither a? nor b have local components, clamped cubic spline interpolation [

is used. Firstly, the interpolants of a™ and b™ are constructed by using the available
function values on —Mp. Secondly, by using these interpolants, the interpolants of the
integrands are respectively constructed for 7 € Mi(r) N[0, 7] and 7 € Mi(r + 8) N[, ]
where Mi(7) = {7 : 7,7 — 7 € M;}. It is then possible to approximate the integrals above
by evaluating the integral of the obtained piece-wise defined cubic spline polynomial. If
M is a mesh defined above and f is the corresponding integrand then this amounts to

[M]|-2

/ ‘M‘ildaz flx) ~ % Z hk(fk+1 + fx — hi(fl/clﬂ + f];/)/12) ’
T k=0

0

where hy = xp11 — 2, > 0 is the mesh spacing, fi is the function value at zj and f,: is
the second derivative of the interpolating polynomial at z | ]| where 2, € M for
all k € [0, |M|[NZ. It is noted that it is also possible to only construct the interpolants
for a™ and b™ and integrate by using an adaptive integration routine, e.g., from the Gnu
Scientific Library [ ], which has been observed to be faster in some cases.

It is possible to accelerate the convergence of the fixed-point iterations by using a method
called Direct Inversion of Iterative Subspace (DIIS) which is often known, in the context
of self-consistent field iterations, as Pulay mixing | ]. In the method, an optimized
iterate defined as

hi
~k — E k—1
Yo = CiYo )
=0

where hy = min(k,h — 1) and h is the maximum number of previous iterates to be
used, is constructed by demanding that the coefficients ¢; minimize the residual norm
|75 — F(75)||? under the constraint that ¢; sum up to unity. Here, the norm ||a|| = \/(ala)
is defined in terms of an inner product (a|b) to be specified. It then follows, by assuming
that g5 —F(gh) ~ — Z?:ko cirh_i where rp_; = F(ys~")—y5~% which is reasonable close to
the fixed-point, from the constrained optimization problem that the coefficients ¢;, which
are the components of the vector ¢, satisfy the equation

Rk -1 cy 0
-17 0 w) \—1
where 0 on the right-hand side and 1 on the left-hand side are vectors while Ry is a matrix

such that Ry,;; = (rg—i|rk—;). Moreover, p is the Lagrange multiplier which enforces the
equality constraint. In I | ] and IT | ], we have used the inner product

B
(alb) :/O dr tr(at (—)b(—7))

to define the norm, but it is mentioned here that also the inner-product

B
) =3 [ ar ai=rpal=n),

which would imply, at least in the exact theory, the positivity of Rj.;;, could be used
similarly to | ]. In either case, the matrix Ry, is guaranteed to be real symmetric if it
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is guaranteed that the propagators are anti-hermitian with respect to the spatial indices.
In the end, also pure mixing is applied such that the next (k + 1)th iterate is given by

ysTh = CFlgs]+ (1 - C)gs
hy
~CY ek + 15

=0

where C' €]0, 1] is an empirically chosen parameter. It is to be noted that no convergence
acceleration has been used in III | ] amounting to the choice y5 ™ = F[yk].

It is when the solution has converged, or a maximum number of allowed iterations is reached,

that the iteration loop is terminated. In IIT | ], by a converged solution, it is meant that
the change in the total energy |E**! — E¥| from kth to (k + 1)th iteration round is less than a
chosen tolerance. In T | ] and IT | ], we have moreover required that also the

residual norm Ry, defined above is less than the chosen tolerance.

It is noted that it is not guaranteed that the iterative method proposed above converges. However,
it is often found to be the case if the initial guesses and static propagators are chosen sufficiently
well. It should also be mentioned that alternative methods relying either on a direct solution of the
integro-differential equations, e.g., by discretization, or on a solution of an equivalent optimization
problem could be potentially useful. Here, by the optimization problem it is referred to, in the case of
a W-derivable approximation, the variational principle for the Luttinger-Ward derivable functionals,

cf., [ ]

5.3 Real-time, Initial-Value Problem

If the imaginary-time components of the phonon field and propagator and of the electron propagator
have been solved, as described in the previous section, then it is possible to solve the corresponding
real- and mixed-time components by numerical integration of the integro-differential equations given
by Egs. (5.6). Here, by numerical integration, it is referred to the standard methodology for solv-
ing initial-value problems for ordinary differential [ , ] or Volterra integro-differential
equations | | which is often referred to as the time-propagation in the physics literature. In
the following, firstly, the numerical integration method designed to solve the real- and mixed-time
components by solving the Kadanoff-Baym equations is described and, secondly, its implementation
used in IT | ] is reviewed.

5.3.1 Integration Rule

In what follows, it is the purpose to review a simple and practical version of a more general integration
rule, which is motivated and defined later in Ch. 6, in order to solve numerically the real-time
Kadanoff-Baym equations given by Egs. (5.6). It is noted that in IIT | ], the numerical method
described in | , | has been used, and only in IT | | and [ |, the method
described in the following has been applied. Moreover, it is stressed that only self-energies which
are evaluation functionals, i.e., functions of the propagators, such as those introduced in Secs. 4.4.1
and 4.4.2, are considered here. Firstly, in order to arrive at a compact representation, the notation
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introduced at the end of Sec. 5.1 and in the beginning of Sec. 5.2 is revised. In particular, a refined
real-time mesh is defined by introducing the contour-time mesh points

Z(n,i)s = n + heq, n € [0,|Mg|[NZ,i € [1,s]NZ,

where ¢; € [0, 1] denote the (integration) nodes of the method and s € Z> refers to the number of
the so-called (internal) stages. It is then useful to define the auxiliary index set If gz = {n, (m,i) :
n €] — | M|, Mg |[NZ,m € [0, |Mg|[NZ,i € [1,s]NZ} since it, for one, allows to define compactly the
so-called mean and relative contour-time mesh points

AN +2Mm

ZN;MET7

CNM = 2N — ZM -

where N, M € Ij . For another, if N, M € I} i then the to be specified approximations ¢y to
the field at zy as well as the approximations Gn;a and Dy, to the propagators at (zn;za) are
conveniently introduced. It is found useful to denote collectively the contour-time mesh points and
the aforementioned approximations to the field and propagators similarly to what is done in Sec. 5.2.
In addition to the more compact notation achieved in this way, also the thus gained more transparent
connection to the literature on numerical integration | , , ] favors the collective
representation specified in the following. It is defined that if n,m €] — | M|, |Mg|[NZ then

Yim = (ZTH an) s
Y2:n;m = (Zn;ma Cn;ma Dn;m7 Gn,m) 3

refer to the desired approximations on the primary mesh My U Mg. Moreover, if n €]0,|Mg|[NZ,
m €] — |Mi|,n]NZ and i € [1,s] N Z then

Yl;n,z = (Zn,u ¢n,z) ,
YV2;n,i;n,i = (Zn,i;n,ia Cn,i;n,iy Dn,i;n,i7 Gn,i;n,i) )
(Zn,i;ma Cn,i;mv Dn,i;ma Gn,i;m) ’

YQ;m;n,z’ = Zm;n,ia Cm;n,iv Dm;n,i7 Gm;n,i) ,

refer to the auxiliary approximations at the refined mesh points known henceforth as the stage
approximations in agreement with the standard terminology used in the literature on numerical
integration. Here, the vectors yi., and y2.,.m, as well as the stage approximations, are to be un-
derstood as the elements of the direct products of the vector spaces for the contour-times, field and
propagators. In order to evaluate the approximations for y; and y2, henceforth abbreviated simply as
y, the numerical integration rule 6.1.2, which has been derived by relying in particular on the ideas
behind the Runge-Kutta methods for the numerical integration of one-dimensional Volterra integro-
differential equations | , , ], is specialized to obtain a class of practical methods.
It is noted that although the notation chosen here might appear abstract at the moment to some
readers, it will be further clarified in the next chapter in which this notation arises more naturally.
Moreover, in contrast to what is done in the next chapter, here it is the intention to motivate the
integration rule also by relating it to the existing methods for solving the real-time Kadanoff-Baym

equations | , , |. Having said that, in order to specify the numerical methods,
it is proposed that if n € [0, |Mg|[NZ such that y1,, and yo,k, are known for all k,{ €] — |M;|,n|NZ
then in order to solve for y1,n+1 and Yont1;n+1, Y2:n41,m a0d Yoummyr for all m €] — |Mi|,n] N Z,

the integration rule

S
Y+l = ULnYin + 1 E b1:n,i Nin,j
Jj=1
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S
Y2int1m+1 = U2nY2min + 1 E bain, i Non,jin,j »
=1

s
_ 1 1 1
Y2;n+1;m = UQ;nyQ;n;m +h Z b2;n,jN2;n,j;m )
Jj=1

S
_ .2 2 2
Y2mint1 = U Y2imin + h § b2;n,jN2;m;n,j )
i=1

where
i—1
_ ) ) § J )
Yl;n,i = V1n,iY1n T cih alm’iNl;n,] s
Jj=1
i1
_ J
Yo, i, = V2im,iY2min + Cilt E @0 i N2 jin,j »
j=1
i—1
R | ) 2 : 15 1
Y2;Tm;m - U2;n,iy2;’ﬂ;’m + C’Lh a’2;n,iN2;n,j;m ’
=1
i1
g2 ) 27 2
Yoimin,i = Vg Yzimin + Cih Y a5 iNgimm j
=1

can be used, as has been done in IT [SPAL15b] and [TSK ™ 16]. Here, it needs to be understood that
to obtain the greater and lesser components, all pairs of contour-time indices on the left and right
hand sides are to be attached branch labels equivalently, e.g., for Y2,y iim, if (n,4)x;ms then also
na;me and (n, j)+; me. It is evident that the above integration rule has a structure which resembles
the structure of the Runge-Kutta methods for ordinary differential equations [But&7, HNWO0g]. The
so-called weights of the method, which are defined for u,v € {1,2} by

ul(j’zl = u(thZZ%l, e hLL’j,)w) ,
) _ (v) v
by s = bi (AL, .. RLE), ),
and
v/%” = vi(cihLE:;)m, e ,cihLL”%,i_l) ,
G,E:;l)i = aij(cihLEZZlyl, e ,CihLLV;217i_1) y

were introduced in a close analogy to what is done in [Bal07, SDL0O9b, FVA10b] when time-evolution
operators are introduced. In fact, in the definitions of the weights, the linear operators L defined by
Ll;n,i (Y17 Y2) = Ll (Yl;n,iy Yr2;n,i;n,i)(y1u Y2)
= —2(07 aQ(zm)yg) ,
——

Oy
Loin,i(y1,y2,¥3,¥a) = Lo i(y1,¥2,¥3,¥4) + L3, i(y1,¥2,¥3,¥4) »
L i (1:¥2,Y3, Y1) = Ly (Yiinsis Yoinion,i) (Y1, Y2, Y3, Ya)
= —1(0,0, 0 Zp,isn.i)y3s e (Zn isnis Onis Gois(nyi)+)Y4)
= hMFn,i

L3 i(y1,¥2,¥3,¥4) = L3(Yim.i, Yanizni) (Y1, Y2, Y3, Ya)
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= Z(Ou 07 ySQ(Zn,i;n,i>av y4hMF(Zn,i;n,ia ¢n,i7 Gn,i;(n,i)+)) )

contain the one-body electron and phonon Hamiltonian matrices which are the generators of time-
evolution. Moreover, the weight functions u, v;, b; and a;; introduced above are to be later specified
which is analogous to specifying the approximations for the time-evolution operators in [Bal07,
SDL09b, FVA10b]. In addition to the weights of the method, the integrations rules depend on the
non-linear functions N defined by

Nim,i = Ni(Yomim,ir Dingi + Ziimyi)
= (1, —10Fvr (Znisn i Gn,i;(n,i)+)) )
= Furyn,i
Nonisnii = Na (Yaim,isn,is I%,l;n,i;n,i + Z21,1;n,i;n,i7 121,2;n,i;n,i + Z21,2;n,i;n,i)
+ N22 (YYQ;TLJ';n,i? ]22,1;n,i;n,i + ZZQ,I;n,i;n,i’ I%,Z;n,i;n,i + Z22,2;n,i;n,i)

2
(L 0’ 07 0) + Z (Ig,u;n,i;n,i + Zg,u;n,i;n,i) ’

v,p=1

1 1 1 1
N2 (YQ;n,i;m’ IZ,l;n,i;m + Z2,1;n,i;m7 IZ,Q;n,i;m)

1
2:n,i;m

2
(1/27 ]-7 03 0) + Z I21,u;n,i;m + Z%,l;n,i;m )

v=1

2 — A2 2 2 2
Nynni = Ny (Yoominio I3 1.memis 13 2:mini + 22 2:memi)

2
= (1/27 _15 07 O) + Z 122,1/;m;n,i + Z22,2;7n;n,i ’

v=1

where I and Z denote quadrature approximations to the collision integrals. It is noted that in
contrast to what is done at least in [SDLO9D] here by Z it is referred to the approximations for the
real-time collision integrals from ¢, to t, + c¢;h whereas the so-called lag quadrature I include the
remaining contributions from ¢y to ¢,. It is possible to complete the definition of the integration rule
by specifying the form of these quadrature rules. In order to do so, the linear operators k referring
to the integral kernels, cf., Sec. 5.2, are introduced such that

Ko it (Y15 Y2, Y8, ¥a) = kg (Yo ions, Yoinrin,i) (Y1, Y2, Y3, Y4)
—1(0,0, aIX(Zy i;015 Cnsisna s Gsisna s Gty i)Y,
=1l,,im
S (Znisnts Cnisnts D isnas Gisnas Garin,i)ya)
k3nrn i (Y1, Y2, Y3, ¥4) = k3 (Yoarin.i, Yom,isnr) (Y1: Y2, Y3, Va)
=1(0,0,y3T(Zarsn,is Cotingis GMingir Ginsisnr ),
a3 (Zntin,ir Catinais Daiinsis Gagingis Gsisn))

= y‘X(ﬂ,:A\IZN,J

where M € {m, (n,i) : m €] — |Mi|,n] N Z}, making it explicit what is meant when the self-energies
are required to be evaluation functionals. In terms of these kernels, and by assuming the convention
that c;/,:i;lb = cg;/,fb;li = 5bi(02;k+/7;17/+ - 02;k7/+;l+/7) for a two-time Keldysh function ¢y, the

quadrature Z are defined by

Z ZQlwm,imﬂ' =cih Z b(d”k%;(mi)b;(n,i)fbYQ;(mi)fb;(n,i)b + dilk%%(nvi)b;n—b}é?n*b;(nﬂ)b)’
v=1 be{+}
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2
Z Z%,l/;n,i;n,i =c¢ih Z b d“k2 3(nyi)— b,(n,i)b}é;(mi)b;(n,i)fb + dilk%;nfb;(n,i)bY2§(7l,i)b;ﬂfb) ’

be{£}

Z%,l;nﬂ';m = Clh Z ”k2 in,s(n i)bYVQ;(n,i)b;m + dilk%;z,i;nbyé;(ﬂ,l)b?m) )
be{£}

Z%,Q;m;n,i = cih Z d“kZ i(nyi)pim, 1Y2 sms(n,i)p + dl1k2 inpin, 1Y2 sms(n, 1) )
be{£}

and the so-called lag, or tail, quadrature I by

2 n
Z IQI,L/;n,i;n,i = [k% * }/2]”’755”,1' +h Z Z bwfm;nk%;(n,i)b;l_bYVQ;Z—M(”J)IJ )
= be{x} =0

= V‘_; © )/ZZ}H,,I':N.Z

2 n
2 — 2 l 2
Z I2,u;n,i;n,i = [kQ * 16]'”@;"# +h E : Z bwn;nkQ;l,b;(n,i)bYQ;(",i)bﬂ—b ’
=1

be{i} =0
= []wj o }7'2Lm/,:7l,/i
9 n
1 — 1l § Lokdr : > 2
Z Iz,u;n,i;m = [kz * y2]n,i;m +h (wn;nk2;n,i;lby2;lb§m + wn;ka;”»i§lby2?lb?m) ’
v=1 be{i} 1=0
— [1.1
= [112 o !/2})1.[:777
9 n
) _ l 2 r 1 2a
Z L vimin,i = (k3 * Yolmin,i +h g E Wy K21, Y2;mit, + w”%”k2?lb?"7iy2;m;lb) ’
v=1 be{x} =
= ij o ;1/2},;1:11./

where [k3 * Yalp ion.is [k3 % Yaln i and [k3 * yo]n imm and [k3 * yo]m.n,; refer to approximations to the
imaginary-time collision integrals based respectively on the values kj., ;. Y2in.i- k3., ;Y2in.iz and
k3. i1 Y2;m and k:% 1in.iY2;m; for all 1 €] — | M|, 0] N Z. Finally, the real numbers d;; denote the to be
specified quadrature weights of the method whereas w!,.,, denote the quadrature weights for the lag
integrals which can be determined by using the Newton Cotes formulas [PTVEF92].

In order to illustrate how this integration rule works, the meaning of the approximate solutions ys
and stage approximations Y5, as well as the related quadrature rules, is demonstrated graphically
in Fig. 5.3.1. It is noted that the meaning of the corresponding objects for y; is instead clear from
the context of the Runge-Kutta methods for ordinary differential [But&7, HNWO08] and Volterra
integro-differential [BI806] equations. It follows from the definitions introduced above that a numerical
method based on the defined integration rule is fully determined when its nodes, weight functions
and quadrature weights have been chosen. It is possible to choose appropriate nodes and weights
by motivating them and by demanding that the so-called order conditions are satisfied. In Sec. 6.3,
in particular, a well-motivated class of methods with two internal stages is introduced by requiring
that it meets the second-order order conditions derived in App. 6.A. Here, it is found convenient
to introduce the nodes and weights of these methods by introducing their Butcher’s tables [But87,
BHS6]. In the case of the above introduced integration rule, a Butcher’s table can be written as

C1 (%1 a1 A1s d11 dls

Cs | Vs | Qg1 ... Gss | ds1 ... dss
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h B4t
C4 h
C3 h

k% (}/210.3:771- }/2:771:0‘3)
coh  ¢9-9—9-(0,2)——o-90

7

Figure 5.3.1: The numerical integration rule defined in Sec. 5.3.1 is illustrated graphically for yo by
using a mesh with |My| = 2 real- and |Mj| = 8 imaginary-time points for a method with s = 4 internal
stages. The possibly overlaying black circles and red bullets denote the mesh points (z,; z;,) and
(#n,i3 2n,i)s (#n.i; 2m)s (Zm; #n,i), respectively. In blue, by the possibly overlaying small/large circles
joined by solid lines and by the dashed lines, it is referred respectively to the stage approximations
Y5.0,3:m» Y2:0,3:m and the initial values ys..._g, i.e., the Matsubara (M) components, required to
evaluate the collision integrals contained in Nj 3. 5. In this context, the large and small circles
refer to the stage approximations required by the quadrature Z21;073;_3 and by the lag quadrature
23:1 1'215,1;073;737 respectively. Finally, the black dashed lines with arrows indicate the directions along
which the (stage) approximations for the greater/lesser (2), right (]) and left (]) components are
integrated. In the figure, ¢y is set to zero for simplicity.

where, in contrast to the standard case, the weight functions u, v;, b; and a;; are to be understood
as functions of at most s linear operators. It is due to this difference that, in order to use a Butcher’s
table to define a method, it is found convenient to introduce some short-hand notations. Firstly,
in the following, the operand o refers to function composition and, secondly, (a1, ..., ax| refers to
a function of k linear operators such that (aq,...,ax|(z1,...,2;) = 2?21 oz where o  are real
numbers. It is then possible to re-express the methods derived in Secs. 6.3.1 and 6.3.2 in terms of

their Butcher’s tables by introducing

i the one-stage s = 1 method

0ol 1]o0]o
‘QOO‘%‘

which is, in another context, known as the Lie-Euler method
ii the two-stage s = 2 method

0 1 0 0 0 0
c ©wo ©1 0 d 1—d
‘9000<b,17b“b9010<b317b‘ (17b)§0lo<balib|‘
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where b =1 —1/2c¢ is a fixed and ¢ €]0, 1] and d € [0, 1] free real parameters

where ¢o(z) = exp(z) and ¢1(z) = (exp(z) — 1)/z. In IT | | and | ], the method
ii has been used with the choice that ¢ = 1 and d = 1/2 for which it reduces to a method which
closely resembles the one described in | , ]. Tt is noted that both methods are consistent,

cf., Sec. 6.2, since it follows from the choices of the weight functions that

Zn4l = Zn + hv
Zn+1;n+1 = Zn;n + h’ Zn+1;m = Zn;m + h/27 Zm;n+1 = Zm;n + h/27
Cn+1;n+1 = Cn;n ) Cn+1,m = Cn;m + h, Cm;n-‘,—l = Cm;n - h;

and

Zn,i = Zn + Cihv
Zn,i;n,i = Zn;n + ¢cih, Zn,z';m = Zn;m + Cih/27 Zm;n,i = Zmn t+ Cih/Qa
Cn,i;n,i = Cn;n 5 Cn,i;m = Cn;m + Cih7 Cm;n,i = g’m;n - Ciha

for all m €] — |Mi|,n] and n € [0,|Mg|[ which ensures that with the correct initial conditions the
contour times are integrated exactly. It is finally hypothesized that the specialized integration rule
defined here is not suitable, or at least is inefficient, for the purpose of deriving methods with a
high-order of consistency 6.2.3. For one, this is because the quadrature Z are too sparse, i.e., the
matrix d is too sparse, to describe the integrals from t,, to t,, + ¢;h well, cf., Fig.5.3.1. For another,
this is due to the fact that, without an explicit starting procedure, it is not possible to improve the
quality of the lag integrals I involved in the first few integration steps beyond the first one. It is for
these reasons, amongst some others, that a more versatile integration rule is described and proposed
in Sec. 6.1.2.

5.3.2 Overview of Numerical Method

Here, it is the purpose to summarize the main steps of the algorithm implementing the numerical
integration methods introduced in the previous section. It is noted that the described method is
adapted from the methods described in | , | and that only selected steps are reviewed
in a schematic fashion.

I Initial Values:
In order to solve Egs. (5.6) the real- and mixed-time components contained in 31,0 and y2.0.m
and y2.m;0 are initialized according to Egs. (4.33) for all m €] — |Mjl,0] N Z. In addition, the
contour times are initialized such that 2o = Zy,0 = t0, Zo;m = Zm;0 = to — ZT\m\/27 Co;0 = 0 and
Cosm = —Gmy0 = 1Ty for all m €] — [M;[, 0] N Z.

II Numerical Integration:
Forn=0,...,|Mgr|—2

iFori=1,...,s
a In order to evaluate the stage approximations Y1., i, Yo.n,i,m and Yo.,., ; for all m €
| = [Mi|,n]NZ, ie., for all off-diagonal times, the weights v1., , V5., ;, a{m’i and agf“
of the method are needed for all v € {1,2} and j € [1,i[NZ. In the case that either
the method i or ii is used, this can be done by taking advantage of the block-diagonal
form of the linear operators L such that if I € {0,1} then

u(L1n)(y1,y2) = (y1, 01(—0Q)y2)
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o

|o

@u(Ld.) (Y15 Y2, 3, ¥4) = (Y1, Y2, @u(—thaiein)ys, @1(—1a )ya) |
@i(L3.,) (Y1, y2, Y3, ¥4) = (y1, Y2, Y301 (thmrsn), yae (1))

where LE;’ZL =3 nkaZz%k for p,v € {1,2}, hnpy = 5oy Mkhaein s and Q, =
>y M With any m; € R. Moreover, for the system studied in IT | 1,
both of the matrices hyr,, and af,, are diagonalizable and hence the corresponding
p-functions have been evaluated by using their diagonal representation [ ].
Similarly, in order to evaluate the time-diagonal stage approximation Y., i i, the
weights va., ; and ag,, ; of the method are needed for all j € [1,4[NZ. If either the
method i or ii is used then this can be done, for instance, by taking advantage of the
Taylor series of the ¢-functions from which it follows for I € {0,1} that

oo

1 = 1
@l(LZ;n)(y17YZ7YSay4) = <Y1,Y2,Z mlﬁthFm(}%)vz (k_i_l)!llizaﬁn(}%)) ’
k=0 k=0

where the linear operators 1¥ are defined recursively by 12(y) =y, IF+1(y) = x1¥(y) +
1¥(y)x' for any square matrices x and y of equal dimensions. In practice, in order to
preserve the order of consistency of the method, the series need to be truncated at an
integer number which is at least as large as the order of consistency of the method.
It is noted that in IT | ], the ¢-functions have been instead evaluated by
diagonalizing the linear operators La., ; = L3, iy T L2, .n,; directly which is however not
a suitable approach for larger systems. Independent of the method used to evaluate
the weights of the method, if either the method i or ii is used, as done in II | I,
then v; need not to be evaluated since the identities

Lnl—l—i—chZaL’/,BJZ #7 o w,v € {1,2},

where 1 is the identity operator, can be instead used. It is also noteworthy that a

corresponding relation exists between u,&% and bL 21 j for the method i and, provided
that ¢ = 1, for the method ii.

The exchange-correlation self-energies contained in k3, ;.. ;, k%nz m and k% min,is
which are functions of the stage approximations obtained in step a, are evaluated
for all v € {1,2} and m €] — |Mi|,n] N Z.

In order to evaluate the collision integrals [k5 o Yaln i, (k3 © Y2lnim and [k3 o
Y2)mn,i for all v € {1,2} and m €] — | M|, n], firstly, the imaginary-time integrals
(kY x Yalnin.i, (k3 * y2)nim and [k3 * ya]mn.i are approximated by using clamped
cubic spline interpolation, as described in Sec. 5.2. Secondly, to approximate the
corresponding real-time integrals, the quadrature weights wﬁl;m are chosen such that

hm n
/ at f(to+1) ~ b Sl flto + hl) + O(h®m) n>m,
0 1=0

where f is a sufficiently continuously differentiable function and gy, € Z>1 denotes
the order of the quadrature rule. It is due to the uniform mesh spacing h that the
Newton-Cotes quadrature | ] is used in the implementation.

lIfm<3thenwfl;m:Oforl>N;;and

w! mz/ d £ (9),1 < N7,
0
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where N = min(n,m + 2) and ﬁiv:‘ () = Hl]i%,lyék(’l? —1)/(k — 1) denote the
Lagrange cardinal polynomials. In particular, the weights

nom w?L,m wTIL,m w?L,m, wg,m wi,m
11 1/2 1/2
2 1 5/12 2/3  —1/12
2 1/3 4/3 1/3
3 1 3/8 19/24  —5/24  1/24
2 1/3 4/3 1/3 0
3 38 9/8 9/8 3/8
4 1 251/720 323/360 —11/30 53/360 —19/720
2 29/90  62/45  4/15  2/45  —1/90
3 27/80  51/40  9/10  21/40  —3/80
4 14/45  64/45  8/15  64/45  14/45
which have been obtained by using Mathematica | |, are used in the imple-

mentation. It is worth a mention that the open Newton-Cotes rules listed here
enable higher order quadrature also close to one of the time-axes of the two-time

plane.
2 If m > 3 then wl,,, = 0 for [ > m. For | < m, if m € {3,4} then wl,,, = wl,,.,
where w! are listed above, else if m € [5,9] N Z a composite, or extended,

mi;m
Newton-Cotes rule with the quadrature weights

0 1
wn;m wn;m

m m—1 l
Whim Whim wn;m

5/12 13/12 1

where [ € {2, m — 2}, is used, and otherwise a composite rule with the quadrature

weights
0 1 2 3 4
wn;m wn;vnl wn;mQ U)n;'m3 ’wn;wz1 .
m m— m— m— m—
wn;m wn;m wn;m wn;m wn;m wn;m

95/288 317/240 23/30 793/720 157/160 1

where [ € [5,m — 5] N Z, is used. It is noted that these quadrature weights can
be found from | ] for the cases with m < 10 while the weights for m > 10
can be found from [ .

d In order to evaluate the linear operators Ly, ; and L2 i for v € {1,2}, the mean-field
one-body electron Hamiltonian hAur,y,; is evaluated by using the stage approxima-
tions. Moreover, the non-linear functions N1 i, Nomiin,is Naop i and N, . are

obtained for all m €] — |Mi|,n] N Z by evaluating the mean-field generalized force
Fyvirgn,s and by using the collision integrals which were evaluated in step c.

ii The approximations ¥i.n+1, ¥2in+1:n+1, Y2:n+1;m and Y2.m:nt1 are evaluated for all m €
] = |Mi],n] N Z. In order to do this, the weights w1.,, b1 g ué’/,)l and b( v) n,j are evaluated
for all v € {1,2} and j € [1,s]NZ as described in the step i.a for the welghts v and a. All
of the required linear operators L and non-linear functions N have been evaluated in the
steps i.d.

iii All time-local observables are evaluated, and subsequently printed to a file, from the knowl-
edge of y1,n+1 and Y2.n+1;n+1. The exchange-correlation part of the interaction energy is
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evaluated by using all of the newly obtained y2.5,+1.m and yo.mnt+1 for m €] —| M|, n+1]Z
and the quadrature rules listed in step i.c to evaluate the lesser components of the collision
integrals at (tp41;tnt1)-

It is noted that instead of solving for all of the components, for instance, only Y5., ;. and
Y2:n+1:m are solved for i € [1,s]NZ and m €] — |Mi|,n] N Z while Ya,.; and Yo,m.nt1 are
obtained by using the symmetries of Eqgs. (4.30). Moreover, due to the consistency of the
method contour times are not solved explicitly.

III Post Processing:
In the end, the greater, lesser and right components of the electron and phonon propagators
contained in Y2, are printed to a file for all (n,m) € {(k,1),(l,k) : k €]0,|Mgr|[NZ,] €

[—[My], [Mg[[NZ}.
It is noted here that if ¢ = 1, as in II | ], then, in principle, the only difference between
the proposed method and the one described in | , ] is how the weight functions on the

time-diagonal are evaluated and how the integrals are discretized.

5.4 Hybrid (MPI/openMP) Parallel Implementation

In the previous sections, it has been described how the Kadanoff-Baym equations are posed and solved
numerically in the present work. In practice, it is found by solving them that the two-time structure of
the real-time equations leads to a quadratic scaling of the memory requirements and a cubic scaling of
the computational time with respect to both the spatial and temporal dimensions. It is then quickly
observed that solving for the real- and mixed-time components is a computationally intensive task
already for simple model systems such as those studied in II | ] and III | ]. In order to
alleviate the constraints set by the complexity of the problem, it is possible to implement a parallel
algorithm relying on distributed memory parallelism as described in | |- In what follows, some
of the main points of this algorithm are summarized, while trying to complement the discussion in
the original work [ |, and the performance of our implementation is illustrated by showing its
scaling characteristics.

Message Passing Interface (MPI) | | is a specification describing in essence how data is to be
transfered from one MPI process, henceforth simply referred to as a process, to another in a (dis-
tributed) parallel programming model. OpenMP Application Programming Interface (API) | ]
is instead defined as a specification of a collection of directives, routines, and variables which provide
a (shared) parallel programming model. In the following, a hybrid parallel algorithm, which relies on
an MPI implementation to realize parallelism on a distributed memory architecture and OpenMP
to realize shared memory parallelism (threading) on each node of the distributed memory system,
is described. In IT | ], our results were obtained by running the parallel program based on
this algorithm on a Cray XC40 supercomputer currently consisting of 1688 compute nodes each with
two 12-core Intel (Xeon) Haswell processors operating @2.6GHz and 64GB of shared memory. ! On
the other hand, in IIT | ], our results were obtained by using the predecessors of the program,
algorithm and supercomputer ? mentioned above. In order to proceed to describe the algorithm, it is
good to keep in mind that it is designed such that self-energies which are evaluation functionals can
be evaluated locally, i.e., no parallel communication is needed, and once the self-energies are made
available, by the means of parallel communication, to all processes then also the collision integrals

ISisu at CSC (Center for Scientific Computing https://www.csc.£i/)
2Louhi at CSC (decommissioned in May 2013)
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can be evaluated locally. In the following, by revisiting the steps outlined in Secs. 5.2 and 5.3.2, it is
reviewed how this is accomplished in practice

If tasks (> 1) MPI processes labeled uniquely by the integers ide [0, tasks[NZ are given then
the algorithm assigned with itpts = |M;| € 2Z imaginary- and rtpts = |Mpg| real-time points
proceeds as follows.

A Imaginary-Time Problem:
It is noted that, due to a focus of the author towards the real-time problem, the imaginary-time
problem has been only partially parallelized using MPI while OpenMP is used ubiquitously via
#pragma omp parallel for to parallelize for-loops over mainly temporal indices. Nonparallel
stages are indicated below with ’serial’.

I Initial Guess:
All processes initialize the zeroth iterate yJ with the initial guess for all 7, € — M (serial).

II Fixed-Point Iteration:
For k=0,...,00

i All processes evaluate the mapping F(y5) for all 7, € —Mj (serial)
ii The process with the rank id evaluates the integral +[a x b](—7,) for all

p € ZN [beg;y, beg;q + tpts;y[.
such that if 3

idg = itpts mod tasks,
tpts = itpts/tasks,

then

tot tpts+1 id <idg
I —
PFia tpts otherwise ’

beg, =0, beg;; =beg;y_;+tpts;y ¢, 1id#0,

e.g., if tasks = 4, itpts = 8 then graphically

Il I I I
o) o] e o)
o o o o
O-O==0 O O Om==0=0
T0T1 T2 T3 T4 5 Te T7
—_—— — —_—— ——

o — N Il

2] n n n

+ +2 +£ +

Q Q Q o

+ + + +

In the end, all integrals made available to all processes by using MPI_Allgatherv.

iii All processes evaluate the new iterate y§+1 by possibly using DIIS (serial).

B Real-Time Problem:
Assign the rank 0 in MPI_COMM_WORLD to ’diagonal’ and the rest to ’off-diagonal’ MPI_Group

3If n, k € Z then n mod k equals to the remainder r € Z>¢ and, if written in the monospace font, n/k equals to the
quotient ¢ € Z which are defined by n = kg + r where r < |k|. Note that in C++ the sign of the remainder given by
the operand % is implementation dependent.
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such that in the latter each process is labeled uniquely by the integers ide [0, tasks — 1[NZ.
In the algorithm, work is distributed to the processes belonging to ’off-diagonal’ as evenly as
possible by following the principle that the process with the rank id + 1 has less, or an equal
amount of data than, the process with the rank id.

I Initial Values:
The ’diagonal’ process stores the initial values of the local and lesser/greater components
indexed by 0 and (0;0). In ’off-diagonal’, the process with the rank id stores the initial
values of the right component indexed by (0; —p) for all

peEZN [beg;q, begyq + tPES 4] p < itpts/2
[itpts — beg;, — tpts;y — 1,itpts —beg; [ otherwise

such that if

idg = (itpts/2) mod (tasks — 1),
tpts = (itpts/2)/(tasks — 1),

then

tpts+1 id <idg
tpts,;y = . ,
tpts otherwise

begiy, =0, beg;y = beg (41 1) mod (tasks—1) T TPtS(3a41) mod (tasks—1)5 1d # ido,

e.g., if tasks = 4, itpts = 8 then graphically
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In ’off-diagonal’, the process with the rank idg stores the initial values of the lesser /greater
and left components indexed by (0;0) and (—p;0) for all p € [0, itpts[NZ.

II Numerical Integration:
For n =0,...rtpts — 2

iFori=1,...,s:

a The ’diagonal’ process evaluates and stores the stage approximations for the local
and lesser/greater components indexed by (n,i) and (n,4;n,7). In ’off-diagonal’,
the process with the rank id evaluates and stores the stage approximations for the
right components indexed by (n, ; —p) for all p defined in step I. In ’off-diagonal’,
for all ¢ € [0,n], the process with the rank (idg + ¢) mod (tasks — 1) evaluates
and stores the stage approximations for the lesser/greater components indexed
by (n,i;q). In the end, all of the evaluated stage approximations for the left and
lesser/greater components are communicated by using MPI_Isend/MPI_Irecv to
the process with the rank (idg + n + 4) mod (tasks — 1) which stores them. For
example, if tasks = 4, itpts = 8, n =4 and ¢ = 1 then graphically for the local
component
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where 4,1 = t4 + ¢;h and the rank id = 0 typeset in black refers to the ’diagonal’
process.

The self-energies are evaluated ’locally’ as follows. The ’diagonal’ process evaluates
the local components of the self-energies indexed by (n, 7). In ’off-diagonal’, each
processes evaluates the right and lesser/greater components of the self-energies
indexed respectively by (n,i;—p) and (n,;q) for the same p and ¢ as in step
a. In the end, all processes communicate the evaluated local, right and lesser/-
greater components of the self-energies to all processes by using MPI_Bcast and
MPI_Allgatherv.

In ’off-diagonal’, each process evaluates and stores the right and lesser/greater
components of the collision integrals ’locally’, i.e., as done in step b for the self-
energies. In the end, the process with the rank (idg+n+i) mod (tasks—1) in off-
diagonal’ communicates the lesser/greater components of the collision integrals
to the process 'diagonal’.

All processes evaluate and store the linear operators L. All processes evaluate and

4In contrast to what the figure suggests, both the greater and right components are stored and evaluated on the

edge (t,to) and (¢,70) in the current implementation and hence the data distribution agrees with the logic of the

algorithm.



5.4 Hybrid (MPI/openMP) Parallel Implementation 91

store the local, right and lesser /greater components of the non-linear functions N
'locally’, i.e., as done in the step b for the self-energies.

ii All processes evaluate and store the approximations y as done in the step i.a but with
n,t replaced by n + 1. In the end, the components are instead communicated to the
process wit the rank (idg + n + 1) mod (tasks — 1) in ’off-diagonal’.

iii In ’off-diagonal’, each process evaluates the integrands of the lesser components of
the collision integrals ’locally’, i.e., as in the step i.a for the self-energies but with
n,t replaced by n + 1, and communicates the result to the process ’diagonal’ by
using MPI_Isend/MPI_Irecv. The process ’'diagonal’ evaluates and writes, by using
the HDF5 library | ], all time-local observables and the exchange-correlation
part of the interaction energy to a file in binary format.

III Post-Processing;:
All processes write the left and lesser/greater components to a file in binary format by
using the parallel interface to the HDF5 library.

In what follows, it is verified that the algorithm and its implementation indeed speed up the calcu-
lations. In order to do this, it is shown how the run wall time behaves when the implementation is
given more resources to handle a fixed workload and when additional resources are introduced to
handle a simultaneously increasing workload. In other words, both the strong and weak scaling of
the implementation is demonstrated. A strong scaling test shows how big of a portion of the work is
performed in parallel and how the parallel communication overhead scales with the resources while
a weak scaling test indicates how the overhead scales with the workload. In the tests, the programs
run wall times are recorded with different numbers of CPU cores (n) and the speed up ty/t,, where
ty is a reference wall time run with N cores, is used as a measure of the strong scaling. In theory,
the speed up is limited by Amdahl’s law | ] which states that if p denotes the parallelizable
portion of the serial program then

_1l-p+p/N
SNn = T——F—7—

1—p+p/n
is the maximum attainable speed up. Instead, the weak scaling test is performed by recording the
run wall times when the number of cores n is increased while the ratio rtpts/n is kept a constant.

If the run wall time shows then, instead of a cubic, a quadratic dependence on rtpts then it is said
that the implementation scales ideally.

(5.10)

In order to use relevant data sets for the scaling tests, the imaginary- and real-time mesh sizes have
been chosen such that they are comparable to the ones used in II | ]. In the same spirit,
the spatial basis size is set to two but instead of the two-site Holstein model, due to a more recent
focus of the author towards open systems, cf., [ ], the exact setup is that of a single quantum
mechanical harmonic oscillator coupled to two environments also consisting of harmonic oscillators.
The physical parameters, although not very relevant for the scaling, are equal to the ones used in
Fig. 3(b) of | ] with the substitution Ty, = Tp = T = 1. It is instead relevant to illustrate
the effect of the mesh sizes to the scaling and hence the two setups, small’ with itpts = 98 and
rtpts € {96,384,1536}, and ’large’ with itpts = 976 and rtpts € {960, 3840, 15360, 30720}, are
specified. Also, these sets have been chosen so that the computations fit comfortably within the core
576(18400) and 576, and wall time 30min(4h) and 12h limits of ’test(_large)’ and ’small’ queues of
Sisu at CSC where the scalability tests have been conducted. On Sisu, the code has been compiled
with

# compiler

icpc (ICC) 15.0.2 20150121

# compiler flags

-DNDEBUG -03 -opt-prefetch -unroll-aggressive

-fno-alias -align -fp-model precise -openmp
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where -openmp has been neglected when compiling a non-hybrid (MPI) program. In the non-hybrid
(MPT) ’small’ case with 2-96 cores, additional cores have been utilized by allowing for more MPI
processes such that the program is run by specifying

# slurm options
--exclusive
# aprun options
-ss -cc cpu

In the the hybrid (MPI+OpenMP) case, additional cores have been utilized by allowing more threads
until 24 cores have been reached beyond which more MPI processes have been added each of which
adds another 12 cores. If n € 2Z cores are given then this requires instead

# slurm options

--exclusive

# threading options

OMP_NUM_THREADS=min(n/2,12); OMP_MAX_ACTIVE_LEVELS=2; OMP_SCHEDULE="guided ,1";
OMP_NESTED=TRUE; OMP_THREAD_LIMIT=min(n/2,12); KMP_DETERMINISTIC_REDUCTION=yes;
KMP_AFFINITY="granularity=fine, compact ,1"

# aprun options

-ss -cc numa_node
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Figure 5.4.1: Illustration of the strong scaling for 2-96 CPU cores in the ’small’ case. The left panel
shows the wall times for the references calculations with 2 cores where the dashed line indicates a
cubic scaling. The middle panels show the speed up t2/t,,, where ¢, is the wall time with n cores,
for the cases in which parallelism is achieved by the non-hybrid (MPI) and hybrid (MPI+openMP)
schemes. Here, the smaller tic labels count the cores assigned to ’off-diagonal’ and the dashed lines
are Gnuplot fits to the Amdahl’s law of Eq. (5.10) with the corresponding degrees p of parallelism
shown with a matching color code in the lower right corners of the graphs. In the tables, the relations
between core (n), thread (-d) and task (-n) numbers given, in addition to -j 1 -S min(n/2,12) -N
min(n, 24), to aprun are shown.

It is remarked, before proceeding to discuss the results of the scaling tests, that it is possible that
the speed ups shown below give a distorted picture of the (absolute) strong scaling as the used
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reference wall time is obtained by using the same parallel program and by using either 2 or 60 cores
instead of a single core. That said, in Fig. 5.4.1, the scalability results are shown for the ’small’ case
for 2-96 CPU cores. In the left panel, the wall times are shown for the reference runs with 2 cores
demonstrating that for a fixed number of cores, in particular when itpts = 2 which is shown for
reference, the wall times tend to roughly cubic scaling with respect to rtpts. In the middle panels,
it is shown that in the ’small’ case the implementation achieves a reasonably good speed up for
almost all core numbers independently of whether parallelism is realized by using the non-hybrid
(MPI) or hybrid (MPI4+OpenMP) schemes. It is remarked here that to is chosen as the smaller
of the wall times for the non-hybrid and hybrid schemes. Notice also that the super ideal scaling
observed for 6-12 cores does not appear if 'off-diagonal’ cores, shown with smaller tic labels, are used
which supports the conclusion that it is an artifact of the reference wall time. Nevertheless, the main
observation is that the speed up and the approximate degree of parallelism p of Eq.(5.10) shown in
percentages are the higher the larger the ratio (rtpts + itpts)/n. This agrees with the expectation
that the collision integrals, which are performed parallel and there is no parallel overhead involved,
become the most time consuming part of the algorithm for a sufficiently large rtpts + itpts. In
the hybrid implementation, the task of evaluating the collision integrals is distributed within a
given MPI process among the available threads/cores by using OpenMP. It is hence reasonable to
expect that the wall time spend evaluating the collision integrals is not noticeably affected, whereas
the overhead associated with parallel communication is reduced, when processes are replaced with
threads. In congruence with the above, it is observed that for the higher numbers 48, 96 of cores and
for rtpts = 384, 1536 the hybrid scheme scales better than the non-hybrid implementation

T T T T 7680
60 cores , 1920 30720
I 8 . MPI+openMP T T T
10* | O 5 16 - - I ,
itpts =976 10 | E—
g L 99.95% 6 1920
3| R |
/_\10 //Cg\q’:o ;E 99.84% AIOB | . 8 960 |
RN A
2 & = 99.76% 5 o
g .;3‘: O é 4 QE) "»‘Q& OO 480
£102F O - 1 & 102 —O‘S S aan ]
= , ) = aE
v - * Fom
10t £ T i ; 10" F s E
F o ] 1 960 —O— 'O;'60
I | 3840 —O— L |
‘ 15360 —O— 100 | E
100 1 1 1 1 1 1 1l 1 1 1
960 15360 60 120 240 480 960 3840
48 112 228 468 948 960 15360
rtpts cores (n) rtpts

Figure 5.4.2: Tllustration of the strong and weak scaling for 60-960(1920) CPU cores in the ’large’
case. The left panel shows the wall times for the references calculations with 60 cores where the
dashed line indicates a cubic scaling. The middle panel shows the speed up teo/tn, where ¢, is the
wall time with n cores, for the cases in which parallelism is achieved by the hybrid (MPI+openMP)
scheme. Here, the smaller tic labels count the cores assigned to ’off-diagonal’ and the dashed lines
are Gnuplot fits to the Amdahl’s law of Eq. (5.10) with the corresponding degrees p of parallelism
shown with a matching color code in the upper left part of the graph. The right panel shows the
wall time when both n, denoted with labels next to points in the graph, and rtpts are increased.
Additional aprun options are -n (1 + [n/12]) -d 12 -j 2 -S 1 -N 2 where || is the floor function.
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In Fig. 5.4.2, the scalability results are shown for the ’large’ case for 60-960(1920) cores and only
for the hybrid scheme due to the observation that it scales better than the non-hybrid scheme for
the ’small’ case. In the left panel, the reference wall times obtained with 60 cores are shown and, in
the middle panel, the speed up for 60-960 cores together with the approximate degree of parallelism
p obtained by fitting the data to Eq. (5.10) is shown. It is observed that the speed up behaves
qualitatively as in the ’small’ case and, although communication overhead is expected to be larger,
since there is more data to communicate, a high percentage of the approximate degree of parallelism
is achieved. In the right panel, to mimic weak scaling, it is shown that there exists a relatively
large region (cores x workload) in which the cubic scaling, shown in the right panel, can be roughly
transformed into a quadratic scaling by scaling the number of cores equally as rtpts is increased.

Overall, it has been shown that the algorithm and its implementation have relatively good scaling
characteristics which improve when the ratio (rtpts 4+ itpts)/n increases. This is in agreement
with the scaling tests performed in [ |. It is also expected, by the design of the algorithm, that
neither good strong nor weak scaling can be achieved for (rtpts + itpts)/n < 1 which means
that the current method is not ideal for problems with large spatial bases and comparatively small
imaginary- or real-time meshes. It may be possible to circumvent this bottleneck by extending the
parallelism to spatial dimensions by distributing the columns of the propagator matrices to different
processes which should preserve most of the favorable characteristics of the discussed algorithm.



6 Numerical Integration of
Integro-Differential Equations

It is the purpose of this chapter to justify the numerical method described in Sec. 5.3.1 and used
in IT | ] to solve the real-time Kadanoff-Baym equations. Instead, it is referred to [ ,

| for the justification of the numerical method used in IIT | ], although due to the
similarities between the two methods, also the latter finds some of its motivation in the following. It is
noted in advance, in the manner of a disclaimer, that the numerical method proposed in the following
is, strictly speaking, only motivated as no complete convergence theory is provided. However, an
attempt is made to justify the method as completely as was possible in the time-frame available for
compiling this work and the documentation of this task in its full extent is left to future work. That
said, in what follows, a numerical integration rule, which encompasses the methods introduced in
Sec. 5.3.1, is proposed to solve the real-time Kadanoff-Baym equations. In order to do this, it is found
convenient, for the sake of clarity and generality, to switch to a more general notation. It follows,
by switching to the collective notation in terms of y; and ys introduced in Sec. 5.3.1, or to be more
precise by generalizing it for the real- and mixed time components, that the real-time Kadanoff-Baym
equations, with a self-energy which is an evaluation functional, constitute to an initial value problem
which can be outlined as follows.

It is said that y; and yo solve the initial value problem with the initial conditions ¢; and ¢, if it
holds that y1(t) = ¢1(t) and y2(t;¢') = ¢a(t;t’) for all ¢, ¢’ € [to — 7, to] where 7 > 0 such that for
t € [to, T and (¢,t') € [to—7, T[x[to—7,T[\ [to—T, to[X[to—T, to[ where T > 0 the integro-differential
equations

d

910 = F1((2), 52(6:1), [1(1)) (6.12)

n= [ arKin(D.mm).

0

Siva(tit) = Fy (y1(t), y2(t:1), y2(t: ), I3 1 (8:1), Iy 5 (85 1)) (6.1b)
0
G V2B ) = F (1), g2t 1), ya (1), I (6), I (1)) (6.1c)

t
I (1) = / 4 K (ya(1:7), yol: )
to—T

t/
12, (64 = / dF K (ot D), (B 1))
to—T

are satisfied. In particular, due to the structure of the real-time Kadanoff-Baym equations in the
presence of time-local mean-field self-energies, it is relevant to considered the case that the vector
fields Fy and Fy are given explicitly by

Fi(yi(t), y2(t; 1), 11 (1))

95
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= L1(y1(t), y2(t;1))y1 (1) + Na(y2(t;t), [1(t)) , t>ty, (6.2a)
Fy (g1 (), y2(t58), y2(t: 1), I3 1 (8:1).13 5 (85))
= Li(y1 (8), y2(t: 1))y (t:t) 4+ Na (y2(t: ), I3, (t5'), 13 5(£:1)) t>tt>ty, (6.2b)
F3(ya (), p2(t'51), w2 (t:1), I3 1 (858), I3 5 (85 ')

= L3((¢), 2 (85 )2 (6:8) + N3 (g (1), I3, (1), I3 ,(55¢')), ¢ > 4,8" >t0,  (6.2¢)

)

where, for v, u € {1,2}, L; and Ll(f) denote linear operators and Ny and N,/ are possibly non-linear

functions. Here, by linearity of L it is meant that Lff) (y1(t),y2(t, t)) are linear operators.

It is seen, when the equations are rephrased like above, that the real-time Kadanoff-Baym equa-
tions can be understood as coupled one- | , ] and, a variant of, two-dimensional Volterra
integro-differential equations. It is then also proposed that they can be solved by methods which
can be derived by using, or by extending into two dimensions, the principles behind the derivation
of numerical integration methods for one-dimensional Volterra integro-differential equations. In par-
ticular, here, it is the purpose to follow the ideas behind the derivation of one-step Runge-Kutta
methods for one-dimensional Volterra integro-differential equations | ]. In what follows, in or-
der to pursue this idea, a motivation for the structure of the integration rule is presented followed
by an introduction to the concepts of consistency and convergence similarly to | ], where a sys-
tematic theory for one-step Runge-Kutta methods was developed. In the end, by requiring that the
so-called order conditions are satisfied, the class of second order methods introduced in Sec. 5.3.1,
whose variant has been used in IT | ], is justified.

6.1 Numerical Integration Rule

6.1.1 Motivation

Here, the structure of a class of one-step methods designed to numerically solve the initial value
problem outlined above is motivated, cf., | ]. In order to solve for y, it must be possible to
evaluate the derivatives of y; and ys, i.e., the vector fields F' and consequently the integrals I, at ¢
and (¢,t") which requires the knowledge of y2 at {(¢,t), ({,t') : t € [to — 7,max(¢,t’)]} as has been
illustrated in the context of Sec. 5.3.1 in Fig. 5.3.1. Hence, in order to apply numerical quadrature
effectively, by making the solution available at all quadrature points, it is preferable to design an
integration rule which results into yo being represented on a two-dimensional mesh which is a direct
product of the one-dimensional mesh chosen to represent y; with itself. To begin with, it is assumed,
in congruence with this idea, that the initial values of s are available on the mesh M? = M; x M;
where My consists of the mesh points referred to by t, € [to — 7,t9] such that t,41 > ¢, and
n €] — |Mp],0] N Z. Tt is noted that the mesh M can be refined arbitrarily independent of the
integration rule to be specified so that, by opting to discretize the initial values of the solution here,
no real restriction on the method is posed. It then holds that if the given initial values of y; on My are
augmented with an approximation for y; at to + hg then it is consistent with the above to augment
the initial values of yo with approximations for yo at (to + ho,t), (t,t0 + ho) and (tg + ho,to + ho)
where ¢ € My such that the direct product structure is guaranteed. In Fig. 6.1.1, an illustration of
this logic, with a possible choice for the mesh M, is presented. In agreement with the principles of
the numerical integration of initial value problems, it is then possible to recursively continue this
process in order to generate a sequence of approximations for y; at t; = tg+ ho,to =t1 +hy,... and
simultaneously for ys on the corresponding direct product mesh.
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Figure 6.1.1: An illustration of the one- and two-dimensional meshes after the first integration
step of a potential numerical method designed to solve the coupled one and two-dimensional Volterra
integro-differential equations. Here, hg denotes the step size while M and MI2 = M x Mj denote
the one- and two-dimensional meshes which are used to discretize the initial values enclosed in the
figure within the red borders. In the figure, an example with |Mj| = 8 mesh points is shown of a
possible choice for Mj. It is noted that the new mesh points at tg + hg preserve the direct product
structure of the two dimensional mesh.

It is then the task to motivate how the first step of this recursive process can be realized. In order
to do so, the considered integro-differential equations are converted into integral equations which,
by mimicking how the Runge-Kutta methods can be motivated in the case of the one-dimensional
ordinary differential or Volterra integro-differential equations, are discretized by using the s € Z>;
integration nodes ¢; € [0,1] for ¢ € [1,s]NZ. However, instead of trivially integrating the equations,
to carry-out the conversion to an integral equation, it is possible to exploit the special structure
of the vector fields similarly to what is done when the so-called exponential integrators are derived
for semi-linear ordinary differential equations | ]. In the case of the exponential integrators,
it follows from the semi-linear structure of the equations, i.e., F' = Ly + N, that a variation of
constants formula can be introduced and it is discretized instead of the trivial integral equation.
In order to proceed analogously here, it is first noted that it is possible to rewrite the considered
integro-differential equations in terms of the formally equivalent system of the coupled differential
and integral equations

8Zug;%7i(z; z0) = clel(;’) (to + ciz)ufz()37i(z; 20), (6.3a)
—_——
= /4,(/“)(!/1 (to + ciz), ya(to + cizito + ¢iz))
0-u2,0,15(2; 20) = (ciL%(to +ciz)+ chg(to + CjZ))’U,Q;()’i]‘(Z; 20) , (6.3b)
and

y1(to + c1ho) = u1.0,i(ho; 0)y1 (to)
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ho
+ C; / dZ ul;O,i(hO; Z)Nl (to + CiZ) s
.
= Ni(y2(to + cizsto + ciz), Ii(to + cizito + ¢2))

[}

(6.3¢)
y2(to + cihos to + ¢jho) = u20,i5(ho; 0)y2(to; to)

ho
+c / dz UQ;O’ij(hO; Z)N21 (to +ciz tg + CjZ)
0

ho
+ ¢ dz U2;0,i5 (ho; Z)sz(to +cizitg + CjZ) s
0

(6.3d)

Ya(to + cihostn) = uz.0.;(ho; 0)y2(to; tn)
ho
dz u2 0, ;(ho; )Nzl(to +cizitn),
O \_\/_/

= A\Zl((/2<f + C; 2, f,,). Izll (f(') + C; 2, YL,,,,)V. ]_%2<f(] + C; 2, f,,))
(6.3¢)

Y2(tn; to + ciho) = u3,0 ; (ho; 0)ya(tn; to)
ho
+c dz u%.o (ho; 2) N2 (tn; to + ciz) ,

0
= \j((/z(f ) +(,’/Z>.I§AI<IL 0+ ¢z ) ]) 2( nito Jr(‘,,jl))
(6.3f)

for all v,u € {1,2}, 4,5 € [1,s]NZ, n €] — |M;],0)NZ and z > 2y € [0, hg]. Moreover, the equa-
tions for uL 0,i and ug;0; are to be complemented with the initial conditions uL ()) ;(z0;20) =1 and
U2,0,45 (203 20) = 1 where 1 denote the identity operators. It is readily verified by dlﬂerentiating the
integral equations for y with respect to hg and by using the initial conditions and differential equa-
tions for u that these equations hold. It is then proposed that it is this system of equations which
is discretized by using the mesh {c;hg € [0,ho] : @ € [1,8] N Z} in order to arrive at a system of
algebraic equations for the so-called stage approximations. Here, the stage approximations Y7,9 ; and
Y2.0,4:0,5, Y2:0,i;n and Ya..04 can be understood to approximate the solutions y; at tg+c;hg and ¥y at
(to + cihos to + cjho), (to + ciho;tyn) and (t,;t0 + c;ho). In the end, it is however the purpose to only
use these approximations to introduce the approximations yi.; and y2.1.1, ¥2;1;n and yo,n;1 for the
desired solutions y; at (to+ ho) and y2 at (to + ho;to + ho), (to + ho; tn) and (¢,;t0 + ho). In order to
proceed with the discretization, the Lagrange cardinal polynomials £;(x) = [[_; j(x—c;)/(ci—¢;)
are introduced for i € [1,s] N Z such that, in the spirit of the collocation methods [HINW08, Zan99],
the approximations

LY (to + ¢;2) Zﬁk ¢iz/ho) Lffo,c,

EL,@(YI 0,k Y2:0,k:0,k)

and

Nl(to -+ cl-z) ~ ng(ciz/hO)Nl;O,k ’
k=1 . . N——
EA\1<}2; 0.k ]1( Jr(/]l ))

S

N3 (to + cizyto + ¢jz) Z Cr(ciz/ho)li(cjz/ho) Nayg k.o, L
N
= >( 2:0,%:0,15 15 1 (to + cho; T(HF(//)()) 5 o(to + crhos to + ciho))
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Ny (to + ciz; ty) ka ciz/ho) N20kn7
k= —
= \ (S )L ns [').l(f(l +(1/‘./)();f”)_[é_2<f1)Jr(%ll()lt,))

N3 (tnito + ¢iz) = Zék(ciz/hO)Nin;O,k ;
\ﬁ,—/ ) ‘
(}z 0.k 13 1 (tnsto + ckho), I35 (tn; to + ciho))

can be introduced for z € [0, ho] and for all p,v € {1,2}, 4,5 € [1,s]NZ and n €] — |M;],0] N Z.

It follows by substituting the interpolants of L into Egs. (6.3) that ul”)

150, ;(zho; zoho) can be written

a function of z, zg and {CihOL/(Z()J,k : k € [1,s] N Z} and similarly that w0 ,;(2ho; 20ho) can be
written a function of z, zp, and {cihoLé.O o cjhoLg_o w -k €[1,s]NZ} such that the dependence on

to and hg enters only through the terms which are proportional to L(L ()J w- 1t is in particular this

observation which makes its convenient to define the so-called weight functlons v and a, i.e., the set
{v10, V2,15, 084, abl; 24,4, k1 € [1,5] N Z} of multivariate functions, by demanding that the relatlons

vl;i(cihOsz())’p PN 7Cih0L£Z()),s) = Lu()) z(h07 O) 5

1
a’f;i(cihOszg’h N 7Cih0L;(1,l:()),s) = / dz u( ) (ho, hoz)fk(cl ) y
0
and
V245 (CihOL%;Qp NN 7CihOL%;o7s§ thOLg;O,h sy th0L§;07s) = ’U/Q;O,ij(ho; O) 5

1
ki 1 1 . 2 2 — .
am—j (CihOLQ;OJa . 7C7;h0L2;0’S, thULZ;O,h ceey cjhOLQ;O,s) = / dz U2;0,ij (h(), hoz)ﬁk(ciz)&(cjz) s
0

are satisfied for all 4,j,k,1 € [1,s] N Z. It remains to use these definitions and to substitute the
interpolants of N into Egs. (6.3) in order to show that the stage approximations satisfy the algebraic
equations

Yi.05 = vi,i(cihoLa,0,1, - - - cihoL10.5)Y1:0

S
k
+ ciho E ayi(cihoLio1,- -+, cihoLios)Niok (6.4a)
k=1
Y2.0.4:0.5 = V2.1 (ciho L} hoLs.g i cihoLls hoL3 5)
2:0,4;0,5 = V2;i5(Cilo 2;0,15 > , Cillo 2;0,S’CJ 0 2;0,13"'7CJ 042:0,s Y2:0;0

§ 1 . 2 2 1
+ Czho (L2 iig ClhoLQ 0,100+ CihOLQ;O’sa thOLZ;O,lv N Vth0L2;0,s)N2;0,k;O,l
k,l=1

S
kl 1 I 2 2 2
"'thOE ag;ij(CihoLyg 1, - - -, cihoLlyyg o ¢jhoLlsg 1 - - -y ¢ihoLlyg o) Nao ko> (6.4b)

k=1
1 1
Y2;O,i;n = vl;i(cihOLZO,la B Cih0L2;075)y2;O,n
S
+ cih a¥.;(cihoL} cihoLy.g ) N3 (6.4c)
100 1;4\Ci"0+2:0,15 « - - » CiM00L2:0,5 )1V 2;0,k;m » .
k=1
2 2
Youn.0,i = Ul;i(cih0L2;0,1a B CihOLz;o,s)y2;n;0
S
k 2 2 2
+ ¢;hg E al;i(cihOLZ;O,la ey Cih0L2;O,s)N2;n;0,k . (64d)
k=1

for all 4,5 € [1,s] N Z and n €] — |My|,0] N Z. It is then possible to proceed analogously in order to
show that the desired approximate solutions yi.1 and ¥2.1.1, ¥2;1;» and y2.n;1 can be evaluated from
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the knowledge of the stage approximations. For one, by letting u( ) and ug,o denote the solutions of
Egs. (6.3a) and (6.3b) obtained by setting ¢; = ¢; = 1 and us1ng the interpolants of L, the weight
functions u and b, i.e., the set {u,, b}, b5 : € {1,2},k,1 € [1,s] N Z} of multivariate functions, can
be defined by demanding that

ut(hoL 1, - hoLy o) = ul) (ho3 0)

u
/dzu (ho; hoz)lk(2),

bE (oL 1, hoL) )

and

U2(hOL%;0,1a R hOL%;o,SQ hOLg;O,l? c-shoL3, 0,5)
= Ul(hO(Lé;og + L%;o,ﬂ, cees hO(Lz;o,s + hOL%;o,s) = uz;0(ho; 0)
bé:l(hOL%;O,l’ T hOL%;O,s; h’OL%;O,D T hOL%;O,s)

1
= B (ho(Lh oy + Lig1)s. - ho(Lhos + I20.)) = / dz s (ho: ho2)0x(2)4(2)
0

for all k,1 € [1,s] N Z. It is noteworthy that it is due to the definition of ug, that the functions us
and b’z“l could be defined in terms of the functions w; and b’fl. For another, by defining y1,; and 2,11,
Y2:1:n and Yo.n.1 respectively as the left-hand sides of Eq. (6.3¢) and Egs. (6.3d), (6.3¢) and (6.3f)
obtained by setting ¢; = ¢; = 1 and by using the interpolants of N and the definitions of the weight
functions, it follows for all n €] — |M;],0] N Z that

y1:1 = u1(hoL1,0.1,- -+, hoL1,0,5)Y1:0

S
+ho Y Y (hoLaoa, - hoL1o,s)Niok (6.5a)
k=1

_ 1 1 . 2 2
Y2;11 = “2(h0L2;0,1> ooshoLgyg s hoLags - - - hoLz;o,s)y2;0;0

s
kl 1 1 . 2 2 1
+ ho E b2 (hOLZ;O.h ] hOLZ;O,s? hOLQ;O,l? R h0L2;O,s)N2;O,k;O,l
k=1

+ ho Z b’;l(hoLé;O.l, ) hoL%;o,& hoLg;()A,lv ) hoLg;o,s)N;;o,k;o,z ) (6.5b)
k=1

_ 1 1
Y2;1,m = ul(hOLQ;Ovl, ceey hOLQ;O,s)y2;O;n

+ h() Z blf(hOL%;O,b T h’OL%;O,s)NQI;O,k;n ’ (65C)
k=1
Yzins1 = ur(hoL3g 1, - - hoL3 o) Y2ims0
+ hO Z b’f(hOL%;O,D AR hOL%;O,s)NS;n;O,k ’ (65d)
k=1

which together with the equations for the stage approximations form a closed set of equations pro-
vided that the integrals I can be somehow evaluated. It hence remains to supplement Eqgs. (6.4)
and (6.5) with a quadrature rule for the integrals I appearing as the arguments of the vector fields
N. In order to do this, by following | , , ], each of the integrals T is split into an
integral from ty — 7 to ty and to the remaining integral from ty to tg + c;hg. In particular, the inte-
grals of the latter type, i.e., the integrals from ty to tg + c;h, are approximated with a quadrature
rule motivated here by using Lagrange interpolation. It follows by approximating for z € [0, ho| the
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integral kernels K with the interpolants

Ki(ya(to + cihosto + 2), 1 (to + 2) = D li(2/ho) K100,k »

k=1 o
= K1 (Y2.0.i:0.6, Y1:0.%)

S
K3, (y2(to + cihosto + 2), y2(to + 23 to + cjho)) = E b (2/h0) K3 11:0,i:0,5:0,5 -
k=1 I
= Ké’_,,(b:(],f:u.kw Y5.0,k:0,5)

S
K21,V(y2(t0 + Ciho; tO + Z)v yZ(tO + Z3 tn)) ~ Zek(z/hO)Kll,v;O,i;O,k;n ’
k=1 B %f_/’
= K3 ,(Y2,0,6:0,» Y2,0,kin)

s
KQQ,V(yQ(tn; to + Z)7 yQ(tO +zt0+ C’ih’o)) ~ Zek(z/hO)KQZ,v;n;O,k;O,i )
k=1 . : “/_f
[XEA]/(}/QZILZU‘A?Y }2:0.l\‘:(].i)

for all v, u € {1,2}, 4,5 € [1,s]NZ and n €] — | M|, 0] that the integrals I can be approximated with
the quadrature rules

s
I (to + Ciho) ~ I, + ho Z Cidel;O,i;O,k R (66&)
k=1
= 21,0,
s
I3, (to + cihoto + cjho) = I3 .0.:.0.5 + ho Z(Cid%ul + de§5u2)K5,u;0,z‘;o,k;o,j ) (6.6b)
k=1
= Zél./l;t).yt:u_j
s
v . ~ TV k yov
IQ,/,J,(tO + CihO? t’ﬂ) ~ IQ,[L;O,i;TL + hO Z 6!’« 1C’idi KZ,u;O,i;O,k;n ’ (660)
k=1
= Zg./u(l.i,:/z,
s
v . ~ TV k 1oV
IQ,u(tm to + Ciho) ~ IQ,u;n;O,i + ho Z 6H QCidi KZ,u;n;O,k;O,i ) (66d)
k=1
= Zg‘//:n,:(J‘i

where dz = foldz l;(ciz) denote the so-called quadrature weights of the method. Here, by I;;
and I35 .00 15 000 @0d 15,0 ; approximations to the integrals from o — 7 to fo, i.e., the
so-called lag or tail integrals, are denoted. In an agreement with the idea of mixed quadrature
methods [Lub&2, BI&06], it is proposed that the lag integrals are approximated by

0
Loi= Y woum K1 (Ya,iom: Y1im) » (6.7a)
mif‘MllJrl
0
I2U,,u,;0,i;0,j = Z w0§m§0K5,u(Yv2§O’i;m7 Y2;m§0,j) ’ (67b)
m:—\MI|+l
0
Ig,p;O,i;n = Z wO;m;nK57ﬂ(}6;0,i;ma y2;m;n) ’ (67C)
m:—‘MIH‘l
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0

v _ v
127;“”;071' = § wn;m;OK27u(y2;n;ma 1/Z;m;(),i) , (67d)
m:7|M1|+1

where Wo.m, Wo:m;0, Woym;n and Wnp,m.0 denote real-valued quadrature weights. In order to conclude,
it is noted that these quadrature weights can be chosen by acknowledging the possible (derivative)
discontinuities of the integral kernels and for instance by requiring that the associated quadrature
rule integrates exactly polynomials of a given degree | I

6.1.2 Statement of the Integration Rule

In the preceding discussion, a numerical method epitomizing to the integration rules of Egs. (6.4),
(6.5), (6.6) and (6.7) has been motivated by extending into two dimensions, several ideas familiar from
the numerical integration of ordinary differential as well as Volterra integro-differential equations in
a single dimension. In the following, this numerical method is defined formally by extending the
motivated rules beyond the first integration step and by relaxing some of the constraints concerning
the introduced weight functions and quadrature weights. It quickly becomes clear when trying to
extend the proposed integration rules to the second integration step, which involves the integration
from t; = tg + ho to t1 + h1, that, without an explicit starting procedure, it is not possible to
devise methods whose precision can be systematically improved if only the approximations at t¢g
and t; are available to evaluate the lag integrals from ¢y onward. In order to go around this issue,
a mixed integration rule, in which y; and y, are respectively approximated on the refined meshes
My, and (My U My)? \ M2, is proposed here by following [ , ]. Here, M5 = {t,, + 0;h,, :
tnt1 = tn + hn, by €]0,00[,0; €]0,1[Vi < S,0s = 1 for all n € [0, N[NZ,i € [1,S]NZ } defines the
refined mesh, the elements of which, i.e., the mesh points, are referred to as t,; = t, + 6;h,, and
tp+1 = tns in the following. Moreover, it is useful to define the index set i(My U M;) = {n, (m,i) :
n €] — |Mip|,0]NZ,m € [0, N[NZ,i € [1,5] N Z} for indexing the mesh points. It is the advantage
of a mixed integration rule that more precise approximations for the lag integrals can be introduced
by increasing the number S € Z>; of the approximations y1.,; and ¥2.n,in.j, Y2in,i:Mm and Yo.arin,j
to the solutions y1 at t,; and yo at (tniitn;), (tniita) and (tar;t, ;) for all M € i(M7 U My),
respectively. It is noteworthy that this issue could also potentially be solved by defining an extended
integration rule in which the stage approximations would be stored and used to evaluate the lag
integrals | , ]. However, it is felt that a mixed rule is more appropriate since it allows,
in principle, one to choose better which function values are stored. In Fig. 6.1.2, an example of the
refined mesh is shown in order to illustrate how the lag integrals are evaluated and how the additional
mesh points are to be understood.

In order to solve for the above introduced approximations y1,, ; and Y2.n.i:n,j» Y2;n,i;m a0d Ya,ar:m 5 b
the secondary mesh points for which i, j € [1, S[NZ, the integration rules given in Egs. (6.5) need to
be extended to rules which resemble the integration rules of Egs. (6.4) for the stage approximations.
In addition to having to introduce additional weight functions u and b to do this, it is chosen here, in
analogy to how the Runge-Kutta methods are stated | , ], to disregard the explicit forms
of the weight functions of the previous section and only demand that they are defined as as follows.

Definition 6.1.1 (Weight Functions). The weight functions of a s-stage mized method with S — 1
secondary mesh points are the multivariate functions

ul;i(zl, ey Zs) 3

blf;i(zl, ey ZS) s

vl;k(zl, .. .,Zs) y
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Figure 6.1.2: An example of the refined one-dimensional mesh My, and of the corresponding two-
dimensional mesh (Mg U M;)?\ M2, with one (S = 2) secondary (bullets) and two (N = 2) primary
(circles) mesh points highlighted with an enclosing red border is shown. The initial mesh My with
|M;| = 8 mesh points is the same as in Fig. 6.1.1. The gray circles and bullets denote the mesh
points for which y; and y, are obtained in the second integration step. In addition, the mesh points
at which y; and y, are needed in order to evaluate the lag integrals in the second integration step
from (t1;t_3) to (t1 + 0;h1;t_3) are highlighted with blue such that the part of the integral from ¢
to ¢; is shown on a blue background.

and
. AN / /.
U2sij (21,0 253 215 - 000 Zs) = Ui (21500, 203 215+ o5 Zs)
kl o) 1\ _ 1lk / /.
bZ;ij(Zla"'wzsazlv"‘vzs)_b2;ji(217"'vzsvzlv"'azs)v
-y Iy / /.
VRt (215 ooy 25520, ooy 20) = U(21y ooy 25521, 000 25) s
Pq ] / qp (! /.
(215 263 205 25) = g (21500 3 255 215+ -5 2s)
such that
o o ’ ’
Ui (Z1y o 253 215 - -0 Zg) = Utii(21 + 21, .- 5 25 + 20)
kl L N k / /
boii (21, 283 215+ o o5 25) = Ombi(21 + 20,55 25 + 24)
L o ’ /
Vokk (21, -0, 285 215, 20) = V(21 + 21, o 25 + 20)
rq oy Iy p / /
a2;kk(zl7""ZS7217"'7Z8)_6an1;k(zl + 25025+ 25),

where i,j € [1,S]NZ and k,l,p,q € [1,s] N Z.
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It is noted that the minimal constraints, which have been imposed on the weight functions in their
definition above, can be motivated, e.g., by examining the explicit weight functions of the previous
section. It is possible that if the constraints connecting the weight functions for y;, Y7 and w9, Y5
would be relaxed then more efficient methods could be realized. Nevertheless, here it is proceeded
to generalize the integration rules introduced in the previous section by extending them to cover the
approximations at the secondary mesh points and by disregarding the explicit form of the previously
defined quadrature weights d.

Definition 6.1.2 (Numerical Integration Rule). If s € Z>q is the number of stages, S —1 € Z>q
the number of secondary mesh points, i,j € [1,S]NZ, n € [0, N[NZ and M € i(M? U M) then

s
k
Yim,i = Ulin,iYln + thn § bl;n,ingn,k )
k=1

Y2in,isn,g = u2’ﬂljy2nn+6h’ Zb2n1]N2nknl+9h Zb2n23N2nknl’
k,l=1 k,l=1

YoinisM = Uy, Y2t + Oihn, E b2nz Sn ki M
k=1

Y2,Min,i = u2n7,y2M7l+9h Zan'LNQMnk’
k=1

where 0; €]0,1] and h,, €]0,00[ is the step size, approzimate y1 at t, +0;h, and ya at (t,+0;hn;t, +
Oihn), (tn+0ihn;tar) and (tar;tn+6ihy) withty € MZUM; respectively. Here, ¢, are the real-valued
nodes of the method and if k,l € [1,s] N Z then

S
l
1/l;n,k = Vin,kY1;n T crhy g a1;7l7kN1;n,l s
=1

2
Yo kin,d = V2in,k1Y2im5m + Ckhn E agnklNz n,pin,q +chy E aznklemp;n,qy
P,q=1 p,q=1

Y2nkM—v2nky2nM+Ckh E aznszn,z,Ma
=1

s
2 2;l 2
YQ;M;n,k = UQ;n,kyQ;M§n + Ckh" Z a2?"7kN2;M;n’l ’
=1

are the stage approxzimations. If v, € {1,2} then the weights of the method

u;(l,y;gz,i =u (0 h LMEL 1) 9 h Lg/n s)a
bty = Ui (Bihn Ly, 1o, O L), L)
o) (c ha L hn Ly, o)
wnk = kn lunla y Cklin M”é )
aLVn)Ik 1.k (crhy Lun 1se-vyClhp Luns),

and

u2;n,ij Eu?'ij<0ihnL%;n)17-~ 9 h LQnS’H h L2n17" 6 h L2ns)7
b5l i = U5 (Oihn Ly, 1o 0ihn Ly 3 0iha L3 1. 0iha L3, ),

2;n,ij
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— 1 1 . 2 2
V2in,kl = UQ;kl(ckhnLQ;n,lﬁ R ckhnLQ;n,w ClhnLQ;n,h ey clhnLQ;n,s) 5
prq — P4 1 1 . 2 2
age = a’2;kl(ckhnL2;n,17 cosekhn Ly, g eithnLyy, 45, clhnLQ;ms) .

where p,q € [1,8] N Z, are defined in terms of the weight functions 6.1.1. Here,
L(V) = ELV) (qun,k7}/2;n,k;n,k)

win,k =
denote the linear operators and, above,
Nl;n,k = Nl (YQ;n,k;n,ka Il;n,k + Zl;n,k) 3
N2V;n,k:;n,l = NZU(}/Z"JC;”J’ Ig7l;n,k;n,l + ZZV,l;mk;nJ’ IiZ;n,k;n,l + ZQV,2;n7k;n7l) ’
N21;n,k;]\/[ = N21 (.Y-2:n7k;M7 121,1;n,k;1\/[ + Z21,1;n,k;M7 ‘[21,2;n,k;M) ’
N22;M;n,k = NQQ(}/Q;M;'f%k? 122,1;M;n,k7 122,2;M;n,k + Z22,2;M;n,k) )

the non-linear functions. Moreover, by

Il;n,k = E wn;RKl (}é;n,k;Ra yl;R) )
Rei[M S UM
14 — 123 v
I3 win it = Z Wi rin K5 1 (Yain ks ry YosRinat)
Rei[MSUMi]
v — Iz v
IQ,H;"ak;M = Z wn;R;MKZH(}/Q;n,k;Ra yQ;R;M) )
Rei[MSUM;]
v — § : Iz v
IQ,/L;M;n,k = wM;R;nKQ,/L(y2§M§R7 }Q;R;"»k) )
REi[MfUMI]

where Wy, g, Wh o W 5 and why g are real-valued quadrature weights, and by

s
l
Zl;n,/c = hn § Ck:dk;Kl (Y2;n,k:;n,l; Y1;77,7l)7
=1

S
v _ 7 D\ 7V
ZQ,;L;n,k;n,l = hn § :(5u 16kdy + 0p2aid) )Kz,u(}@;n,km,pa Yo pint) s

p=1

s
v l v
ZQ,u;n,k;M =hn E 6# 1dekK27H(Y2;n,k;n,la }/Q;TL,Z;M) )
=1

s
v l v
Z2,M;M;n,k = h”ﬂ § :6H QdekKZ,u(}/?§M§nal7 }/23n7l§"a’f) ’
=1

where dfc are the real-valued quadrature weights of the method, approzimations for the (lag) integrals
are denoted.

It then remains to build specific numerical methods relying on this integration rule by choosing the
nodes, weight functions and quadrature weights appropriately. In the next sections, it is shown how
this can be done in practice.

6.2 Consistency and Convergence

A numerical method designed to integrate an initial value problem is useful only if it is convergent,
i.e., roughly speaking, the numerical solution defined on a mesh converges to the exact solution when
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the mesh is refined. In the case of Volterra integral and integro-differential equations, the convergence,
or the order of convergence, of a one-step method with respect to a uniform step size h is usually
proven in two steps: by proving that the method has a certain local order, or an order of consistency,
and subsequently by establishing the convergence by using the local order | , , ]
In particular, in the context of the Runge-Kutta methods, it holds that a method which has an order
of consistency p is convergent of order p, i.e., the error with respect to the step size h is O(h?). Here,
it is specified, by following [ , , |, what is meant, in the case of the integration rule
defined in 6.1.2, by the order of consistency and convergence. Also, the criteria, i.e., the so-called
order conditions, to construct methods which have an order of consistency of two are introduced but a
proof connecting the order of consistency to the order of convergence, or to the converge in general,
is not provided. It is recapitulated that here by a numerical method is is meant the integration
rule 6.1.2 supplemented with a fixed set of nodes, quadrature weights and weight functions.

In order to require that the method has a certain order of consistency, it is mandatory to introduce
some additional constrains for the weight functions. In the following, it is assumed that the weight
functions of the method introduced in 6.1.1, as well as the multivariate linear operators L, vector
fields F and N, and functions K are continuously differentiable to a sufficiently high order and
possess partial derivatives to the equivalent order whenever required. It is meant by differentiability,
cf., | ], that if f is a map between two normed vector spaces then provided that the map D f,
which takes an element of a vector space to an element of the associated space of linear operators,
such that

i -1 - f(2) — z =
H}1L1Hrgo||h|| [f(z+h) = f(z) = Df()(R)]| =0,

exits then f is differentiable and the linear operator D f(z) is called the derivative of f at z. Moreover,
by using the abbreviation (hi)’ffl = hy,...,hi_1, if the map D* f, such that

ng”rgo\lhll’1 ID* (2 + h)((ha)f 1) = DM f(2)((ha)1 ™) = D*F(2)((ha)1 ™, B = 0,

holds uniformly on a bounded set, exits then f is k times differentiable and the symmetric k-linear
operator D¥ f(z) is the kth derivative of f at z. It is possible, in an analogous manner, to define that
the k-linear operator Dfl,...,jkf(zh ..., 2s) is a kth order partial derivative, where the subscript j;
refers to a derivative with respect to the j; € [1, s] N Zth argument, of the multivariate function f at
(z1,...,25) | ]. In what follows, if f denotes a sufficiently differentiable multivariate function of
s arguments, for the sake of brevity, the short-hands

f=f(z,...,2)

z;=0Vi€g[1,s]NZ "’

and

Fivsoin = D;’Cl’...,jkf(zl’ S Zs) 2, =0Vi€[1,5]NZ°

are introduced to denote the function values and partial derivatives at the origin. Although this
notation can be ambiguous in general, its meaning should be clear in the context in which it is used
the remaining chapter including App. 6.A. It is then possible to proceed to define what is meant when
it is said that a method is consistent or internally consistent. In particular, if a method is consistent
and internally consistent then the independent variables ¢ and (¢,t') are integrated exactly when
a non-autonomous system is mapped into an autonomous system, cf., Sec. 5.3.1. Another reason
for introducing the notion of consistency is that in the context of the Runge-Kutta methods for
one-dimensional Volterra integro-differential equations consistency is a prerequisite for achieving
convergence.
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Definition 6.2.1 ((Internal) Consistency). Given a set of weight functions 6.1.1, an associated s-
stage method with S—1 secondary mesh points using the integration rule 6.1.2 is said to be consistent,
if for alli,5 € [1,S]NZ and k,l € [1,s] N Z, the weight functions satisfy

V2;kl = 17

U255 = 1a

Usijik(2) = Uzijsh?

bg;lij = bg;lijlv

such that

S
> ugg =1, (1.1)
k=1

S

Z bl2€;lij =1, (1.2)

k=1

where 1 is the identity operator and ug;j.;. and b’g;lij are real numbers. Moreover, the method is said
to be internally consistent, if for all k,1,p,q € [1,s] N Z, the weight functions further satisfy

pa _ _pq
Ag.py = A3 L,

such that

C Z agfkl = Ck, (13)

p,q=1

where ah, are real numbers and {cy, : k € [1,s] N Z} denote the nodes of the method.

It is also shown below that a method which is consistent and internally consistent has an order of
consistency of at least one. In order to define what is meant by the order of consistency, it must
first be defined what is meant by a local approximation obtained by a local application of a method
based on the proposed numerical integration rule.

Definition 6.2.2 (Local Application/Approximation). Let a method with s stages, S — 1 secondary
mesh points and a set of secondary mesh nodes {0; €]0,1] : i € [1,S]NZ} based on the integration
rule 6.1.2 be given. If y1 and ya are given respectively on [to — T,t,] and [to — T,tn]? then y1.,.
and Yainim,jr Y2in,it 0nd Yoip.n; obtained by using the integration rule with the indices labeled by
M € i(M7 U M) replaced by the continuous variable t € [to —7,t,] and the lag integrals redefined as

tn
Il;n,k = / dt Kl (YZ;n,k;ta Y1 (t)) )
t

0—T

[2%
174 J— 174
IQ,u;n,k;n,l = / dt K2,;1,(Y2§’ﬂ,k7§t7 YQW”J) )
t

0o—T

Op1tn+d, ot
— / !
I2V,p;n,k;t = / dt Ké/,p,(yé;’ﬂ’k;t”yQ(t 7t)) )
t

0o—T
Op1t+6, 2tn
Izyﬁly‘?tm,k = / dt/ Ké/,p,(yQ(t; t/)7 Yr2;t’;n,k) )

to—T
are referred to as the local approzimations to the solutions y1 at t, + 0;hy, and yo at (t, + 0;hy, t, +
Oihy), (tn+0ihn,t) and (t,t, +0;hy) for allt € [to—T,t,] where hy, is the step size. It is this process
of obtaining the local approximations which is referred to as the local application of a method based
on the integration rule 6.1.2 at t,,.
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In other words, by a local application, it is referred to a more formal process in which the obtained lo-
cal approximation has an error following purely from the local discretization of the integro-differential
equations. It is noted that the notion of a local application, or approximation, is also used in an anal-
ogous way in the context of one-dimensional Volterra integro-differential equations | ]. It is now
possible, by taking advantage of the concept of a local approximation, to describe how a method
based on the integration rule 6.1.2 behaves when the mesh is refined locally by reducing the step
size. It is the order of consistency which describes how the error in the local approximation is bound
in terms of the step size.

Definition 6.2.3 (Order of Consistency). Given a method based on the integration rule 6.1.2, let §;
and s denote the local approximations obtained by its local application 6.2.2 at t, > tg wzth S—1
secondary mesh points, a set of secondary mesh nodes {6; €]0,1] : i € [1,S]NZ} and a step size hy,.
If there ezists a real-valued constant C' > 0 such that

[G1m,5 — Y1 (tn + Oihn)|| < CREFOs

[Ginin.s — Yo (b + Oihins tn + O;h0)|| < CREFOS055
F2im.ist — Yo (tn + Oihn; t)|| < ChEFOis |
[G2stemi — Yo (£t + O;hy)|| < CHEFOiS

hold for all t € [ty — T,t,] then the method on which the local application is based on is said to have
an order of consistency of, or a local order, p € Z>.

In order to guarantee that a method has a certain local order one demands that the Taylor expansions
of the exact and approximate solutions with respect to the step size match up to the required order
of consistency. This leads to an increasing number of algebraic conditions for the nodes, quadrature
weights and weight functions of the method, which are referred to as the order conditions, for the
increasing order of consistency. In the case of one-dimensional ordinary differential and Volterra
integro-differential equations, the complexity of determining the order conditions can be alleviated
elegantly for various numerical methods, which includes the class of the Runge-Kutta methods, by
taking advantage of graph theory | , , |. However, as only low order methods are
considered here, it suffices to conduct the Taylor expansions by brute force. In the following, the
order conditions are stated up to second order, i.e., to achieve an order of consistency of at least two.

Order Conditions (1st order). If a method based on the integration rule 6.1.2 satisfies the consis-
tency conditions 6.2.1 then it has an order of consistency of at least one.

Order Conditions (2nd order). If a method with s stages and S —1 secondary mesh points based on
the integration rule 6.1.2 meets the first-order order conditions and further its weight functions 6.1.1
satisfy fori=j =S and for all k,1,p,q € [1,s] N Z the conditions

V2skiip(2) = V2 kl,pz
2 mp(z) 2 sigip”?
u2ljkl( Z) - UZZJkZZ
Uik (2,2") = U2 ajkr (22 +2'2),

where Va1, bl

Seijp ONd Ugysip 1) are real numbers such that

D usgmi =1, (2.1)

k=1
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Z Uik, = 1, (2.2)

k=1

S
E U2:55:kChV2ikk;l = 5 (2.3)
k=1

D ugijiner = 37 (2.4)
k=1

1
E kl _
b2;ij;p - 5 ’ (25)

Kl p=1
s 0,
Z b’2€;lijckv2§kk;p =9 (2.6)
k,l,p=1
s 0,
Z bgfijCkVZ;kl;p = 5 ’ (27)
k,l,p=1
s 0
Z bg;lijck =5 (2.8)
k=1
S bkl = (2.9)
217 k 2 ’ .
k,l,p=1

then the method has an order of consistency of at least two. Here, a primed index " withl € [1,s]NZ
is to be understood as the index s+ 1.

It is referred to App. 6.A for the derivation of these order conditions and noted here that these
conditions are to be understood together with the relations imposed in the definition 6.1.1 of the
weight functions. As said, ff a method satisfies the first, second or even higher order order conditions
then its local applications have an error which can be controlled by adjusting the step size. However, a
given order of consistency does not explicitly describe how the numerical error behaves or accumulates
when the fully discrete integration rule is applied successively. It is concluded here by outlining what
is meant by the order of convergence, which describes how the desired global error behaves as a
function of the step sizes, and by commenting how a given order of convergence can be potentially
achieved. A method based on the integration rule 6.1.2 is said to have an order of convergence of
p € Z>q if there exists h* € [0, oo such that it holds that ||y1., —y1 (tn)|| < c+ChP for all n €]0, N|NZ
and that ||y2.n.m —y2(tn;tm)|| < c+ChP for all (n,m) € (]— My, N>\ M2)NZ? where ¢ > 0 and C' > 0
are real valued constants and h = max,cp,n] hn € [0,h*[ is the maximal step size. Moreover, the
constant c is required to tend to zero when the error in the initial conditions and in the discretization
of the integrals from g — 7 to ty on the initial mesh Mj tends to zero. It is stressed that in the case
of the one-dimensional Volterra integro-differential equations, at this point, it can be proven that a
Runge-Kutta method which has an order of consistency of p and whose lag integrals are discretized
by using a quadrature rule of order p has also an order of convergence of p | , ]. It is due
to the similarity with this standard case that it is possible that the same can be proven for a method
based on the integration rule 6.1.2. However, it is emphasized that no such proof is presented in this
thesis and hence it remains as an open problem to prove the convergence of a method based on the
proposed integration rule.
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6.3 Construction of Low Order Methods

In what follows, the first and second-order order conditions introduced in the previous section are
applied to derive the one- and two-stage methods which have been introduced in Sec. 5.3.1. In order
to do this, first, the mesh points and weight functions are chosen, and then, it is shown that by
fixing the remaining parameters appropriately the second-order order conditions can be satisfied.
Firstly, the mesh is chosen based on the following criterium. In order to reduce the computational
complexity, it is desirable to minimize the number of the secondary mesh points and hence, as already
two adjacent mesh points are sufficient to obtain second order numerical quadrature, only methods
without S = 1 secondary mesh points are considered here. It is shown below, similarly to the case
of ordinary differential | , ] and Volterra integro-differential equations | ], that if a
method is implicit then the second-order order conditions can be met with a single s = 1 internal
stage while for an explicit method, at least two s = 2 internal stages are required. Here, by an explicit
method it is meant a method whose weights satisfy for all k,1,p,q € [1, s] N Z the conditions

' " = LS /
Voot (215 ooy 283 21, oy 20) = Vot (21, -, 255205 .- -5 25)
0 max(p,q) > 3
pq ! Iy — 9
Chlgg (155 253 21505 2) = pa o Y otherwi
cka’Z;kl<Z1a ey 2520,y 25)  otherwise
exdy, =0, 1>k,

where § = max(k,l) — 1, and by an implicit method it is referred to a method which is not explicit.
Secondly, the weight functions of the method are specified by following closely the motivation of the
integration rule presented in Sec. 6.1.1. It was shown that after the polynomial interpolation, the
weight functions v and v could be deduced from the solutions of linear ordinary differential equations
of the form dy;(z)/dz = a(z)y1 such that y;(0) = 1. It is possible, for example, to write the solution
of this initial value problem as

y1(z) = 00(Q(z)),
Do) =Y Pradhjatz), Q(0) =0,
k=0

where ¢q(z) = exp(z), ad,b = ab—ba and By, are Bernoulli numbers | , ]. It is then
natural to choose, although also other equally well-motived choices are possible, the weight functions
u and v by truncating the expansion obtained by applying Picard iterations to €, i.e., applying the
Magnus expansion | , ], at a sufficiently high order to be able to construct second-
order methods. In an analogous way, it is possible to choose the weight functions b and a from the
knowledge of the solutions of the inhomogeneous differential equation dys(z)/dz = a(z)y2(z) + b(2)
such that y2(0) = 0. In this case, it holds that the solution can be, for example, written as

y2(2) = ¢1(£21(2))Q2(2) ,

d > B
7 ((2), 2(2)) = kifadégﬂl(z),ﬂg(z))(a(z)?b(z))7 (£24(0),922(0)) = (0,0),
k=0
where ¢1(2) = (exp(z) —1)/z and ad(q4, 3,)(a2, b2) = (@102 —aza1, a1bs —azby) | , ]. In

practice, in order to specify the weight functions b and a, the expansion above is truncated similarly
to what is done in the case of ). In fact, as it is the purpose here to derive only second-order methods,
it suffices to consider the simplest truncated equations d€2(z)/dz = a(z) and d(Q1(z2),Q(2))/dz =
(a(2),b(2)) for the weight functions u,v and b, a, respectively.
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6.3.1 Omne-Stage Methods

It is instructive to first consider briefly methods which have a single s = 1 internal stage. In this
case, the interpolating polynomials of Sec. 6.1.1 are just constant functions which corresponds, in the
motivation above, to the cases Q(z) = az and (Q1(z), Q2(2)) = (az, bz) where a and b are independent
of z. It is hence natural to choose the weight functions

U2;11(Z; Z’) = U2;11(2’; Zl)
= po(z+2),
b%;lu(Z; Z) = a%;lll(z; 2')
1
_ / di exp((z + )(1 — 9)
0
= 501(2 + Zl) )

where the integral form of ¢ is shown to highlight the connection to Sec. 6.1.1. It is then straight-
forward to verify, by using the derivatives

1
(pk(z)‘z:() = H’
21
Do) = gy
2 Azt 222
D ‘Pk(z)lzzo(zla@) = Wa

which hold for all of the so-called -functions

ﬂkfl
k-1

oi(z) = / a9 exp((1 - 9)z) ke Zoo,

that the first-order order conditions, i.e., the consistency conditions 6.2.1, which require that us,11 =
V2,11 = Ug;11;1 = 1 and b%}ll = a%}ll = 1 are satisfied independent of the choice of ¢;. In particular,
the choice ¢; = 0 leads to an explicit, first-order method, i.e., the method labeled by i in Sec. 5.3.1,
which resembles the forward (Lie-)Euler method familiar from the context of ordinary differential
equations. If ¢; > 0 instead then the method is implicit and, for instance, the choice ¢; = 1 leads
to a first-order method known in the context of ordinary differential equations as the backward
(Lie-)Euler method. It is finally noted that since vo;11,1 = Uy1, ¢y = 1 and b}, = 1/2, also the
second-order order conditions are met provided that ¢; = 1/2 and d} = 1 which in turn leads to a
method resembling the midpoint method for ordinary differential equations.

6.3.2 Class of Explicit Two-Stage Methods

In what follows, the class of explicit two-stage methods labeled by ii in Sec. 5.3.1 is derived by
requiring that the second-order order conditions are satisfied. First of all, since explicit methods are
of interest, it is chosen that ¢; = 0 which implies that the first stage approximations labeled by n, 1
and (n,1;n,1), (n,i; M) and (M;n,1) can be seen to approximate the solutions at ¢, and (t,;t,),
(tn;tar) and (tar;ty,) for all M € i(M72 N M), respectively. It is then geometrically well-justified
to choose the weight functions such that for y» the stage approximations labeled by (n,2;n,1) and
(n,1;n,2) equal to the stage approximations labeled by (n,2;n) and (n;n, 2), respectively. Second of
all, in the case that s = 2, the interpolating polynomials of Sec. 6.1.1, are linear functions such that
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when determining the weight functions, it would in principle be necessary to consider higher order
truncations of ), € and {25 than in the previous section on one-stage methods. However, as most of
the corrections related to a higher order truncation would lead to third or higher order corrections
with respect to the step size h,, for y; and ys, it is proposed that the form of the weight functions is
the same as in the previous section. It then follows from these propositions that

2
u2;11(213 225 Zi? Zé) = %o (Zur(zr + Z;)) )
r=1
2
o (21, 223 21, 23) = o (vanax(k,z)(zr + Zi)) ;
r=1
2
b1 (21, 225 21, 25) = Oabron (Zur(zr + Zi)) )

r=1
5 2

1 max(p,q)
510 ) amax(k,l) ¥1 <Zv;ax(k,l)(zr + Z;)) )

pa/ ki pt
are the weight function candidates for the second order methods. Here, wuy, vfc, b, and afv such
that v, = al = 0 for | > k denote real parameters which are to be determined by enforcing the
order conditions. It follows from these choices that us;11 = vo = 1, Ugi1:6 = Up, b’gfll = Opiby,
ab, = Opgay, and abh, = agl = dp1a5 which means that the consistency conditions 6.2.1, and as a
consequence the first-order order conditions, reduce to

)
pq 1y — [ Opq
az;kl(21,zg,21722) = <6

ql

2

up =1, (1.1)
k=1
2

dbk=1, (1.2)
k=1

al=1 (1.3)

It remains to supplement these conditions with the second-order order conditions which can po-
tentially be satisfied as it follows from the choice of the weight functions that vo.r;, = vﬁl ax(,1)?

b§f11;p = Opibru,/2 and Up.gq,) = ugw. It is then found, by using the first-order conditions, that
the second-order order conditions reduce to
1
UnCay 5 (2.3)
1
U2Cy = 5 s (24)
1 1
bQCQ’UQ 5 5 (26-7)
1
baca 5 (2.8)
2 1
Z b202d§ = 5 5 (29)
k=1

where, similarly to the case of the first-order conditions, the equation labels refer to the enumerated
order conditions of the previous section. It is then possible to conclude that the first- and second-
order order conditions can be satisfied by choosing us = ba = 1/2¢, u1 = by =1 —by =1 — 1/2¢o,
v =1 and d} = 1 — d3 where ¢y and d3 are regarded as free parameters. It has been thus shown
explicitly that the integration rule ii of Sec. 5.3.1, which is used in II | ], is well-motivated
and, furthermore, satisfies the second-order order conditions.
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6.A Derivation of 1st- and 2nd-Order, Order Conditions

In what follows, the order conditions of Sec. 6.2 are derived by evaluating the Taylor expansions of
the exact solution y and a local approximation ¢ up to second order with respect to the step size. It
follows from the definition 6.2.3 that a method with s stages and S — 1 secondary mesh points has an
order of consistency of two if the Taylor coefficients of the local approximations ¥i.n,; and ¥2.n.i:n,j,
U2:m,5:¢ and F1,4,n,; equal respectively to the Taylor coefficients of y; at t,, ; and y2 at (tni,tn ;), (tn,i:t)
and (t,t,;) up to first order for all ¢,j € [1, S[NZ and up to second order for i = j = S with respect
to h,. In order to evaluate these coefficients, it is useful to introduce the short-hands

yl;n = yl(tn) 5
Y2.:mm = Y2 (tn; tn) y
y?;n;t = y2(tn7 t) )
y2;t;n = yQ(t; tn) )

L;(ZBL = ,ELV) (yl;na yQ;n;n) )
(L5y2)n,n = Lg;nyQ;n;n 9
(L%yQ)n;t = L%;nyQ;n;t )
(Lng)t;n = Lg;nyQ;t;n )
and
Nl;n = Nl (yQ;n;na Il (tn)) )
Néj;n;n = N3 (Y2:n:n, Izy}l(tm tn), 12V,2<tn3 tn))
N21;n;t = NQI(y2;n;tv121,1(tn§t)7]21,2(tn3t)) )
N22;t;n = ]\[22 (yQ;t;m 122,1(t§ tn)v 122,2 (t; tn)) >
where v € {1,2} and ¢ € [ty — 7, to]. Moreover, also
Kl;n;n = Kl (yQ;n;na yl;n) )
K3 pininin = Kg,y(”mma Y2im5n) »

1 — 1
KQ,;L;n;n;t = KQ,;L(yQ;nmﬂ y2;n;t) )

and
tn
{D1K1(2)}n = dt D1 K1 (Y2;n;t, Y1) (2nst) 5
tgtn‘r
(D, (2)n = [t DU (gt ) (o).
to—T
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t'n,
{DQKg,u(Z)}n;n = / dt D2K2V,u(y2;n;tv Y2,t:n) (2t:n) 5
to—T
Opu1tn+d, ot
{DlK%,u(Z)}n;t = / at' D1K21,M(y2;”;t’vy2<t/3t))(zn;t’) )
to—T

where v, u € {1,2} are useful abbreviations in order to keep the equations as short as possible, It
is then possible to proceed to list compactly the first and second derivatives of the solutions yi.p s,
Y2in,isn,; and Yo, 5 With respect to the step size h,, for h,, = 0. It is noted that since the integration
rule 6.1.2 treats §o;n i;¢ and Yo..n s symmetrically, the latter gives rise to the same order conditions
as the former, and hence the derivatives of ys.1.,, ; are not listed explicitly in the following.

If y1.n,s = y1(tn,;) then +07D2L3., (N3 )Y2inin (B2.5)
iym . +02D2 L3, (N30 )Y2imin (B2.6)
dhn =" o + 0'L2L2;nL2;ny2;’ﬂ;" (B2.7)
=60;L1,nY1;n (A1.1) +9i9jL%;nL%;ny2m;n (B2.8)
;@Nlm , (A1.2) FOLL N (B29)
anz Yt . +0:0;L3.,N3. .0, (B2.10)
=07 D1 L1;n(L1;ny15n)Y1m (A2.1) +07D1L3,,, (L1nyiin)Y2:mim (B2.11)
+ 02D L1 (N1n )y1in (A2.2) +05D1L3,, (N1;n)y2;min (B2.12)
+ 02 D2 L (L y2,mim ) Y1sm (A2.3) +07D2 L3, (L3 Y2imin )Y2inin (B2.13)
+ 02 Do L (L3 Y2imsm ) Y1im (A2.4) + 07 D2 L3, (L3 y2imin)Y2imin (B2.14)
+02D1 Liyn (N3 JW1n (A2.5) +07D2 L3, (N n)Y2inin (B2.15)
+02D1 L (N2 )Y1in (A2.6) +07D2 L3, (N3 i )Y2inm (B2.16)
+ 9?L1;nL1;ny1;n (A2.7) + GiejL%;nLQ;ny2§”§n (B2.17)
+62L1,n N1, (A2.8) + 0313, L3 y2inin (B2.18)
+07;2D1N1;H(L%;n92;n;n) (A2'9) +9i9jL%;nN21m;n (B2'19)
+ G?DlNl;n(Lg;nyZn;n) (A2~10) + Q?L%;nNg:n:n (BQ'QO)
+0?D1 N1 (Ndpin) (A2.11) + 07 D1 N3y (L3 Y2im5m) (B2.21)
+07D1 N1;n(N3pi) (A2.12) +050;D1N3.,., (L3, Y2;min) (B2.22)
+9$D2Nl;n({D1K1(L§y2)}n) (A2.13) +91'2D1N%;n;n(N21;n;n) (B2.23)
+62DoN1, ({D1K1(ND)} ) (A2.14) +0:0;D1N5.,,., (N300, (B2.24)
+ 02Dy N1n (K1inim) - (A2.15) + G?DmN%mm({DlK%,u(Léyz)}nm) (B2.25)

If Yo.n.inj = Y2(tn,i; tn ;) then +0;Dy1N5.,,.,,({D1K3 ,(N3)}, (B2.26)
%w;n,i;n,j ) +0:0;Dy 41 N3, ({D2K3 (L y2)}n . (B2.27)
= GiL%;nZ/Q;n;n (B1.1) * 9¢9jDu+1N2m;n {DZKQ’"(NQ)}H;H) (B2.28)
+ eng;nyQ;n;n (B1.2) - Q?DQN%;n;n(KQI’lmmm) (52.29)
FOND. (B1.3) +0;0; D3N3, (K3 9ipimin) (B2.30)
FONL (B1.4) +050;D1N3 0 (L. Y2imin) (B2.31)
22 o +07D1N3 0 (L3, y2imim) (B2.32)
qp2 Y2mimd| +0:0;D1N3.,., (N3 ) (B2.33)
= O?DlL%;n(Ll;nylm)?ﬂ;n;n (B2-1) +012'D1N22m;n(N22m;n) (B2.34)
+ 67 D1 Ly, (N1in ) y2imim (B2.2) +0i0; Dy 1 NS ({D1K3 , (L3y2)},,.,)  (B2:35)
+ 07 D2 L3 (L y2imin)Y2imin (B2.3) +0:0; Dy 1 N3 ({D1K3 L, (N3) },0) (B2.36)
+ 91'2D2L%;n(Lg;nlﬂ;nm)?ﬂ;n;n (B2.4)
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+ 972DV+1N22;";n({D2K22’”(L§y2)}n;n) (B2.37) + GEDQL%;H(L%;nyzn;n)yzn;t (C2.3)
* 972DV+1N22;”;”({D2K22’”(Ng)}n;n) (B2.38) + H%DQL%;H(L%;nyQ;n;n)ymn;t (C2.4)
+0i0;D2N3 10 (K3 1 5imim) (B2.39) + 07 Da L, (N3 i )Y2:mst (C2.5)
+05D3N3 1.0 (K3 .0 - (B2.40) + 02D}, (N3 ) y2imst (C2.6)
If youn,ist = y2(tn,i;t) then + 020, LYy (C2.7)
Y2zt +07 Lo, Nt (C2.8)
A + H%DlN%;n;t(L%;nyZn;t) (C2.9)
= 0: L3 y2imst (CL.1) +02D1NG e (Ndit) (C2.10)
+291'N21;n;t ; (C1.2) +62Dyi Ny ({D1KY, (Lhy)}, ) (C211)
;;T%yzm,i;z . +07 Dy N3, ({D1KS L (ND)} ) (C2.12)
= Q?DIL%;n(LI;nyl;n)yz;n;t (C2.1) + 91'2D2N21m;t(K21,1m;n;t) : (C2.13)
+ 07 D1 L, (N1 )y2imst (C2.2)

In the equations above, the indices v € {1,2} labeling the integral kernels and in addition, in the
equations below, all internal indices k,1,p, ¢ € [1,s] N Z are to be understood to be summed over. In
order to require that the Taylor expansions of the exact y and approximate § solutions agree up to
a given order, it is demanded that

u; =1,
V16 = 17
ug;i; =1,
vok =1,

for all i, 5 € [1,S]NZ and k,l € [1, s] N Z since then

gl;n,i‘o = Yl;n,k|0
=Yin, g2;n,i;t|0 = Y2;n,k;t|0
= Y2in;t
gQ;n,i;n,jIO = Y2;n,k;n,l 0

= Y2;n;n ,

and Yo.em.ilo = Yourmklo = Y2 for all 4,5 € [1,S]NZ and k,l € [1,s] N Z. It is then possible to
compare the Taylor coefficients of the exact y and approximate g solutions by first listing the first
and second derivatives of the local approximations §i;n.i, ¥2:n,imn,; and Yo.n s With respect to the
step size hy, for h,, = 0. It is noted that below, by a primed index £’ referring to a derivative of ua,;;,
V2:ki, bg;ll-j or agfkl, it is meant that the derivative is taken with respect to the (s + k)th argument.
Also, the abbreviations (vix(L5)2)nt = Vikit(Lg.p)zne and (vixa(L3)2)en = vika(L3,,)2en are
used below.

If 91,n,; is considered then 2
dh% Y1in,i o
d
Wﬂlm’i = Gz‘zul;i;k,l(lll;nyLl;n)yl;n (A27)
" 0 +20;u1;4;1 (D1 L1sn (crv1;k50 (Lyn ) Y15m) ) Y15m (A2.1)
- eiul;i;k(Ll;n)yl;n (Al]-) 1
+ 201'“1;1';13(DlLl;n(Ckal;kNl;n))yl;n (A2-2)

+ 0:bF N1, (A1.2)
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+ 20;u15455 (D2 Lin (ckvaskkit (Lgen ) Y2imin))Y1im - (A2.3)
+ 205w,k (D2 L1 (ch Vo (L3i)Y2inn) Jyim (A2.4)
+ 20;uy,4,1, (D2 L1, n(cka2 kkNQ nin))Ylin (A2.5)
+ 205u1,5k (D2 L1 (er sl N3 i) W1im (A2.6)
+ 20765, (L1n) N1 (A2.8)
+ 20,65, D1 Ny (vt (L Jy25min) (A2.9)
+20;b7,; D1 N1 (chvaginsyr (L3, Y2imim) (A2.10)
+ 20,65, D1 Niin (cas, N3pin) (A2.11)
+ 20,65, D1 Niin (ckas N3 i) (A2.12)
+ 20,65, D2 Nin (ex { D1 K1 (v (L3)y2)bn (A2.13)
+ 20;b,; Da N1 (ci{ D1K1(a},, N3 ) }n (A2.14)
+ 20;b5 ;Do N1 (crd}, Kiinim) - (A2.15)

If %2:n,i;n,; is considered then
d _
myln,i;n,]’ 0
= Oguz;ijik (L )Y2imin (BL.1)
+ 0juyiji (L3.0)Y25m5m (B1.2)
+0:b5L N (B1.3)
+ 0,65 N3 .., (B1.4)

d2
— Y2in,in J

2 PXTNLD)
dh? 0

= ‘93“2;ij;k,l(L§;mL%;n)yQ;n;n (B2.7)
+20i0u2i5k,00 (L3 L3, Y2imsm (B2.(8,17))
+ 20;iuni5k (D1 L3, (eh 0101 (L1in )Yim) y2inem (B2.1)
+ 29iu2;ij;k(DlL%;n(Ckall;kNl;n))?JQ;n;n (B2.2)

+ 20iu.ij:k (D2 L, (chvakkst (L3 ) Y2:mim) )Y2imin

(B2.3)
+ 207u2,: (D2 Ly (ehvakr (L3 )Y2inin)Y2inin
(B2.4)
+ 2‘9iu2;ij;k(D2L%;n(CkalgzzkkN%;n;n))yZn;n (B2.5)
+ 205us,5:k (D2 Ly, (cr @il N3 i) W2inin (B2.6)
+ 932'“2;1'1';1@',1/([/%;717 L%;n)?ﬂ;n;n (B2.18)
+ 20 ug,50 (D1 L3, (chv1k:0 (L1 Y150))Y2imim
(B2.11)
+ 200,455/ (DlL%;n(ckall;kNl;n))yQ;nm (B2.12)

+ 20 ugijie (D2 L%m (Chv2:keks1 (L%;n)y%n;n))y%n;n

(B2.13)

+ 205U, (D2 L3, (ckvo, ket (L) Y2inin ) Y2inim
(B2.14)
+ 209,00 (D2 L3, (ch 0, Nain)Jy2inm (B2.15)
+ 205z, (D2 L3, (cka ) N3 in)y2inm  (B2.16)
+ 20708, (L3, ) N3 e, (B2.9)
+20;0;65. 5 (L3.) Na i (B2.19)
+ 20; b2 ”DlNan(Ck’l)Q klp(LQ 2)Y2:inin) (B2.21)

+26; b2 nglNZHn(clUQ kl;p’ (L2 n)y2nn) (B222)
+ 20; b2 ”DINan(CkaQ MNZHH) (B2.23)
+ 20; b2 ZJD1N2TLTL(CZG’2 klN2nn) (B2.24)

+ 20ib2;ij V+1NQ;n;n(ck{DlKQ,u(’Ul;k?p(L%)yQ)}n?n)

(B2.25)
+ QGibg;lijDu+1N21;n;n(Ck{DlKé,u(aiszl)}n;n)
(B2.26)
+ 20165}75]‘DV+1N21;n;n(Cl{D2K21,u(vl;l;p(L%)yQ)}n;n)
(B2.27)
+ 2065 Dy 1 Ng o (cr{ D2 K3, (0] N3) bnin)
(B2.28)
+20;b5! ;Do N3, (Ckdh K3 1 i) (B2.29)
+ 20,65, D3N3, (rdV K3 5.0 (B2.30)
+20;0;65) 5., (L3, ) N3y (B2.10)
+20505 (L3NS i, (B2.20)
+ 20,65 DINS. o (ckvaetip (L, ) Y2imin) (B2.31)
+26; b2 23D1N2 n; n(ClUQ;kl;p’ (L%;n)?ﬂ;n;n) (B2.32)
+ 20,655 D1 N3 i (kb N3 i) (B2.33)
+ 20,05 D1N3 o (crabd N3 i) (B2.34)

+ 20, b2 11 V+1N2;n;n(ck{DlKg,u(“l;k;p(L%)yQ)}m")

(B2.35)
+ 26 b2 'LJDV+1N22;n;n(ck{DlKQQ,U(azl);kN%)}n;n)
(B2.36)
+ 26 b2 'LJDV+1N22;n;n(Cl{D2K22,u(Ul;l;p(Lg)yQ)}TL%n)
(B2.37)
+ 20 b2 szV+1N2 in; n(cl{D2K2 I/(al ZNQ)}’” ”)
(B2.38)
+29 b2 szQNan(ckd K2 1nnn) (B239)
+29 b2 'LJD3N2nn(Cld K22nnn) (B240)
If Yo.n,i;¢ is considered then
d 7. .
dhn Y2in,ist 0
= eiul;i;k(L%;n)y%n;t (C1.1)
+ G’ibllc;iN%;n;t7 (012)
d2
dhz y2 sn, it 0
= 07 u1siik,1 (L L. )Y2emst (C2.7)
+ 29i“1;i;k(D1L%;n(ckvl;k;l(Ll)yl;n))y%n;t (C2.1)
+ 20i“1;i;k(DlL%;n(ckaé;kNl;n))yZn;t (C2.2)

+ 20iuik (D2 Ly, (chva:kkst (L) Y2:mim) JY2imse. (C2.3)

+ 20iu1;6:k (DQL%;n (Crvakr; (Lg;n)y%n;n))y%n;t

(C2.4)
+ 20;u1,5:k (D2 L, (crasy) N3 ) W2imst (C2.5)
+ 20;u1,5.5 (D2 L3, n(cka’Q Pk NG ) Y2imst (C2.6)
+ 2076551 (L3.,) N3t (C2.8)
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+ 29ib’f;iD1N21;n;t(Ckvl;k;l(L%)yQ%”?t) (029) + 29ib}f;iDV+1N21;n;t(Ck{DlK%,V(all;kNQl)}"?t) (C212)
+ 20ib’1€;iD1N21;n;t(Ckall;kN%;n;t) (0210) + 29iblf;iD2N21;n;t(dekK%,l;n;n;t) . (0213)
+205b%.; Dy 1 N3y (e {D1K 3, (013050 (L3)y2) bnst)

(C2.11)

It is possible to guarantee that the k € {1,2}th order derivatives of the local approximations g
and g, agree with the corresponding derivatives of the solutions 1 and ys by requiring that for all
J € Z>1 the terms labeled by Ak.j and Bk.j, Ck.j contributing to the derivatives of §; and g reduce
to the equivalently labeled terms contributing to the derivatives of y; and y,. It follows by taking
into account the symmetries of the weight functions 6.1.1 that in order to do this for the first order
derivatives, it is sufficient to require that the weight functions satisfy

ik (2) = Unik? ((A,0)(1.1,2.(1-6)))
bh, = b1, ((A,C)1.2,A2.(9-15),C2.(9-13))
U2;i5:k(2) = U2si5:k2 (B(1.(1-2),2.(1-6,11-16)))
by = bl 1, (B(1.(3-4),2.(21-40)))

for all 4,5 € [1,S]NZ and k,l € [1,s] N Z such that

1= i Uik » ((A,C)1.1) 1= ; U2;ij3k (B1.(1-2))
— - kl )
1= Z bl (A,C)1.2) 1= kZl::I b5 (BL.(3-4))

where 1 denotes the identity operator and uy,;k, U2:j:k, b1 . and b’;l” are real numbers. Here, and
in the following, the equation labels refer to the terms for which the condition of the equation is
required. Similarly, in order to match the second order derivatives, it is sufficient to demand that
the weight functions satisfy

ul;i;k,l(’z;'z) - Ullklz27 (( )2 )
bllc;i;l(z) b]f;i;lz7 (( ) )
Uit (2) = Vi (A2.(1,13),02.(1,9,11),B2.(1,11,25,27,35,37))

at ) = a1, (A2.(2,14),02.(2,10,12),B2.(2,12,26,28,36,38))
Uikt (2, 2) = Unyijik 2 (B2.(7,18))
Ui (2,2") = Uaiijk l/(ZZ +2'z), (B2.(8,17))
b p(2) = b5l 2, (B2.(9-10,19-20))
Vaitip(2) = Vaukiip? | (A2.(3-4,9-10),C2.(3-4),B2.(3-4,13-14,21-22,31-32))

ab?, =abl 1, (A2.(5-6,11-12),C2.(5-6),B2.(5-6,15-16,23-24,33-34))

for all i,5 € [1,S]NZ and k,I,p,q € [1,5] N Z such that

1= unima, ((A,C)2.7) 0i = ka Uis6:kCVLikil 5 ((A,€)2.1)

k=1
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0; =2 unincraly, (A0)22)  0; =2 uzijucraly, (B2.(2,12))
k=1 k=1
0; =2 UnikChVaskhi » (AC)2.(34)  0; =2 upijchvakny,  (B2.(3-4,13-14))
k=1 k=1
;=2 Y unimcrably,, (AC)2.(56))  0; =2 Y  ugijcrably,,  (B2.(5-6,15-16)
k,p,q=1 k,p,q=1
1=2) bl ((A,C)2.8) 1= )" ugijin (B2.(8,17))
k=1 k=1
0; =2 b icevia (A2.13,C2.(9,11)) 1=2 > b . (B2.(9-10,19-20)
k=1 k,l,p=1
0; =2 bl,cral,y (A2.14,C2.(10,12)) 6, =2 Y bblciving, (B2.(2527,35,37))
k=1 k,l,p=1
S S
0; =2 bl ,crvaka (A2.(9-10))  6;=2 >  bbicpal,,  (B2.(26,28,36,38))
k=1 k.l p=1
0;=2 > biceabl, (A2.(11-12)) ;=2 > bSichvaury, (B2.(21-22,31-32))
k,p,q=1 k,l,p=1
0; =2 blcpd, (A215,C2.13)  6;=2 > biceabl,, (B2.(23-24,33-34))
k=1 k,l,p,q=1
1= unijins, (B2.(7,18)) 0, =2 Y b crdf, (B2.(29-30,39-40))
k=1 k,l,p=1
91' =2 Z Ug;ij;kckvl;k;l, (B2(1,11))
k=1

l ki l .
where Utik 1, U2:ijik s U2iijik,ls DYiks PTrijipr Vikils V2iklip, A, and abfy, are real numbers. It then
only remains to use the definitions of the weight functions 6.1.1 and the consistency conditions 6.2.1
in order to reduce the above derived conditions to the order conditions summarized in Sec. 6.2.
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7 Kadanoff-Baym Approach to
Linear Response Functions

It is well-known that in addition to directly solving for a linear response function, it is possible to
evaluate it in time-domain by perturbing the system weakly and recording the desired observable from
which, if desired, the response function can be deduced. In time-dependent density functional theory,
for instance, this is done routinely to calculate, in essence, density response functions | ]. Tt
is analogously possible to do the same by using time-dependent many-body perturbation theory as
demonstrated, e.g., in [ , , , , , , , ,

] where also the density response function is considered. It is however remarked that, to the
best knowledge of the author, how this is done, has not been described in the literature in the
case of the many-body perturbation theory. In what follows, it is therefore documented, how by
solving the Kadanoff-Baym equations, we have obtained the density(-density) response functions
shown in IT | | and IIT | ]. It is noted that the numerical method which is described
in the following is not due to the author but has been originally implemented by previous members
of the research group. In addition to a documentation of this method, at the end of this chapter,
it is shown explicitly that a density response function dn/dv obtained by the numerical method
satisfies the Bethe-Salpeter equation with the kernel §%/0G, cf., | ]. It is due to the nature of
the aforementioned topics that this chapter is rather technical and an uninterested reader is referred
to the next chapter regarding the applications of the here documented method.

)

7.1 Linear Density Response Relation

It is first reminded that in the spin-position (7 o) basis, the retarded density-density response function
of a system described by the unperturbed Hamiltonian operator H is defined as XB(ro,t;r' o', t') =
—10(t — t')([ag(ro,t), iy (r' o', t')]_) where f is the density operator, cf., Sec. 3.3.2. Moreover, it is
a response function which is particularly interesting as it is directly related, e.g., to photoabsorption
and electron energy loss spectra | ]. In a time-dependent approach, it can be extracted by
perturbing the system with a weak one-body potential v(r o,t) and by subsequently recording how
the electron density n(ro,t) fluctuates in response to the perturbation. In a general basis, on the
other hand, the density response function can be evaluated from the knowledge of the retarded
response function X% (1) = ~o0(t — ¢'){[rpg (t). Frrse(¥)] ) where T = éfé,, is the one-body
reduced density matrix operator. It is the basis of the time-dependent approach that if 6, is the first
variation of the density matrix and V(t) = > pa Upq(t)é}éq the applied potential then the response
relation

5m@=2/dm%ﬂﬂww-
st to

relates the potential described by wv,,(t) to the induced density matrix variation for ¢ > ¢o. In
order to extract the response function by using this relation, it is possible, instead of modeling a
realistic electric field with a finite bandwidth, to excite all frequencies simultaneously by applying a
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perturbation of the temporal form vy, (t) = vp,d(t — t§) where vy, is a time-independent amplitude
and to the initial time. Moreover, when the unperturbed system is invariant under time translations,
i.e., it is described by a time-independent Hamiltonian operator H which commutes with the initial
state statistical density operator, the response function is a function of the time-difference only. It
then follows from the resulting response relation

0Ypq(t) = Z X;z})%q,st(t —t0)Vts (7.1)
st

that the retarded response function of Eq. (3.1) is given by

pq ()
X;f)zq,st(t - to) =2

2
Do : (7.2)

v=0

where v denotes a norm of the matrix with the components v,,. It then remains to document how
the density matrix v,4(t) can be obtained in the exact and many-body perturbation theories.

7.2 Numerical Method for Evaluating Response Function

Here, it is first described how the retarded response function of Eq. (3.1) can be obtained in time-
domain in the exact theory in which the time-evolution of a quantum state is governed by the time-
dependent Schrédinger equation and then in the approximate theory in which the time-evolution of
the density matrix is due to the Kadanoff-Baym equations. In either case, it is usually possible to
evaluate the response function qu ,gf(t — tp) for all p,q and for fixed 5,7 to a desired accuracy by
choosing v;s = vd550;7 and by replacing the derivative in Eq. (7.2) with a difference quotient. It is a
prerequisite, in order to do this, that the amplitude v can be chosen such that the induced response
Ypg(t) — Ypq(ty ) is linear in v to a sufficient accuracy for all times ¢ of interest. It is possible to

accomplish all this by realizing the temporal delta function potential as described below.

7.2.1 In Exact Theory

In the case of the exact theory, in a finite dimensional Hilbert space, it is appropriate to treat the
time-dependent Schrédinger equation as a linear, ordinary differential equation. It is clear that none
of the standard theorems regarding the existence and uniqueness of the solutions, or regarding the
continuous dependence of the solutions on parameters, of ordinary differential equations | ] apply
when the vector field, i.e., the right-hand side of the equation, contains distributions such as a delta
function. It is noted that there are several ways to deal with such impulsive vector fields, e.g., by
replacing the delta function with a mollifier, i.e., an approximation to the identity, and taking the
appropriate limit in the end [ ]. However, here it is not purposeful to strive for such rigor and,
instead, the method is only motivated and shown to lead to the desired response relation.

It is proposed that in the exact theory, it is possible to obtain a one-body reduced density matrix
satisfying the response relation of Eq. (7.1) for the more general case that the initial state statistical
density operator p does not necessarily commute with the Hamiltonian operator H by

i choosing an ensemble {|U)},

i preparing the states |4) = exp ( —1V)|¥y) where V= > g VpaChias
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iii solving for |Uy(t)) by using 10;| V(1)) = I;T|\Ilk(t)> with |y (t0)) = |Pk),

i
iv constructing ypqe(t) = D25 pij (V5 (8) [Vpe Wi (t)) where pi; = (V4[p|¥;)

—-

from which it follows for t > ty that

Tra(t) = Yoipq(t) — ZZ Z Pig (V5] Trpg(£), Fst] _ [Wi)ves + O(v?)

st ij

where 7 is the density matrix of the unperturbed system, and hence the response relation is satisfied.
It is noted that in this thesis and in the enclosed publications the ensemble of step i consists only of
a non-degenerate ground state.

In order to motivate steps ii and iii, it is briefly argued, by using essentially a gauge transformation
from the length to Veloci‘& gaugie7 that if U(¢;¢') is the time-evolution operator evolving under
fI(t) =H+ ot — to)‘/} then the result U(t;¢,) = Uo(t;%0) exp(—z?), where Up(t;t0) is the time-
evolution operator of the unperturbed system evolving under H , can be used. It is possible to justify
this result by introducing the transformation

Ut t;) = VP81,

where t; < tg such that U(t;;t;) = 1, from which it follows that I/ is the solution to the initial value
problem

Z/[(ti; ti) = 1 s
WU (t; ;) = HOU(t; )

where 7L(t) = exp(1VO(t — to)) H exp(—1VA(t — ty)) is the transformed Hamiltonian operator. It then
holds, by Carathéodory’s theorem | ], that this solution is absolutely continuous, i.e.,

t
Ut t;) = 1+/ dt’ HUW ; t:)

t;

and hence the unitary transformation exp(:VA(t — to)) has countered the delta-function induced dis-
continuity of the time-evolution operator U (¢;¢;) at to. It then follows by inverting the transformation
that U(tg;ty) = exp(—1V) from which the result U(t;ty) = Uo(t;to) exp(—1V) and, subsequently,
the method summarized above by steps i-iv follow straightforwardly.

7.2.2 In Many-Body Perturbation Theory

In the approximate case, there is no underlying quantum state and the one-body reduced density
matrix is instead given by 7,4 (t) = —1G}, (t;t) where the lesser electron propagator G, (t;t) together
with the other components and phononic quantities satisfies the Kadanoff-Baym equations. It is
therefore natural to motivate the approach by considering how the phonon field and the electron and
phonon propagators behave under the delta function perturbation. In the following, this is done by
relying on the results derived in the previous section for the exact case.

It is proposed that in many-body perturbation theory, it is possible to obtain a one-body reduced
density matrix corresponding to the grand canonical density operator exp(—BH?)/Z which satisfies
the response relation of Eq. (7.1) by
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i solving for the imaginary-time components of ¢, D and G by solving the Dyson equations of
Egs. (5.5) corresponding to the Hamiltonian operator of Eq. (2.1)

—-
=

ii preparing the propagators
T - Mo+
Go<?pq = Z [e Z(U}ps [ezv} thSt (0 ) 1)
st

Gg;pq(T) = Z I:e_zv}psG%(_T) ’

S

G(’;;pq(T) = Z [ew} sqGZIYSI (T) ’

S

=

iii solving for the real- and mixed-time components of ¢, D and G by solving the Kadanoff-
Baym equations of Egs. (5.6) corresponding to the Hamiltonian operator of Eq. (2.1) with the

modified initial conditions G,%q(to;to) = G()%pq, G;‘gq(to;T) = G]);pq(r) and G[Eq(T; to) = Gg;pq(T)

iv evaluating v,,(t) = —Gy, (1)

from which it follows that the response relation for d7,4(t) is satisfied with

Z8Gp<q(t; t)

R _
qu,st(t - to) == a’Ut
S v=0

being the response function. In the next section, it is further shown that this response function is
well-defined in the sense that it satisfies the Bethe-Salpeter equation.

In order to motivate step ii, it is convenient to carry out the gauge transformation used in the
exact case which was considered in the previous section. In other words, the real-time time-evolution
operator is written as U (t; t ) = exp(—1VO(t —to))U(t; to) such that the Heisenberg picture operators
become

:ﬁ\HM (t) = aﬂu(t) )
éHp(t) — Z [e_ﬂ)g(t_to)]pqéﬂq ,

q

for the real times whereas they are left invariant by the gauge transformation for the imaginary
times. It is then possible to re-express the phonon field and the phonon and electron propagators
compactly as

60(2) = (Bren(2)) (7.3a)
Do) = 1 (TG0, (7.30)
Gpa(2; J) = % Z [e—w9(t0+,z)]pp/ [ewe(to+,z,)]q,q<T{éHp/(Z)éLq/(zl)}> : (7.3¢)

where as usual ¢o4 refers to a contour-time on the backward branch. It is, for one, then clear that
the imaginary-time components are not affected by the potential which was expected. For another, it
follows from these equations that the real- and mixed-time components satisfy the initial conditions

lim ¢,(t) = oM
t~>t0+ N() JT]

lim DZ,(t;t') = D) (0%),

+
t,t'—ty
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lim D] t,7T) = D”U —-7),
. t0+ [U/( ) M( )
lim D(V Tt ——DMVT ,
. tar ©w ( ) “w ( )

lim Gy () = [e] [e"],,Go(0%),

’ +
t,t'—tg st

lim G;,q(t;T) = Z [eﬂv]psG%(*T)’

+
t—tg s

lim Gy, (r5t) = D[], Gpil(n),

T
t—tg s

which shows explicitly that the electron propagators are discontinuous at ¢y which was also expected.
It remains to conclude that the equations of motion for the field and propagators are invariant for
z Z to+ which means that both steps ii and iii are well-motivated.

7.3 Equivalence of Method with Bethe-Salpeter Approach

In the following, it is shown explicitly that the one-body reduced density matrix 7,4(t) obtained
according to steps i-iv of Sec. 7.2.2 by using a self-consistent self-energy approximation X fulfills
the response relation of Eq. (7.1) such that the response function fzaGgq(t;t)/ﬁvts{U:O satisfies
the Bethe-Salpeter equation corresponding to the four-point kernel 6%/dG, cf., Sec. (4.3.4). It is
noted that the justification given below is specific to the delta function potential and hence, is
meant to complement the standard arguments given, e.g., in | , ]. To begin with, it is
found convenient to take advantage of the matrix notation of Sec. 5.1 when possible and to use the
contour-time equations of motion to avoid overcrowding the derivation with unnecessary indices and
equations. It then holds by step iii of Sec. 7.2.2 that the field and propagators satisfy the unperturbed
equations of motion for z # to+. In particular, the electron propagator satisfies the equations

10,G(2;2') = 0(2,2") + hG(2;2) + / dz ¥(z;2)G(z; 7)),
C

—10,,G(2;2') = 8(2,2") + G(2; 2" )h + / dz G(z;2)%(z; 7)),
C

and its imaginary-time component satisfies the boundary conditions GM (1) = —GM (1 — ) whereas
its mixed- and real-time components satisfy the initial or discontinuity conditions given by step
ii of Sec. 7.2.2. In contrast, the phonon field and propagator satisfy both the standard boundary,
i.e., oM (0) = M (B) and DM (1) = DM (7 — ), and initial conditions the latter of which are given in
Egs. (4.33). In order to proceed, it is noted that since the only explicit dependence on the potential
v lies in the initial conditions for the electron propagator, it is found convenient in the following to
treat the electron self-energy X(z; 2') = X[G](z;2’) as a functional of the electron propagator only. It
then holds that if Go(z;2’) denotes the equilibrium electron propagator, i.e., the electron propagator
of the unperturbed system, then the first variation dG, which is equal to

0Gpq(2;2")

st 4
a’l)st Ust (7 )

v=0

0Gpq(2;2") = Z

st

satisfies the equations of motion

10,0G(z;2') = h6G(z; 2") + / dz Yo(2;2)0G(z,2') + / dz 6%(z;2)Go(z; 2')
c c
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—10,6G(z2;2") = 6G(z;2")h +/

dz 6G(2;2)%0(2;2") + / dz Go(z;2)6%(z, 7).
C C

Here, 3¢(z;2') = X[Gol(z; 2’) is the equilibrium electron self-energy and if

08,q(2;2")
K 2,2 ,2) = -2 2 7.5
PS,qt(zvz7z 7§) 5Gt5(252) G ( )
denotes the four-point kernel, see Sec. 4.3.4, then
6%,q(2;2) = — Z / dzdz Kps g2, 2,2, 2)0G15(%; 2) (7.6)
st c

is the first variation of the electron self-energy. It is readily checked that the above introduced
equations of motion admit the formal particular solution

6Gp(z;2') = /dédg Go(2;2)0%(z;2)Go(2;2') ,
c

the imaginary-time component of which vanishes since §%™ = 0 which is in an agreement with the
requirement that 6G™ = 0. However, for the same reason, the real- and mixed-time components
tend to zero as z and/or 2’ tend to to+ which is not compatible with the correct initial conditions for
the real- and mixed-time components given in step ii of Sec. 7.2.2. It is therefore not possible that
this particular solution is the sought solution. In order to find a solution which satisfies the correct
initial conditions, i.e., has the correct discontinuity, it is suggested that the general solution is a sum
of a homogeneous solution dG}, and of the above defined particular solution dGy,. In other words, by
using Eq. (7.6) and by defining

Loipg,st(2, % 2,2") = Gopr (25 2') Goys (%3 2)
it holds that a solution of the integral equation
0Gpg(2;2") = 0Ghpg(2;2')

— E /didgdi’dg/ Lo;pq/’qp/(z,f; Zl,g)Kp/sl’q/t/ (§7§I;5,2/)5Gt/5/ (5/;_2/) s
C

p/q/s/t/

is also a solution of the equations of motion if the homogeneous equations
10,0GL(2;2') = hdGh(2; ') + / dz Yo(2;2)0G(Z; 7)),
C
—10,,0Gy(2;2') = 6Gh(2; 2 )h + / dz 6Gh(2z;2)X0(z; )
c

determining the homogeneous solution are satisfied. In addition, it is possible to enforce the correct
initial conditions for the real- and mixed-time components of §G and to guarantee that sGM = 0 by
requiring that

0Ghipqg(2;2") = Z Lopt,qs (22" )vst (7.7)

st

where the functions Lo,y ¢s(2; 2") satisfy

>
L(ipt,qs (to; to) = _Z(6PSG(%q(Oi) - 6th(J)\:Ips (Oi)) ’
Lg);pt,qs (tO; T) = _Z(SpsG(])‘?tq(—T) s
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[ ) — M
LO;pt,qs (T7 to) - ZdthO;ps (T) .
M . _
LO;pt,qs(TvT/) =0.
and naturally also solve the above introduced homogeneous equations for all s, ¢t. Here, it is notewor-

thy that Lg,, .. (to;to) = L0<pt gs(to;to) and it is emphasized that these (initial) conditions follow

straightforwardly from steps ¢ and ii of Sec. 7.2.2. In order to solve for these functions, it is rather
suggested that

LO;pt,qs(Z; Z/) = LO;pt,qs (Z, to—; Z/, tO—) - LO;pt,qs (Za to+; 2/7 t0+)

are the sought solutions such that, by treating them as trial solutions, it remains to verify that this
is the case. For one, the (initial) conditions are shown to be satisfied by

L pt.qs (10 10) = (G5 s (t030) = 105) Gsq (to3 t0) — G s (t0310) (Gt (03 o) — 104g)
- (6P5G0;tq(07) - 5thé\;4ps(07)) )
Lyt g5(to; 7) = (G p, (toi to) — G (toi 10)) Gl (to; 7)
= —Z(SpsGé‘;th(—T) ,
L(g;pt,qs(T; to) = G(l;;ps(T; tO)(G(itq(tOEtO) - Gatq(tOJtO))
= ’Léthéwps( )
Lot gs (T3 7') = G (T) Gy (—7") = G (1) Gl (—7')
-0,

and, for another, the Kadanoff-Baym equations for the real- and mixed-time components are also
satisfied, as shown by

>
Z (uspp’at - )LO D't qs(t t ) Z[EO;PP/ ° GO;p’s]>(t5 tO)Gétq(to; tl)
P’ P’
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= Z[L(E;pt,q’s d Z(I;‘;q/q](’r; t) )
7

where it is to be acknowledged that L, .. = 0 and that L(I)%;g/)ﬁqs = 0 since Lgps g6 = Lpt.qs- This
shows explicitly that the functions Lo, q5(2, to—; 2", to—) — Lopt,qs (2, to+; 2’ to+) and consequently
0Gh.pq(z; ') satisfy both the homogeneous equation and the correct (initial) conditions. It then
follows from Eq. (7.7) that the response function 0G,q(z; z')/aust|”=0, which is obtained in a self-
consistent self-energy approximation X by following steps i-iv of Sec. 7.2.2 and which naturally fulfills
the response relation of Eq. (7.4), satisfies the equation

0Gpq(2;2")

! !
v = LO;pt,qs (27 to—; 2 7t07) - LO;pt,qs (Zv tot+; % 7t0+)
st

v=0

0y (52

-2 /dzdgdzldg' Lowgap (2% 21 2) Kot g (2,25 2,2) — ’
C Ust v=0

plq’s't!

which is nothing but the Bethe-Salpeter equation for the generalized electronic response function
Lypt.gs(z,to—; 2 td ) — Lpt.gs (2, tor; 2 toy ), cf., Sec. 4.3.4. In particular, tt is then possible to conclude
that

_9Gn(t:1)

v = _Z(Lpt,qS(tiat0—§t=th3_—) — Lpt,qs(ta, togitss t0+))
st

v=0
= qu,ts(t - tO) )

which justifies the argument that the retarded response function obtained as described in the steps i-iv
of Sec. 7.2.2 satisfies the Bethe-Salpeter equation with the four-point kernel of Eq. (7.5). In Secs. 8.3.2
and 8.3.3, in the context of the results, a few examples are provided of the four-point kernels which
result by using simple self-energy approximations such as the ones used in the publications.



8 Summary of the Results of the
Publications

It has been the aim of this work to take part in the development of the methodology based on solving
the Kadanoff-Baym equations for systems of electrons interacting with themselves or with phonons
in particular. In the previous chapters, the focus has been on the theoretical and computational
developments while in this chapter the focus shifts to understanding what can be expected from the
many-body approximations introduced in Sec. 4.4. In what follows, the results of the publications I-
IIT concerning the properties of these many-body approximations in the selected model systems
outlined in Sec. 2.3 are briefly summarized.

In the publications, as usual, various smaller problems are described, analyzed and, in the end,
explanations to understand them are proposed. In what follows, the reader is in addition to the details
concerning the assessment of the quality of the many-body approximations encouraged to keep in
mind that the work contained in the publications can be seen in a wider scope as a study concerning
time-domain solutions of the Bethe-Salpeter equation, see Ch. 7. In | |, to the best knowledge of
the author, the Bethe-Salpeter equation was solved for the first time by solving the Kadanoff-Baym
equations in a time-nonlocal self-energy approximation for a system subject to a weak perturbation.
In addition to demonstrating the correlation induced redshift and broadening of the plasmon peak
for the homogeneous electron gas in the second Born approximation, it was pointed out that if a self-
consistent self-energy ¥ is used then the obtained response function dn/dv satisfies the Bethe-Salpeter
equation corresponding to the four-point kernel 63 /6G. It was also concluded that if ¥ is in addition
density conserving then dn/dv satisfies the f-sum rule and it was shown that in the opposite case large
violations of the sum rule are possible. It was recognized, e.g., in | ], that this alternative way
of solving the Bethe-Salpeter equation is appealing due to not having to deal with four-point objects,
but it was also speculated that already the two-point structure could quickly lead via memory effects
to computational restrictions for realistic systems. Inhomogeneous systems were for the first time
addressed in | , ], also by using the second Born approximation, where the polarizability
of the beryllium atom was calculated to illustrate that the method could be successfully applied in
the context of atomic and molecular physics. It was repeated that considering larger systems would
be computationally difficult but instead calculations involving model Hamiltonians would certainly
be feasible, e.g., to investigate electron correlation on a fundamental level. It was only a few years
after that the work compiled in Pubs. I-III was initiated starting with a study of the electronic
excitation spectra of small finite model systems. In the course of this work, it was further shown, by
us and others, that the second Born approximation has the potential to describe electronic states
with a doubly-excited state character and that also spurious excitations without a clear physical
origin could be observed | ]. Moreover, in | ], it was shown that double excitations
could be also described by using the second Born approximation when the Kadanoff-Baym equations
were reduced to a single-time equation for the one-body reduced density matrix by invoking the
Generalized Kadanoff-Baym Ansatz (GKBA) | ]. In addition, the generalized Kadanoff-Baym
ansatz has been used in several earlier studies of the optical absorption of semiconductor quantum dot
systems which involve the quantum kinetic equations, see e.g. | , ]. It should also be
noted that, besides by using this ansatz, by considering time-local self-energy approximations, only
one-time objects are involved and thus the methodology can be applied in the ab-initio context as has
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been demonstrated recently, e.g., in | ]. In addition to further ab-initio studies, it is a possible
future direction to apply the methodology discussed here to solve the Bethe-Salpeter equation to
obtain the density response with respect to a non-equilibrium state, although also other approaches
have been recently made available [ ], as done, e.g., in | ] where plasmon-accompanied
optical absorption has been studied.

In order to outline our contributions, it first is noted that in I | ], we studied the properties
of the equilibrium electron and phonon propagators for the two-site, two-electron Holstein model by
using the self-energy approximations of Sec. 4.4.1. In particular, we studied and proposed explana-
tions for how the used approximations cope with the electron-phonon interaction induced tendency
for symmetry-breaking. In IT | ], we extended these studies by further analyzing the neutral
and non-neutral excitation spectra of the same model by using the same many-body approximations.
In particular, we illustrated how the properties of the multiple, possibly symmetry-broken, equilib-

rium solutions found in I | | affect the properties, e.g., the boundedness, of the density
response functions obtained as the solutions of the corresponding Bethe-Salpeter equations. Instead,
in the last publication IIT | |, we studied the self-energy approximations of Sec. 4.4.2 by using

the few-site Hubbard and Pariser-Parr-Pople models. It is was shown by an example that it is pos-
sible to describe neutral excitation spectra with contributions from doubly-excited states by solving
the Bethe-Salpeter equation by using the simplest correlated second Born self-energy approximation.

8.1 Models

In what follows, the two lattice models which have been used in Pubs. I-III to study the many-body
approximations and solutions to the Bethe-Salpeter equation are introduced. In the publications, the
Bethe-Salpeter equation has been solved by considering the time-dependent generalizations

H(t)=H+> > 0id(t)io,

of the corresponding model Hamiltonians H which are introduced below. Here, v; denote the ampli-
tudes of the impulsive external field, i.e., a field which is proportional to a delta function, acting on
the electrons. The reader is referred to Sec. 2.3 for the definitions of the operators and parameters
which are not introduced explicitly in the following.

8.1.1 Two-site Holstein Model

The homogeneous, two-site Holstein model with two electrons is a minimal model for a system in
which electrons move between two identical molecules and interact indirectly via coupling to the
vibrational modes of the molecules. It has been said to be relevant | ], e.g., for modeling bipola-
ronic physics in TizO7 crystals where bipolarons are associated with Ti*T-Ti*" pairs and explain the
properties of a semi-conducting intermediate phase [ ]. Identical or nearly equivalent models
appear with slightly modified interpretations, e.g., in semi-classical [ , ] as well as in
fully quantum mechanical [ | treatments of electronic transport. It is also noteworthy that by
adopting a completely different physical picture, i.e., by interchanging the two molecules with a two-
or three-level system and the vibrational with electromagnetic field modes, one arrives at formally
identical quantum optics models, i.e., the Rabi | , ] or Dicke | ]| models. Tt is common
to these systems, and referred to by ’formally’ above, that under some restrictions to their Hilbert
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spaces their Hamiltonian operators are isomorphic. In the original context, the Hamiltonian operator
is a simplified version of the one given in Eq. (2.5) such that if

He = ~tin > (elta0 + botns) .

o

is the Hamiltonian operator describing the electrons then
2
H=He+w ala;—g> (@l +ai)n,

describes the full system as illustrated in the left panel of Fig. 8.1.1. Here, tyi,, wo and g are respec-
tively the electron hopping amplitude, bare vibrational frequency and electron-phonon interaction
strength. It can be shown that the vibrational mode defined by the operator A = (a1 + a2)/V2
couples only to the electron number which, as a good quantum number, can be fixed, and hence it
is useful to consider only the relative vibrational mode defined by the operator a = (a1 — a2)/v/2. If
only the relative mode is considered then the Hamiltonian operator
H=H, +wi'a - %(af +a) (A —s)

is instead obtained. The Hilbert space of this Hamiltonian operator contains only a single oscillator
mode which makes it better suited to the computationally more demanding calculations. It is noted
that in IT | | the representation in terms of the relative mode only is used while in I | ]
the full Hamiltonian operator is used. Independent of the representation chosen, the properties of the
model can be characterized in terms of two parameters: the adiabatic ratio v = wo/tkin, which sets
the relative energy scale between electrons and nuclei, and the effective interaction A\ = 2¢2 /tinwo,
which is a dimensionless measure of the interaction between the two constituents. In particular, the
latter equals the ratio between the bipolaron energy and the energy of two free electrons.

U
tkin o ‘ wtkin
e 2\ W ® o
o @
® O

Figure 8.1.1: The two-site Holstein and a six-site Hubbard model illustrated graphically. Here,
tkin is the electron hopping amplitude, wy the bare vibrational frequency, and g and U the local
electron-phonon and electron-electron interaction strengths.

8.1.2 Few-site Hubbard Models

Few-site Hubbard models are minimal models for describing systems in which a possibly strong, short-
range electron-electron interaction plays a significant role. It is, for one, the simplicity of the Hubbard
model, in particular its low number of the degrees of freedom, which has made it ubiquitous in differ-
ent fields of physics, e.g., in the study of ultracold gases [ ] and quantum transport [ l.
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In the simplest case of a homogeneous system, the Hamiltonian operator is given by

N
H = —tign Z Z (ézgéjg + éjgéw) + Uzﬁmﬁuy

(i.)n O i=1

where by (i, j) v it is referred to that the sum goes only over the neighboring sites on a N site lattice,
cf., Eq. (2.4). Moreover, by ty, and U, the electron hopping amplitude and the local electron-electron
interaction strength are denoted. It is then the ratio U/ty, describing the competition between
delocalization and localization brought upon the kinetic and interaction energies which determines
the properties of the system. In III | ], we have only considered one-dimensional systems
and, in the following, only results for periodic lattices, which are henceforth referred to as rings
and obtained by choosing the sites ¢ and (¢ + 1) mod N for ¢ € [1, N] N Z as neighbors, are shown.
In the right panel of Fig. 8.1.1, the topology of the six-site ring together with the meaning of the
parameters is illustrate graphically. It is also noted that in a ring, electron correlation is pronounced
in the sense that, due to the periodicity and homogeneity of the system, a mean-field description of
the ground state is equivalent to the non-interacting description. Finally, it is of practical interest
that the four-index interaction

1
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reduces to the interaction of the Hubbard model either by imposing a spin-dependent or -independent
interaction. In | |, the spin-dependent approach is described whereas in this work, the spin-
independent interaction, i.e., Wi, jg k' 1o’ = U0ij0k0ki0aasdppr, is used. However, both interac-
tions are equivalent for the many-body approximations used here since the spin-symmetry re-
spected [ ].

8.2 Ground State Properties (Pub. I)

InI]| ], we have studied the zero-temperature equilibrium, henceforth also referred to as
the ground state, solutions to the Dyson equation for the two-site, two-electron Holstein model of
Sec. 8.1.1 in the Hartree (H) and partially (Gd) and fully (GD) self-consistent Born approximations.
Our purpose has been to analyze how these approximations deal with the strong localizing effect of
the electron-phonon interaction in order to understand when the approximations can be considered
to be predictive. Moreover, it is a prerequisite to understand the equilibrium solutions well to be able
to solve the Bethe-Salpeter equation for the density response function as described in Sec. 7.2.2.

8.2.1 Obtaining a Physical Picture by Exact Diagonalization

In order to understand the behavior of the many-body approximations, we have analyzed the proper-
ties of the two-site, two-electron Holstein model by solving the time-independent Schrédinger equa-
tion. In the analysis, we have focused on the cross-over of the system from two nearly free electrons
to a bound state of two electrons and an accompanying nuclear displacement referred to as the
bipolaron. It is imperative for understanding how the many-body approximations behave to quantify
when the system can be described well in terms of the bipolaron. However, since one deals with a
cross-over, there is no sharp boundary between bipolaronic and non-bipolaronic systems, and hence
different measures lead inevitably to different notions to which degree the system is bipolaronic. That
said, the measures chosen by us consist of the binding energy, double occupancy and ultimately the
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Figure 8.2.1: Illustration of the ground state properties of the two-site, two-electron Holstein
model in the adiabatic case v = 1/8. In the upper left panel, the ground state energy (2E;) E5 of
the (one-electron) two-electron system, and in the upper right panel, the double occupancy (fi14+71))
together with its v — 0 limit are shown. In the lower left panel, the adiabatic ground state potential
energy surface Epo(u) is shown for selected interactions (A). In the lower right panels, the joint
probability densities p12 and pi1 + pa2, and in red, the position of the minimum (minima) of the
potential energy surface EFgo are shown. Note that although the sum p1; + pos is shown, after the
splitting of the probability density, the two branches correspond to p1; and poo, as indicated by their
labels, increasingly well as A is increased.

joint probabilities for finding electrons together with a given nuclear displacement. In Fig. 8.2.1,
some numerical results, on which the analysis presented in I [SPAL154] is based on, are summarized.
Needless to say, the original work I [SPALI15a] is referred to for a more thorough discussion and
additional details. In the top panels, it is shown that both the binding energy 2F; — Fo, where E,, is
the ground-state energy of the n-electron system, and the double occupancy (f1471)) increase as a
function of the interaction A indicating that in the adiabatic case v = 1/8, the electrons form a bound
state in which they prefer to reside on the same site. Moreover, there is a more abrupt change around
A ~ 1 and, as suggested by the shown double occupancy for v — 0, the degree of the abruptness
increases as the adiabatic ratio decreases. It is possible to further analyze these qualitative changes
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by associating the adiabatic ground state potential energy surface Epo(u) with the joint probability
densities p11(u), pao(u) and p12(u) to find the two electrons either on the same or different sites
and the nuclei with a given relative displacement u. The ground state potential energy surface Ego
is shown in the lower left panel of Fig. 8.2.1 for selected interactions to show that a double well
structure forms in the potential energy surface for A > 1. In the lower right panels, instead the joint
probability densities p12 and pi1 + pae, which are used by us as ingredients of a working definition
of a dominantly bipolaronic state, are shown. It is seen that the initially Gaussian joint probability
densities split into probability densities with two maxima as a function of the interaction. As this
happens, it becomes less likely to find the electrons in neighboring sites, and vice versa more likely
to find the electrons in the same site and with a non-zero relative displacement. Moreover, it is
shown that as the interaction is increased, the individual probability densities p1; and p22 become
centered roughly around the potential energy surface minima, which are shown with red contour
lines, and that they approach a Gaussian line shape. It is then understood that the system becomes
dominantly bipolaronic, i.e., it is described well by a bound state of two electrons and an accompa-
nying displacement, and that, for the adiabatic case v = 1/8, this cross-over is strongly correlated
with the formation of the double well structure at A = 1 in the adiabatic ground state potential
energy surface. In I | ], it is further shown that although the system becomes bipolaronic for
sufficiently large interactions also for other values of the adiabatic ratio, in the anti-adiabatic case
v > 1, the cross-over is not by any means abrupt and the electron-pair forms with a less distinct
lattice polarization.

8.2.2 Characterization of Equilibrium Solutions in Many-Body Approxi-
mations

In what follows, the results on the character of the ground state solutions in the Hartree and partially
and fully self-consistent Born approximations published in I | ] are summarized. In the
process, some relevant remarks connecting these results to ones presented in IT | ] are made.

First of all, we have solved the ground state problem analytically in the Hartree approximation by
solving the associated mean-field, equilibrium Hartree equations. It was found that while for A < 1 a
unique solution exists, three solutions co-exist for A > 1 independent of the adiabatic ratio, and that
the additional solutions, which are fixed-points of the time-dependent Hartree equations, as shown
in IT | |, emerge in the manner of a supercritical pitchfork bifurcation. It is characteristic to
these solutions that one of them has a symmetric (s), i.e., homogeneous density ns = 1 while other two
have asymmetric (a), i.e., inhomogeneous densities n,+ = 1+ /1 — A=2, and since u; = \/ﬁgni/wm
also the displacements are symmetric and asymmetric, respectively. Moreover, it is useful to point
out that if the mean-field problem is seen as an optimization problem then by solving the electronic
part it remains to optimize a potential energy surface for the nuclei which equals to Epo(u) shown
in Fig. 8.2.1. It is then intuitively clear that the asymmetric solutions emerge for A > 1 since the
potential energy surface forms a double well structure, and that the asymmetric solutions correspond
to the degenerate minima of the surface while the symmetric solution exists as a saddle point.

In contrast to the mean-field case, we have been restricted to a numerical solution in the partially and
fully self-consistent Born approximations. In order to illustrate convergence and show how the nu-
merical solution depends on the (inverse) temperature () and the mesh parameters (a,b of Eq.(5.7)),
the change in the quantum interaction energy Fepq = Fep + 92?:1 u;n; is shown in Fig. 8.2.2 as
a function of these parameters for the adiabatic ratio v = 1/8 and for the fully self-consistent Born
approximation. It is noted that by a solution, we mean here and in the publications that the electron
and phonon propagators satisfy the Dyson equation up to a numerical tolerance of 1078, cf., the
appendix of T | ]. In the left panel, it is shown for fixed mesh parameters that by choosing
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Figure 8.2.2: Illustration of convergence of the numerical solution in the fully self-consistent Born
approximation for v = 1/8 and X € {1,2,4}. Here, the change in the quantum part of the interaction

energy |E§:Q1 — E!pr| is used as a measure of convergence. In the left panel, by k we label the

inverse temperatures 3, € (2-10',10%,2-10%,10%, (2 - 10%)) with the parameters of the geometric
mesh of Eq. (5.7) fixed to @ = 1073 and b = 1.1. In the right panels, 8 = 103 is fixed and k labels
the parameters of the geometric mesh. The lines (top legend) with circles (bottom right legend)
correspond to a fixed a and by € (1.4, 1.2,1.1, (1.05)) whereas the vertical lines (top legend) with
a label, which indicates the change in the interaction energy, correspond to b = 1.4 and ay €
(1072,1073,(107%)).

B =103, it is possible to obtain results for which a doubling of the inverse temperature only changes
the energy by ~ 1078, In the right panels, it is further shown by fixing 8 = 102 that by choosing the
mesh parameters a = 1072 and b = 1.1, which amounts to 228 grid points, it is possible to obtain
results for which a further refinement of the mesh, either to @ = 10~ or b = 1.05, only changes the
energy by ~ 10~% for A\ = 4. It is worth remarking that for A\ < 4, the results are better converged for
the same parameters, i.e., by refining the mesh the interaction energy changes even less. Moreover, a
much faster convergence with respect to the refinement of the mesh is observed for larger adiabatic
ratios, asymmetric solutions, and for the partially self-consistent Born approximation.

We have then found, for appropriate initial guesses, that also the partially and fully self-consistent
Born approximations support at least three solutions which can be termed similarly as the symmetric
and asymmetric solutions. In Fig. 8.2.3, the main observations on the character of the symmetric
and asymmetric solutions in the correlated Born approximations are summarized. In the topmost
panel, it is shown that in both Born approximations, the relative density n = n; — no behaves
similarly to the mean-field case. Moreover, as indicated by the vertical dashed lines, which denote
the critical interaction A¢ above which the asymmetric solutions have been found to exist, it is
observed that the asymmetric solution emerges discontinuously in the fully self-consistent Born
approximation, In the panel below, it is shown that unlike in the Hartree approximation, in the Born
approximations the critical interaction does depend on the adiabatic ratio such that it increases
monotonously as the adiabatic ratio is increased. In I | ], we further analyze the partially
self-consistent Born approximation analytically and propose that it approaches asymptotically the
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Figure 8.2.3: Illustration of the character of the ground state solutions in the Hartree (H) and
partially (Gd) and fully (GD) self-consistent Born approximations. In the top panel, the relative
density n = nq; — ng is shown for the asymmetric solutions as a function of the interaction A for the
adiabatic ratio v = 1/8. The dashed vertical lines, color coded to H, Gd, and GD, denote the critical
interactions A¢. In the middle panel, the critical interaction is shown as a function of the adiabatic
ratio. In the bottom left panel, the total energy E + tiin A of the relative Hamiltonian is shown as
a function of the interaction. The relative error with respect to the exact total energy is shown in
percentages for A € {3/2,3} which are denoted by dashed lines. The bottom middle panel shows
the difference F, — FEs; between the symmetric and asymmetric total energies. In the bottom right
panel, the quantum phonon (positive energies) and electron-phonon interaction (negative energies)
energies and their relative errors to the exact energy components (percentages, dashed vertical lines)
are shown as a function of the interaction for the Born approximations.

Hartree approximation in the limits v — 0 and v — oo, but in the latter case, i.e., for v — oo,
with the renormalized interaction A/2. It can be seen from Fig. 8.2.3 that the numerical results
do not exclude this proposition as the critical interaction does not exceed two when the adiabatic
ratio v is increased in the partially self-consistent Born approximation. In the same context, we
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propose that the discontinuous emergence of the asymmetric solution for the fully self-consistent
Born approximation can be associated with the so-called phonon vacuum instability which occurs if
the phonon propagator is dressed with the bare polarization bubble. It is summarized here that this
instability occurs for A > 1 if the non-interacting electron propagator, or equivalently the symmetric
mean-field propagator, is used and does not occur for A > A¢ if the asymmetric mean-field propagator
is used. In the mean-field case A\¢ = 1, and by thinking in terms of the potential energy surface Epo,
it is natural to interpret that the instability follows for the saddle point solution uw = 0 since the
curvature of the surface becomes negative and is prevented by allowing a readjustment to one of the
newly formed minima u # 0. Moreover, based on this, we have hypothesized that in the fully self-
consistent Born approximation, it is the shift of the critical interaction as a function of the adiabatic
ratio which leads to an interval of interactions for which the asymmetric solutions would not exist.
Finally, in the lower left panel of Fig. 8.2.3, it is shown that in the adiabatic case v = 1/8, the
asymmetric solutions are lower in total energy once they appear. It is also highlighted, by showing
the relative errors with respect to the exact total energy, that the symmetric solution of the fully
self-consistent Born approximation is in a good agreement with the exact result for the intermediate
A ~ 1 to border line strong interactions. However, in the bottom right panel, it is shown that if the
separate energy components are instead compared then the deviations are much larger, which also
illustrates a cancellation of errors.

8.3 Excited State Properties (Pubs. ILIII)

In IT | ], we have, for one, studied the zero-temperature equilibrium solutions to the Dyson
equation for the two-site, two-electron Holstein model of Sec. 8.1.1 in the Hartree (H) and partially
(Gd) and fully (GD) self-consistent Born approximations. It has been the aim to complement our
previous study in I [ ], in which only frequency-integrated observables, i.e., densities and
energies, are considered, with a study of the frequency-resolved electron and phonon propagators
from which, e.g., the non-neutral excitation spectrum follows, cf., Sec. 3.3.1. For another, we have
studied, by using the same model, the zero-temperature equilibrium solutions to the Bethe-Salpeter
equation obtained in the same (H, Gd, GD) many-body approximations by using the time-domain
method documented in Ch. 7. In IIT | ], we have instead studied, by using the same method,
the zero-temperature equilibrium solutions of the Bethe-Salpeter equation for the few-site Hubbard
and Pariser-Parr-Pople models in the Hartree-Fock (HF) and second Born (2B) approximations. In
the context of the Bethe-Salpeter equation, it was, in general terms, our purpose to explore what
could be expected if the Kadanoff-Baym equations would be applied to obtain neutral excitation
spectra, cf., Sec. 3.3.2, by solving for the density-density response functions.

8.3.1 Assessment of Performance of Hartree and Born Approximations

Here, a brief summary of the results and conclusions of I | ] and IT [ ] concerning
the quality of the many-body approximations with regard to the equilibrium electron and phonon
propagators of the two-site, two-electron Holstein model is provided.

In IT | ], we have compared the phonon propagators obtained in the many-body approx-
imations against the exact phonon propagator. In the Hartree and partially self-consistent Born
approximation the phonon propagator is equal to the non-interacting propagator which consists of
a single delta function at the bare phonon frequency wg independent of the interaction A. Instead,
the exact propagator has a strong dependence on the interaction and its dominant feature is a low
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energy excitation with the frequency w,. In Fig. 8.3.1, in the top left panel, it is shown that w,, tends
to zero and, as shown in the top right panel, the corresponding oscillator strength gains intensity as
a function of the interaction. In IT | |, we have analyzed that this behavior together with
a simultaneously emerging excitation at wg reflects the formation of the double-well structure in
the adiabatic ground-state potential energy surface EFpo. In addition, due to a strong correlation
between the formation of the double-well structure and the cross-over to a dominantly bipolaronic
state, cf., Sec. 8.2.1, we have concluded that the aforementioned features can be seen as a spectral
fingerprint of a bipolaronic system. In Fig. 8.3.1, it is seen that the fully self-consistent Born approx-
imation describes the low energy excitation partly but it does not reproduce the excitation at wg
for A > 1, for the studied parameters, and hence the phonon propagator does not exhibit sufficient
bipolaronic character.

We have also compared and analyzed in II | ] the approximate and exact electron propaga-
tors in a similar way. Here, in the lower panels of Fig. 8.3.1, it is shown that it is characteristic to the
exact electron propagator that spectral weight is redistributed from the excitation at the frequency
we to higher-lying excitations as the interaction is increased. In the publication, we have further-
more derived that in the limit A > 1, in which the system is dominantly bipolaronic, the electron
propagator consists of the bare phonon frequency separated peaks with a Poissonian envelope. In the
lower left panels of Fig. 8.3.1, it is shown that apart from the asymmetric solutions only the fully
self-consistent Born approximation shows a significant loss of intensity of the excitation at w, in a
qualitative agreement with exact results. However, by remembering that the symmetric solution of
the Hartree approximation is equal to the non-interacting solution, it is possible to conclude based
on the middle panels that none of the approximations reproduce correctly the frequency distribution
of the exact propagator. In the lower right panels, it is moreover shown that none of the approxima-
tions display the correct intensity redistribution either. It follows from these observations that the
approximate electron propagators cannot be seen to describe a dominantly bipolaronic system.

InIT | ], based on the spectral contents of the propagators, we have concluded that, despite
what the frequency-integrated observables suggest in I | ], none of the approximations show
evidence of describing the bipolaronic cross-over even partially. Moreover, by focusing on the fully
self- consistent Born approximation, we have concluded on a more quantitative level that a reasonably
good agreement with the compared exact results is achieved up to intermediate A ~ 1 interactions for
the studied adiabatic ratios. In particular, in the case of the electron propagator, cf., Fig. 8.3.1, the
fully self-consistent Born approximation breaks down due to a too dense spectrum and an insufficient
redistribution of the spectral weight for A > 1.

8.3.2 On Solutions of Bethe-Salpeter Equation in Hartree and Born Ap-
proximations

In what follows, some findings regarding the density-density response functions of the two-site, two-
electron Holstein model are summarized.

InI] ], we found multiple solutions to the Dyson equation which invoked the question
that with respect to which solutions it would be reasonable or even possible to solve the Bethe-
Salpeter equation. In the simplest case, in the Hartree approximation, the answer is suggested by the
observation that the asymmetric solutions minimize the total energy whereas the symmetric solution
is a saddle-point for A > 1, cf., Sec. 8.2.2. It is then physically reasonable to regard the asymmetric
solutions as the candidates for which the density response function could be obtained as described in
Sec. 7.2.2. However, in the partially and fully self-consistent Born approximations, the asymmetric
solutions do not, for instance, always have a lower total energy than the symmetric solution and we
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Figure 8.3.1: Illustrations of the ground state electron and phonon propagators of the two-site,

two-electron Holstein model in exact diagonalization (ED) and in

the Hartree (H) and partially

(Gd) and fully (GD) self-consistent Born approximations shown for v = 1/4. In the top left panel,
the excitation energy wy, is shown as a function of the interaction A. In the top middle panel, the
phonon propagator |D7;(w)|/T is shown on the logarithmic scale and, in the top right panel, on
the linear scale for A = 2. In the bottom left panel, the intensity corresponding to the excitation
energy we is shown. In the bottom middle panel, the electron propagator 2|tré’< (w)|/T is shown on
the logarithmic scale and, in the bottom right panel, on the linear scale for A = 2. Here, results
corresponding to the symmetric and asymmetric solutions are denoted respectively by the solid and
dashed lines. The thin, vertical dashed lines denote the critical interaction A¢c shown next to the

lines, [B/wy ! = 103, T/t,;L = 200]
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were not able to analyze the used total energy functional in order to establish if the solutions are
saddle points or global/local minima. Moreover, the equilibrium propagators, which were described
in Sec. 8.3.1, give no indication on how to choose the initial propagators with respect to which the
density response function is obtained. In II | ], in order to analyze this problem, we have
first solved the density response function analytically in the Hartree approximation by solving the
linearized Hartree equations, i.e., the Bethe-Salpeter equation with the Hartree kernel. By doing so,
we have shown that the obtained time-domain response function has an oscillating component whose
frequency tends to zero and amplitude diverges as A — 1~. Moreover, if A > 1 and the symmetric
ground-state solution is used then the response function is an unbounded function but if instead an
asymmetric ground-state solution is used then a well-defined, bounded response function is recovered.
Here, it is appropriate to refer to App. 8.A.2 for an erratum regarding the equations for the Hartree
response function presented in IT | ]. It is also noted here that the found instability of the
symmetric ground state solution, which appears as the unboundedness of the corresponding response
function, is congruent with the physical picture based on the nature of the solutions as the optimal
points of an energy surface. In order to understand the stability characteristics of the ground-state
solutions in the Born approximations, instead of a rigorous mathematical analysis, we have only
resorted to a chosen numerical working measure of stability. For one, we have proposed by using
the chosen working measure that, when they co-exist, the symmetric and asymmetric ground-state
solutions of the partially self-consistent Born approximation are stable and unstable such that the
corresponding density response functions are bounded and unbounded, respectively. For another,
based on the working measure, we have proposed that both the symmetric and asymmetric solutions
of the fully self-consistent Born approximation are stable and do not exhibit an unbounded density
response function. It is noted that in the energetic picture, cf., Ego in Fig. 8.2.1, it is plausible
that the non-interacting phonon propagator, which is related to a Gaussian probability distribution,
used in the partially self-consistent Born approximation is not compatible with the formation of the
double-well structure. However, it is found less clear that by dressing the phonon propagator self-
consistently in the lowest order in the fully self-consistent Born approximation, and hence allowing
more complicated probability distributions for the nuclei, the instability related to the u = 0 saddle-
point of the mean-field energy surface, is not observed for the physical and temporal parameters that
we considered.

In II | ], having identified the candidate ground-state solutions with respect to which it
is reasonable to solve the Bethe-Salpeter equation, we further assessed the quality of the density
response functions obtained by using the Hartree and the partially and fully self-consistent Born
approximations. It is referred to Sec. 8.3.3, for a brief discussion related to the convergence of the
frequency-domain density response functions obtained by using the method of Sec. 7.2.2. Instead
here, in Fig. 8.3.2, we proceed to summarize our main findings regarding the density response func-
tions obtained by using the stable solutions as the initial conditions when solving the Kadanoff-Baym
equations. It is stressed that by the stable solutions, it is referred to the unique symmetric solutions
for A < A¢, and for all A in the case of the fully self-consistent Born approximation, as well as to
the asymmetric solutions for all A > Ag. Moreover, it is noted that the obtained response func-
tions satisfy the Bethe-Salpeter equation with the four-points kernels shown on top of the results
in Fig. 8.3.2 as proven in Sec. 7.3. In the leftmost panel, it is shown explicitly that the intensity of
the low energy excitation with the frequency w,, diverges in the Hartree and partially self-consistent
Born approximations when A — A¢. In the fully self-consistent Born approximation, although no di-
vergence is found, the intensity becomes monotonously decreasing as a function of the interaction for
sufficiently large interactions in a qualitative disagreement with the exact results. In IT | 1,
we concluded, based in particular on these observations and on the observation that the excitation
with the frequency w, is the dominant feature of the response function for A < 1, cf., Fig. 8.3.2,
that the density response function obtained in the fully self-consistent Born approximation is in a
reasonably good agreement with the exact response function up to intermediate A ~ 1 interactions.
In the middle panels of Fig. 8.3.2, it is moreover illustrated that the fully self-consistent Born approx-
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Figure 8.3.2: Illustrations of the retarded density response function of the two-site, two- electron
Holstein model obtained by using the exact diagonalization (ED) and the Hartree (H) and partially
(Gd) and fully (GD) self-consistent Born approximations for v = 1/4. In the left panel, the intensities
of the excitations with the frequencies w, and w, are shown as a function of the interaction A. In the
middle panel, the response function [trx*(w)|/T is shown on the logarithmic scale and, in the right
panel, on the linear scale for A = 2. In the top panel, the first frequency moment n(*) /t,;, (points) and
the electron energy E,/tyin (lines) are shown. Here, by the solid and dashed lines for the GD results
in the left and right panels, the results corresponding to the symmetric and asymmetric solutions
are denoted, respectively. The thin, vertical dashed lines denote the critical interaction A¢c shown
next to the lines, On top of the results, the four-point kernels K = —0%[G]/dG corresponding to
the self-energy approximations Yg[G], ¥¢q[G] and Xap[G] are shown. It is noted that in the right
panel; a longer propagation time 7T is used in ED to obtain better converged intensities, hence also
a more narrow peak is observed. [3/wy ! = 103, T/t ! = 200]

imation fails to describe the high-energy spectra for A > 1 as it gives rise to a too dense spectrum
with an incorrect distribution of the spectral weight which is highlighted by the rightmost panel. It
is noted that these observations are consistent with the observations we made about the equilibrium
propagators, cf., Sec. 8.3.1.

In the top insets of Fig. 8.3.2, the electron energy —2F, is shown against the first frequency moment
n) of the density response function to illustrate that the approximate density response functions
do not exhibit gross violations of the f-sum rule. In fact, in ITT [SML12], we show explicitly, in the
context of the electron-electron interactions, that any self-consistent, density conserving, i.e., gauge-
invariant, many-body approximation satisfies the f-sum rule in a lattice model. It is noted that a
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Figure 8.3.3: An illustration of the behavior of the windowed Fourier transform % (w) of x% (t) =
(n1(t) —n1(0))/v as a function of selected parameters. In the left panel, the behavior of the transform
as a function of the width T'/n, where T/tl:i,%1 = 150 and n € {1,2,4,8}, of the window function is
shown for the rectangular window function when v/t;, = 1071. In the middle panel, the transform
for v/tyin = 10! is shown, on the logarithmic scale, also for the cosine, Hann and Blackman window
functions. In the right panel, with the same axes as in the middle panel, the convergence of the
transform with the Hann window is illustrated as a function of v. The middle and right panels
have been plotted by using the Gnuplot option ’smooth bezier’ in order to smoothen the original
oscillatory curves.

proof of this in the spin-position basis can be found, e.g., in | ]

8.3.3 Correlation Induced Double Excitations in Second Born Approxi-
mation

In addition to the two-site Holstein model, we have investigated the solutions of the Bethe-Salpeter
equation for the few-site Hubbard and Pariser-Parr-Pople models in ITI | |. In what follows, our
main finding concerning the second Born approximation is described by using the one-dimensional,
periodic, six-site Hubbard model, cf., Sec. 8.1.2.

A few general remarks on the convergence of the density response functions are in order before pro-
ceeding to summarize the results. Firstly, the frequency-domain density response functions presented
in this thesis have been evaluated by Fourier transforming, by using a window function [ ], the
time-domain response functions obtained as described in Sec. 7.2.2. In Fig. 8.3.3, the convergence
of the density response function Y% (w)/T with respect to the choice and width T, i.e., the time-
propagation length, of the window function and to the magnitude v of the perturbation is illustrated.
In the figure, the zero-temperature density response function of the two-site, two-electron Hubbard
model with U/ty, = 1 obtained in the second Born approximation is shown. In the left panel, it is
shown on a linear scale that as T increases the intensity of the peaks in the frequency-domain re-
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sponse function ¥1} increases linearly and their width, i.e., the full-width at half maximum, decreases
roughly inversely with respect to T'. In fact, in the case of the exact response function, it is expected
if the rectangular window function 6(7 — t) is used that —Imx%(w) oc sin((w — Q)T)/(w — Q), where
Q is an excitation energy, tends to m0(w — ) when T' — oo exactly as observed above. In the middle
panel, it is illustrated, on a logarithmic scale, for T/tlzi}1 = 150 and v/tyin = 107! that it is possible
to gain intensity resolution by using other window functions, e.g., the Hann window, which reduce
the spectral leakage | ] at the expense of the frequency resolution in the sense that the spectral
peaks gain width. In particular, as shown in Fig. 8.3.3, the other window functions reveal spectral
weight with weaker < 1072 intensities. In the right panel, it is shown that when all of the other
parameters, in particular the window function, are considered to be fixed then a converged density
response function is obtained for v/t = 1073. It is noted that there are also other parameters
affecting the convergence of the results whose effect has not been checked in the example given in
Fig. 8.3.3.

It is then proceeded to review the main result of III | ] concerning the second Born approxi-
mation. In Fig. 8.3.4, the density-density response functions obtained by using exact diagonalization
(ED) and many-body perturbation theory in the Hartree-Fock (HF) and second Born (2B) approxi-
mations are shown for the six-site Hubbard ring. In the middle top panel, the results for the 1/2-filled
ring with U/ty, = 1 are shown for reference in order to illustrate a case in which both many-body
approximations reproduce the exact spectra qualitatively correctly on the shown linear scale. It is
noted that on a more quantitative level, the second Born approximation reproduces the exact re-
sponse function slightly more accurately than the Hartree-Fock approximation. In the two bottom
middle panels, the density response functions are shown for the 1/6-filled ring for U/t € {1,2}. Tt
is observed that the Hartree-Fock approximation fails to reproduce some exact excitations (E2) and
that it is difficult to relate some exact excitations (E4,E5) to approximate ones. In contrast, it is
shown that the second Born approximation is able to qualitatively describe the excitations labeled
by E1-E6.

In ITI | ], we analyzed the density response functions by defining the so-called weighted occu-
pation numbers to be able to associate populations, in the basis of Hartree-Fock orbitals, to possibly
degenerate excited states contributing to the response function. In spite of our intention, these quan-
tities are not suitable for the task since they are not invariant under unitary transformations in
the subspace spanned by the degenerate states. In order to use a better suited quantity, the Ap-
proximate Excitation Level AELg = tr|yx — 70|/2 is used here similarly to [ ] to characterize
the density response function. Here, ~; is the one-body reduced ensemble density matrix with the
equal weights 1/Np, for all states belonging to the Ng, -fold degenerate subspace with the energy
E.. It is noted that even this definition is arbitrary in the sense that it depends on the used single-
particle basis for the density matrix and if there are degeneracies in the chosen basis then different
choices within the degenerate subspace lead to different excitation levels. Here, this ambiguity is
avoided by further specifying that the reduced density matrix is represented in the single-particle
basis @i = e2mIk/N /\/N, where j, k € [1, N]NZ and N is the number of sites, which diagonalizes
simultaneously the density matrix and the lattice momentum operator, cf., | ]. Tt is noted that
if the value of the approximate excitation level is close to n, it indicates a n-particle excitation. In
Fig. 8.3.4, in the right panel, the approximate excitation levels are shown for the excitations labeled
by E1-E6 in the 1/6-filled case. It is seen that the Hartree-Fock approximations fails to capture E2
since it arises due to dominantly a doubly excited states. Moreover, as both E5 and E6 have a strong
double-excited state character, it is not possible for the mean-field approximation to describe both
of them. It is noted that although the second Born approximation does describe the double-excited
states qualitatively, its quality deteriorates as the interaction is further increased to U/tyn = 2. It
is also remarked that a qualitatively equivalent observation was published nearly simultaneously for
few-electron quantum dots and the second Born approximation in [ .
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Figure 8.3.4: An illustration of the retarded density response functions for the six-site Hubbard
ring in exact diagonalization (ED) and in the Hartree-Fock (HF) and second Born (2B) approxi-
mations. In the left panel, the four-point kernels Kyr and Ksp corresponding to the Hartree-Fock
and second Born self-energy approximations are shown diagrammatically. In the middle panels, the
density response function —Imy;;(w)/7 is shown for the 1/2-filled (six electrons) and 1/6-filled (two
electrons) cases for selected interactions U /ty,. Low-lying exact excitation energies which have non-
zero oscillator strengths are denoted with vertical dashed lines and enumerated with labels E1-E6.
In the right panel, the Approximate Excitation Levels (AEL) are shown for these labeled excitations
in the 1/6-filled case. [8/t,;, = 102, T/t,;} = 150]

In ITI [SML12], we have also observed that there is a possibly spurious excitation for U /ty, = 2 close
to E3 in the second Born density response function. It is noted that a possibly spurious excitation,
by taking into account that convergence of the results is not properly checked for all parameters, is
also visible for w/ty, ~ 6 — 7 in the right panel of Fig. 8.3.3. Although similar observations have
been made both prior [RSBT09, SROM11] and after [BHB12] this observation, in particular when
the response functions have been shown on a logarithmic scale, a systematic study of such defects
has not been published up to present date.



Appendix

8.A Erratum

In the process of writing this thesis, the author has found some errors in the enclosed publications.
In addition to the erratum provided below, the reader is referred to Sec. 8.3.3 for a discussion on a
miss-definition which is used in III | ].

8.A.1 Pub.I

i In App. B, the equation

should be

where the overhead bar denotes a column vector.

ii In App. B, the last equations
Gy = dFc[GY D]+ (1 - )Gy
D' | =dFp|GY, D]+ (1 —d)D?

should be

Ny

Gy = Zci (dFG[Gr—i, Di—i] + (1 — d)Gj—;)
i=0
Ny

Dy = Zci (dFp|Gr—i, Dy—i] + (1 — d)Dj—;),
i=0

where G4+1 and Dy, are the new iterates.

8.A.2 Pub.II

i In Fig. 7, in the left panels, all data displaying intensities should be multiplied by V2.
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ii On p. 14, the equation

Dt (wf — wit2)”

wh ((wg — wi2)2 + 4)\Wgtkin) 7

should be replaced with

2tkin (w% — wfﬁ) 2

Xi - B}
wi ((0f - w12)” + D,

Uyin (Wi — wi2)?

Mot ((wf - w2?)® +4udtd,, )

Xt =

and similarly for the last equation of the supplemental material.



9 Summary and Outlook

In this thesis, firstly, a summary of the theoretical and computational background behind time-
independent and -dependent many-body perturbation theory for the electron-phonon and electron-
electron interactions has been presented. In particular, it has been elucidated how time-dependent
many-body perturbation theory for the electron and phonon propagators can be accomplished by
solving the Kadanoff-Baym equations. Secondly, both the theoretical and numerical methodologies
have been applied in three publications with the aims to (i) further develop this time-dependent
approach, (ii) explore the quality and properties of realizable approximations and (iii) examine an
alternative way to solve the Bethe-Salpeter equation.

In the theory part, an unconventional description of many-body perturbation theory for the electron-
phonon interaction in terms of the two-component, displacement and momentum, operators has
been presented including, e.g., an alternative proof of Wick’s theorem for the phonon propagator.
In the process, several points regarding the case of non-vanishing field expectation values have been
clarified. A Galitski-Migdal total energy functional has been derived in terms of the two-component
propagators for a system with both the electron-phonon and electron-electron interactions. It has
also been re-derived by using the chosen representation, i.e., the two-component and a general basis
representations, that a W-derivable approximation satisfies the continuity equations for the one-body
reduced density matrix and total energy. In the computational part, it has been described how the
phonon field and the electron and phonon propagators are obtained by solving the coupled Dyson
and Kadanoff-Baym equations. In particular, a numerical integration rule to solve for the real- and
mixed-time components of the electron and phonon propagators corresponding to self-energies which
are functions of the propagators has been presented. In this context, a class of two-stage methods
has been proposed by relying on the ideas familiar from the numerical integration of one-dimensional
Volterra integro-differential equations.

In Pubs. I-I1I, the methodologies presented in the theory and computational parts have been applied,
in particular, to explore the quality of selected realizable many-body approximations. In T | 1,
the equilibrium, in fact the zero-temperature, Hartree and partially and fully self-consistent Born
approximations have been studied by benchmarking them against numerically exact results for the
two-site and two-electron Holstein model. It has been found that the mean-field Hartree approx-
imation exhibits spontaneous symmetry-breaking once the localizing effect of the electron-phonon
interaction exceeds a critical limit. Although the partially self-consistent Born approximation is found
to exhibit a similar behavior, albeit with a different critical limit, its fully self-consistent counterpart
is not observed to break the symmetry continuously. It is concluded, by comparing against exact di-
agonalization results, that the fully self-consistent Born approximation is overall, for the considered
adiabatic ratios and weak to strong interactions, in best agreement with the exact results when the
total energies, energy components and natural occupation numbers are compared. In IT | 1,
these studies have been extended by considering also the equilibrium spectral functions and density-
response functions obtained by solving the Kadanoff-Baym equations in the above mentioned many-
body approximations. It has been found, by comparing against exact diagonalization, that although
the fully self-consistent Born approximation performs overall the best, the approximate frequency-
resolved propagators are in a substantially worse agreement with the exact results than the frequency-
integrated observables studied earlier. It is concluded, based on this observation, that the fully self-

147



148 Summary and Outlook

consistent Born approximation performs reasonably well up to intermediate interactions and cannot
be said to describe, even partially, cf., I [ ], the bipolaronic crossover of the exact system.
In this thesis, it has been verified explicitly that a density-response function obtained by solving
the Kadanoff-Baym equations with a self-consistent electron self-energy 3 corresponds to a solution
of the Bethe-Salpeter equation with the kernel §X/6G. In II | ], we have shown that, if
the symmetry-breaking is prevented, the density-response function obtained in this way by using the
Hartree approximation becomes unbounded once the electron-phonon interaction exceeds the critical
limit. In the same situation, we have found numerically, for the accessed time scales and physical
parameters, that the density response functions obtained respectively by using the partially and fully
self-consistent Born approximations do and do not become unbounded. Hence, we have concluded
that the instability associated with the unboundedness of the density response is prevented already
by dressing the phonon propagators with the simplest bubble self-energy in a self-consistent man-
ner. In spite that no unboundedness is observed, by comparing against exact diagonalization, we
have also concluded that the fully self-consistent Born approximation performs reasonably well only
up to intermediate interactions beyond which its quality deteriorates and even qualitative disagree-
ment with the exact results is found. In IIT | ], we have studied the Hartree-Fock and second
Born approximations by comparing, in particular, the density response functions obtained as above
against the exact results for selected few-site Hubbard and Pariser-Parr-Pople models. In doing so,
we have observed that the second Born approximation is capable of reproducing qualitatively some
of the structure of the exact response function which is not found in the mean-field Hartree-Fock
approximation. We have concluded that this additional structure arises due to doubly-excited states
which are thus, by a proof of example, possible to describe by using the Second Born approximation.
In addition, we have summarized that, for the selected models and parameters, the second Born
approximations performs better than the Hartree-Fock approximation but that the signs of possibly
spurious excitations call for further research. In the appendix of III | ], we prove that a density
response function obtained by solving the Kadanoff-Baym equations in a gauge-invariant self-energy
approximation satisfies the f-sum rule also in a lattice system.

An outlook concerning further pursue of the aims is provided. In order to carry-on developing the
time-dependent approach (i) used in this thesis, i.e., solving the Kadanoff-Baym equations, it would
be desirable to find a way to alleviate the quadratic/cubic scaling of the method with respect to
the temporal dimensions. In order to make the scaling issue concrete, it is noted that the storage of
the phonon propagator required more than 100GB of memory for the largest dataset of the scaling
tests of Sec. 5.4 which had ~ 30k temporal grid points but a spatial basis with only two elements.
It is known that a better scaling can be achieved by utilizing, e.g., the Generalized Kadanoff-Baym
Ansatz (GKBA) but also numerical methods relying on efficient evaluation of the lag integrals for
decaying integral kernels | ], which are ubiquitous for open systems, or methods which would
use the equations for general initial states | , , , ] would be worth a
thought. In addition, it would also be useful to find more efﬁment possibly adaptive, integration
methods by carrying-on the development of the integration rule proposed in this thesis, even though
they would not solve the scaling issue. It would be beneficial to work along these lines since it would
enable both the application of the existing approximations to more realistic systems and also the
development of more sophisticated approximations.

In order that the partially and fully self-consistent Born approximations studied here could be of
a more wide interest, in further pursue of aim (ii), their properties should be studied in a truly
time-dependent situations to find out if, and to which extent, issues such as the artificial damping
documented in | | are found. In particular, in addition to simply the system size,
the effect of the adlabatlc ratio, i.e., more generally the relative energy scales of the interacting
systems. would be interesting from the view point of applying the approximations to the closely
related systems in quantum optoelectronics or optomechanics. Moreover, in these fields, it would
be a virtue of the two-component propagators that some more complex interactions, obtained for
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instance by neglecting some processes, or quantum mechanical states of light, such as squeezed states,
could be modeled. Finally, to pursue the last aim (iii), in addition to expediting the development of
the numerical methods, it would be called for to understand better, and to map out more thoroughly,
the appearance of the spurious excitations [SROM11, SML12, BHB12] when solving the Kadanoff-
Baym equations. In this regard, it would be possibly valuable to find out how more versatile, also
non-self-consistent, approximations for the four-point kernel could be realized.
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