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Introduction

Among the many unfortunate statements in Physics, one can mention Erwin Schrédinger’s take on experiments
involving only one of a given kind of particle [1]:

"This is the obvious way of registering the fact, that we never experiment with just one electron or
atom or (small) molecule. In thought-experiments we sometimes assume that we do ; this invariably
entails ridiculous consequences [...] In the first place it is fair to state that we are not experimenting
with single particles, any more than we can raise Ichthyosauria in the zoo."

Seventy years later, both manipulating and measuring individual particles without destroying their quantum state
has indeed been made possible. However, the point here is certainly not to dwell on a mistake made by a great
mind, but to emphasize just how big of an achievement this is. Sharing a Nobel prize awarded in 2012, S. Haroche
and D. Wineland have accomplished this impressive feat with individual photons [2] (1990) and individual ions
[3] (1987) respectively. This achievement is the culmination of numerous technologies and techniques, developed
and perfected over the 20" century. These include the development of laser cooling, a technique that somehow
paradoxically cools atoms by exposing them to the beam of a laser, which resulted in a Nobel prize in 1997. Atoms
cooled in this way can reach temperatures lower than 0.1 nK [4], which is within what is called the ultracold regime.
Trapping individual atoms has opened the way to many applications in research and industry. The first that comes
in mind is obviously Quantum Computing, but we can also mention quantum clocks, and the study of quantum
effects at the fundamental scale (i.e. a single particle or a handful of particles).

In parallel, the improvement of cooling and trapping techniques has allowed scientists to create lattices of traps
made from electromagnetic waves and containing ultracold atoms. Those lattices, usually called optical lattices,
have a very wide range of use in condensed matter physics, since they can simulate systems very close from particles
in the periodic potential of a crystalline structure [5]. Studying these lattices also allow for testing many-body
models such as the Bethe ansatz [6], the spin chains [7] or the Fermi-Hubbard model [8, 9] to name a few. Increased
possibilities in the control and the measurement of particles have made possible the realization of devices known
as quantum simulators: devices that can run experiments on a handful of particles at the quantum scale, but that
can be programmed in order to prepare systems in a specific state. They allow for studying the very complicated
laws of many-body systems in a precise and reproducible way, pushing the boundaries of our knowledge on the rich
topic, both in open questions and in applications, that is condensed physics.

Unrelated to what was exposed above, the second half of the 20" century also saw the appearance of Feynman’s
path integral, born in the pages of Feynman’s thesis in 1942 [10]. The path integral was built on the goal to
obtain a Lagrangian formulation of quantum mechanics, as opposed to the Hamiltonian formulation developed
by Schrédinger and Heisenberg among others. This Lagrangian formulation made use of the concept of action,
which plays a central role in classical mechanics, being the trajectory-dependent quantity minimized by the real
trajectory followed by a classical system. Feynman’s work showed that this idea of minimization could be recovered
for classical systems as a special case of a quantum rule. This is Feynman’s path integral: if one wants to know the
probability for a system to go from a given state to another in a given time, one "simply" computes a phase factor
for each path relating the two states in the required time and adds them together. The probability, represented
in quantum mechanics by a quantity called the propagator, is then high or low depending on if the phase factors
interfere constructively or destructively [11]. In the classical limit, one essentially recovers that the classical paths
of the system are the only ones contributing to this sum. If we consider a very simple system, e.g. a single classical
particle, the probability of transition between two given states is then 1 if the two states are related by the classical
path, and 0 otherwise. If we instead consider a system of many classical particles described by a probability density,
it is now all the classical paths starting from a point where the probability of finding a particle is non-zero that
contribute. In both cases, one only has to consider paths given by the classical laws of motion.

The probability given by the path integral is exact as long as all paths relating the two states are taken into
account, let them be classical or non-classical. In the simple case of a ball rolling horizontally, one would have to
consider paths were the ball teleports one or several times, to include effects of quantum tunneling. Computing



the propagator for a given system via Feynman’s path integral is in general not a simple task. One of the main
complexity factors is the fact that there often exists an infinite number of paths relating two states. For this
reason, approximation strategies to the path integral have been developed. Omne of such approximations was
obtained by Martin C. Gutzwiller in the late 1960s [12], about fifteen years after Feynman had submitted his
doctoral thesis. This approximate propagator, known as the van Vleck-Gutzwiller propagator, is computed from
classical trajectories only, but still takes into account the quantum interference phenomenon'. It is at the root
of many practical applications of the path integral. In particular, the van Vleck-Gutzwiller propagator is a very
interesting tool to study quantum chaos [13], a lively field of modern research in quantum physics. We can also
cite Gutzwiller’s trace formula which expresses the energy spectrum of a single-particle quantum system using its
periodic trajectories. The extension of semiclassical techniques to many-body systems is still a work in progress [13].
Among successful generalizations, we can mention the application of Gutzwiller’s trace formula to many-bosons
systems [14].

A useful tool when considering the propagator of a many-body system is the coherent state representation [15].
Coherent states are the most classical quantum states, in the sense that they minimize the uncertainty of physical
observables inherent to quantum mechanics. They describe, for instance, the state of a laser beam. They have been
used several times in the literature to obtain the propagator of a many-body system [13-16]. Although referred to
as "the most classical states", they can be used to express any quantum state of the system [17], and are thus very
general. However, coherent states for fermions require the introduction of anti-commuting numbers and this makes
the fermionic coherent states nonphysical. If used, these anti-commuting numbers need to be eliminated one way
or another in order to obtain quantities that are physical. Because of that, other representations are sometimes
used for fermions [18, 19].

The goal of this master thesis is to express the dynamics of many interacting fermions on a lattice via a purely
bosonic propagator. In order to do so, we first need to involve bosons, and so we relate the fermionic system to
a system where the fermions interact with each other by boson exchange. Such systems are called mixed systems
since they contains both bosons and fermions. Both fermions and bosons will be described by coherent states.
Similar case have already been treated in the literature. In particular, the spin-boson model describes a field
with a non-zero spin interacting with a bosonic reservoir [20]. The propagator of a generic fermionic system has
also been treated semiclassically without the use of a bosonic field [18, 19|, but in a representation other than
the coherent state representation. Once the relation between the fermionic system and the mixed system has
been established, we attempt to eliminate the fermions from the propagator of the mixed system, resulting in a
propagator that contains only bosonic degrees of freedom and the initial and final fermionic state. The motivation
for this goal is twofold. On the one hand, it is a way of dealing with the anti-commuting numbers relative to
fermionic coherent states. On the other hand, many results have already been obtained for bosonic many-body
systems [16]. Semiclassical treatments of many-fermions systems however are less documented. Re-expressing the
dynamics of the fermions through the bosons mediating their interaction could then be a gateway to a semiclassical
theory for fermions, benefiting from the existing literature on semiclassical bosonic theories. The present work aims
to add to the existing literature by investigating a way to express generic interacting fermionic systems in coherent
state representation through the dynamics of a bosonic field, working towards a general method for expressing the
dynamics of the fermions through bosonic degrees of freedom. A semiclassical approximation could then be applied
on the resulting bosonic propagator.

The first chapter of this work reviews the general framework of many-body systems of indistinguishable par-
ticles. In particular, the concepts of creation/annihilation operators, Fock space and (anti-)symmetrized states
are exposed. The last part of chapter 1 is dedicated to the exposition of the system under consideration, namely
fermions on a lattice interacting via bosons. In the second chapter, we briefly remind the reader of the fundamentals
of Lagrangian mechanics before discussing Feynman’s path integral and its link to the Hamiltonian formulation
of quantum mechanics. Chapter 3 then introduces mathematically the concept of coherent states, some of their
properties along with useful formulae in the context of coherent state path integrals. An introductory example of
such a path integral for a simple mixed system is then presented. Chapter 4 begins with the detailed exposition
of the proposed method for re-expressing the dynamics of the fermionic system using bosons. It then continues
with the first step of this method, which is to compute the elimination of the bosonic degrees of freedom from the
mixed propagator to obtain a fermionic propagator. We then verify that this elimination yields the dynamics of the
interacting fermionic system we wish to describe. In chapter 5, we carry out the elimination of the fermionic degrees
of freedom and discuss prospects for application of semiclassical approximations to the resulting propagator.

11t does not, however, recover quantum tunneling effect.



Chapter 1

Theoretical Description of Many-body
Systems

This chapter reviews the theoretical description of many-body quantum systems. The N-particle Hilbert space
is constructed and states that are symmetrized appropriately for describing systems with indistinguishable particles
are introduced. The Fock space is then presented and constructed using those states. In this context, operators
that modify the number of particles in a state, the creation and annihilation operators are introduced. These
operators allow for a convenient representation of many-body operators, and this representation is exposed. The
last part of this chapter describes the system of interest of this work, using the concept of product states. The
Hamiltonian representing the system is written out in second quantization form, and such form will be used for
operators in upcoming chapters.

1.1 Many-Body Hilbert space, Fock space and second quantization

N-Particles Hilbert Space

Let H; denote the space of square-integrable functions, i.e. the Hilbert space containing the single-particle
wave functions. We can describe N indistinguishable particles by N single-particle wave functions. The Hilbert
space of the N-particle wave functions is given by

HN=H1®@ - @H; (1.1.1)

If the set {|¢o) ,[d1), ...} = {|Pr)}1en is an orthonormal basis of the single-particle Hilbert space H;, then a basis
of Hy is given by
By = {[0k,Oks = Phin ) iy hnen (1.1.2)

Here, |¢g, Pk, - - Pry) is a shorthand for |¢r,) ® -+ ® |k, ), the tensor product of N single-particle basis states
which represents a N-particles state. Note that nothing a priori forbids two labels k; and k; from having the same
value if the system contains only bosonic particles. These N-particles basis states are orthogonal to each other:

(Phs B -+~ Pony | Oy Drty =+~ Doty ) = Okoyt Obegt, * ** Ok, (1.1.3)

One-body operators acting in H are constructed by considering their action in H; on each particle of the system.
Formally, if the action of the operator A expressed in the single-particle basis {|¢x)}, oy of H1 is given by

A= " (orl Alow) [or) (onrl = Y Awwr |61) (D1 (1.1.4)

k,k'€EN k,k'EN
then the action of its extension to the N-particle state is defined as follows:
Al by Gin) = Alp1) @ - @ [on) +[61) @ Alda) @+ ® |pn) + -+ (1.1.5)

where A |¢y) is obtained by replacing A with (1.1.4). The general expression of A extended to the N-particle
Hilbert space Hy, denoted A, is given by

N
A=D"N  D Skky Ok ke Akak, Ok ke Ok [0k Dk - Dk ) (Bry By - B | (1.1.6)

n=1kyk\eN  kn,kiy€N



CHAPTER 1. THEORETICAL DESCRIPTION OF MANY-BODY SYSTEMS

Similar extensions can be done for two, three, and n-body operators with n > 3. Representing generic operators in
‘Hy is however quite cumbersome. We also note that the states in Hy are restricted to a fixed number of particles
N, which is not appropriate to describe a system where particles can be created or destroyed. This concern will
be addressed shortly. Moreover, the way we represented wave functions of Hy is not very suited for the case of
indistinguishable particles, since each particle has a label represented by its position in the vector |¢x, Dk, =« Pip )-
The state of the system then contains information about which particle is in which state, and this information is
irrelevant. Indeed, the particles are indistinguishable, meaning that it makes no physical sense to know the state
of a specific particle. The only sensible question is how many particles there is in each state, without arbitrarily
labelling the particles. Such concerns are addressed by considering only a specific kind of N-body states, namely
states that are totally symmetric or anti-symmetric.

Symmetrized and anti-symmetrized states

In order to define states that make physical sense for systems of indistinguishable particles, namely symmetrized
and anti-symmetrized states, we must first state for which transformation they are symmetrical or anti-symmetrical.
This transformation is given by the transposition operator. It acts in Hy by permuting the states' of two compo-
nents of the global state vector |dr, Pr, « - - Prp ):

f[ij by ) = | By ) (1.1.7)
A state |¥1) of Hy is said to be totally symmetric if for all pairs of 4,j € {1,..., N}, we have
iy [04) = ) (1.18)
Conversely, a state |U_) is said to be totally anti-symmetric if for all pairs of 7,57 € {1,..., N}, i # j, we have
iy [0_) = — W) (1.19)

The Hilbert space of symmetric (resp. anti-symmetric) N-particles states is naturally denoted HY, (resp. Hy)-
An important assumption in the description of many-body quantum systems is the symmetrization postulate. It
postulates that many-body systems with indistinguishable particles are always described by a symmetrized state
in the bosonic case, and by an anti-symmetrized states in the fermionic case. The requirement for states of N
indistinguishable particles to belong either to ”H]J(, or to Hy can be understood intuitively by considering the
following reasoning: since the particles are indistinguishable, it should not matter which particle is in which state.
Therefore, permuting particles should have no impact on probabilities and physical observables. In particular, let
|®) be the state of the system and |¥) be another possible state. If the system has a probability P = | (¥ | ®) |? of
being measured in state |¥), then two permuting particles should leave this probability unchanged. Quantitatively,
this means that we must have

|<\If|¢>>\2=‘<\1/(ﬁij q>>’2 Vi,je{1,...,N} (1.1.10)

The only two options that preserve this equality are IT;; |®) = |®) and II;; |®) = — |®) for all 4,5 € {1,...,N}.
This reasoning makes no assumption on the particular state the system is in, and thus each possible state of the
system must be either symmetrized or anti-symmetrized.

The process of constructing those states is straightforward but will only be touched briefly as the introduction
of (anti-)symmetrized states mainly serve the purpose of constructing the Fock space in a following section. The
interested reader will find more details about the symmetrization postulate and symmetrized states in any standard
many-body quantum mechanics textbook, e.g. in [17]. Taking the simple case of N = 2, let {|¢x, dr,) } k1 koen be
a basis of the two-particle Hilbert space Hs. The basis

By = {|ok, Ora) 4 by <hoen (1.1.11)

is a basis of the space of symmetrized (bosonic) states 7—[; The condition on ki, ko prevents B;' from containing
the same states twice. The basis states have the following simple expression:

|Bky Dhn) . = Cits iy (198, Bha) + | Phr 1)) (1.1.12)

It is easy to verify that such states are indeed symmetric by permutation of the two particles. The prefactor C;‘l’ ko

equals 1/4/2 if ki is not equal to ks, meaning that the two states in the two-body state are different, and 1/2

11t is worth emphasizing that only labels are exchanged. There are no changes in the state of the system if we do not take into
account which particle is considered as the first, the second, etc.

10



1.1. MANY-BODY HILBERT SPACE, FOCK SPACE AND SECOND QUANTIZATION

if they are the same. Symmetric states defined in that way are normalized if the 2-particles states |¢g, ¢dr,) are
normalized, which we assume. We now turn to the case of fermions. A basis of the anti-symmetrized two-particle
space H, is given by

2_ = {‘¢k1¢k2>—}k1<kzeN (1113)

where 1
|¢/€1¢k2>7 = ﬁ (‘¢k1¢k2> - |¢k2¢7€1>) (1'1'14)
Again it is easy to verify that such a state is normalized and is antisymmetric by exchange of the two particles. Note
that fermions differ from bosons in that & is restricted to values strictly less than ko. This is easily understood by
considering the state
1
—= (19rPk) — |rPK)) =0 1.1.15
75 (1926) — 614)) (11.15)
Thus, anti-symmetrized states are zero if they contain any state more than once. This observation is of great
importance as it implements the Pauli exclusion principle, stating that the same state cannot be occupied by two
fermions. The exclusion principle is fundamental in the stability of matter and many other observed phenomena.
It is therefore welcome that this principle is recovered by our description of many-body systems.
Symmetrized and anti-symmetrized states are generalized to N > 2 using all permutations of the N particles:

|ppdr)_ =

1 T
a0t = =y 2 B Oy k) (1.1.16)
where Sy denotes the set of all permutations of numbers {1,..., N}, and (—1)" is a shorthand for the sign of the

permutation 7. The product in the prefactor is responsible for implementing the normalization in the case where
some states appear multiple times, generalizing what was discussed for N = 2. The number nj represents the
number of occurrences of ¢, in {@g,, ..., ok, | and is called the occupation number of state |¢y). We of course have
> ken Mk = N. Occupation numbers allow for a more sensible representation of (anti-)symmetrized N-body states,
namely the occupation number representation. For instance, let a state [¢r, ¢x, - - - @y ), be the symmetrized state
containing one particle in state |@, ), one particle in state |¢y,) etc. It can then be written as

|Gy Phy *+ Dron ) = [RORA g ) (1.1.17)
For instance, the two-particles symmetrized state |¢o¢2), would be represented as |1,0,1,0,...), in occupation
number representation. Using the notation |---)_ for anti-symmetrized states, the symmetrization postulate is

implemented in occupation number representation by requiring
ﬂij |7’L()TL1 Mg - '>:|: == \nonl Mgt .>:i: (1118)

for any 4, j # i. In the case of fermionic states, the occupation number cannot take any value other than 0 or 1.
This is a direct consequence of the generalization of (1.1.15) to numbers of particles greater than 2. We mention
that states considered in further developments will either belong to ’H?{, or Hy, since states that are not totally
symmetric or anti-symmetric are not relevant for describing systems of many indistinguishable particles such as
the system we are interested in.

The Fock Space

When considering a particle number that can vary, it cannot suffice to consider only one Hilbert space Hr
containing N-particles states. Instead, Hilbert spaces with all possible number of particles must be considered. A
realization of this concept is the Fock Space, constructed as the direct sum of n-particles Hilbert spaces for all
values of n:

F=H10Ho @ - &My @ = Hn (1.1.19)
neN
The Fock space contains the basis states of each #H,, as given in (1.1.2), for all number of particles n. As previously
stated, state vectors that are either symmetrized or anti-symmetrized are the only relevant vectors to describe
systems of N indistinguishable particles. Thus, we are only interested in Fock spaces restricted to such states:

F =P (1.1.20)
neN

for bosons, and

F =P, (1.1.21)

neN

11



CHAPTER 1. THEORETICAL DESCRIPTION OF MANY-BODY SYSTEMS

for fermions. Inheriting the notation for symmetrized and anti-symmetrized states, fermionic Fock states will be
denoted |---)_, and bosonic states |---), when a distinction is required. Because it is constructed as a direct sum,
a basis of the Fock space is given by the union of the basis of each n-particles Hilbert space. Any Fock state |f)
can thus be expanded as a sum over all number of particles of those basis states:

o]
|f>i = Z Bk17---1kn |¢k1 "'¢kn>i (1122)
n=0"ki,....kn
Equivalently, a generic Fock state can be expanded in occupation number representation as:
(oo}
e= D Cupmr In0 - nie ) (1.1.23)
MQOyeeesMyenn

Creation and annihilation operators

Working in a space where particle number can vary allows for the introduction of operators that add or remove
particles from the system. Such operators are called creation and annihilation operators respectively. As will
be seen shortly, these operators behave quite differently for fermions and bosons. This difference has led to the

introduction of a convention to distinguish between the two. The symbol BL (resp. éL) will denote the creation

operator for a bosonic (resp. fermionic) particle in the state |¢x), and by (resp. é) will denote the annihilation
operator for a bosonic (resp. fermionic) particle in the same state. In the case where no knowledge on the particle’s
family is required, creation and annihilation operators will be denoted &Z and ay respectively.

The first difference between bosonic and fermionic creation and annihilation operators is that the former satisfy
to a commutation relation, while the latter satisfy to an anti-commutation relation. We have, for bosons:

[b, b),/] = bibl, — bl bx = Sxas (1.1.24)

[bL, b)) = [br, bi] = 0, (1.1.25)
and for fermions,

{én, 0L} = &l + &l ey = S (1.1.26)

{ehoél} = {en e} =0 (1.1.27)

The action of bosonic creation and annihilation operators on a bosonic Fock state are defined in the following way:
BL |n0n1...nk...>+ — ‘/nk+1|n0n1...nk +1..>+
b [nony - mg o) = /g [nony - ong —1--0) (1.1.28)

Their fermionic counterpart is

(—1)*vVI —7g |nomy - +1---)_
(=1)%V/ng Inony - --ng —1---) _, (1.1.29)

CITC Inony -« -np---)_

6k |n0n1 ...nk...>_

with s = Zi:ol ng. For details on these formulae, see e.g. [17]. The action of these operators is defined in such a
way as to simplify the writing of operators in second quantization. Note that some of the coefficients that appear
after the action of a creation/annihilation operator have a fairly instinctive form. First, applying the annihilation
operator with label k on a state containing no particle in the state |¢;) should yield a null vector, and the coefficient
/T, deals precisely with this case. Second, the coefficient /1 —ny, in equation (1.1.29) is 0 when a fermion in
state |¢) already exists, taking care of implementing the Pauli principle.

Operators in second quantization
Recall, as mentioned in (1.1.4), that an arbitrary one-body operator has the following development in #;:
A= A o) (dn] (1.1.30)
kK’

Because of how we defined creation and annihilation operators, it can be shown [17] that we can write it in second
quantization as:

A=Y Apwalar (1.1.31)
Kk’
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1.2. MIXED MANY-BODY SYSTEM WITH MULTIPLE SITES

where A now belongs to the Fock space F. Operators written in this way have a very simple interpretation: the
action of the operator &L&k on a state is to destroy a particle in state |¢g/) and create a particle in state |¢g). The
operator A is obtained by taking each pair of one-particles states labels, k and &’ and coupling the corresponding
states, i.e. allowing for a transition between them, with a coupling constant Agg . Two-body operators can be
considered in a similar fashion. Let B be a two-body operator acting in the space Hs. As previously stated, a
basis of this space is given by the tensor products states |¢g, dx, ). Expressed in this basis, the two-body operator
B takes the form

B= " Biykakiky [0k 0ns) (D1 biy] (1.1.32)

AN
In second quantization, it can be shown that we have

L1
_ At At oA oA
B=5 Y Brukairyl, i, i i (1.1.33)

k1 ko k! kY,

A notion that occasionally allows for simplification is the notion of a diagonalized operator. A one body operator
is said to be diagonal in a given basis {|¢x)},cy if it can be expressed in this basis as

0 =Y (¢x|Olow)|6r) (dn|

keN

= Ok low) (ol (1.1.34)

keN

The physical interpretation of such operator is the following: assuming that the basis states are orthogonal to each
other, the action of O cannot cause transitions between basis states. It acts on each basis state by multiplying it
by a constant Oy. In second quantization, a diagonalized operator reads

0 =>" Ol (1.1.35)
k

Using the relations (1.1.28) and (1.1.29), we observe that the operator a}aj simply counts the amount of particles

in state |¢). In the bosonic case, for example, we find:

bibe [nony - mk -+ ) = /g bl [ngny - mg — 1),

=ny [nony - ng ) (1.1.36)

We thus give it the the name of number operator for state |¢y), and denote it 7. Using the number operator, we
can write a diagonalized one-body operator in Fock space as:

0 =" Oy (1.1.37)
k

and it appears clearly that it acts on Fock states in the same way as it acts on the single-body state |¢;) but as
many times as there is particles in state |¢r) in the Fock state. Operators up to N-body can be constructed as
well, but the present work will not consider more than two-body interactions, and the corresponding operators.

1.2 Mixed many-body system with multiple sites

The aim of this work is to re-express the dynamics of a system of interacting fermions through the bosons that
mediate interactions. For instance, the dynamics of a system of fermionic ions would be expressed using the photons
that carry the electromagnetic interaction between them. In order to do so, we postulate a mixed system that will
then be compared to the purely fermionic system. The specific system considered in this work is a periodic lattice
of potential wells, also referred to as sites, containing fermionic particles, as shown in figure 1.1. The particles
can interact with each other by boson exchange. For trapped fermions, an experimental realization of this type of
system is given in [21], with ultracold fermionic atoms trapped in lattices formed of interfering laser beams, called
optical lattices . The particles trapped in the lattice can experience a one-body interaction with the potential and
a particle-particle interaction. The latter is modeled by a two-body interaction. Higher order interactions might
occur but are expected to be significantly less likely than two-body interactions, and are thus neglected. Note that
taking those interactions into account only adds to the computational complexity of the proposed method, and do
not a priori bring any fundamental complication.
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CHAPTER 1. THEORETICAL DESCRIPTION OF MANY-BODY SYSTEMS

Figure 1.1: Schematic view of the system of interest. Fermionic particles, e.g. °Li, are trapped in a 2-dimensional
lattice of potential wells. Particles interact with the potential as well as with other particles. Reference: Jpagett,
2020. CC BY-SA 4.0

In order to simplify the description of the system, we make the approximation that the fermionic particles are
well localized inside the sites, which is a common approach in the treatment of atoms on a lattice. One can more
formally think about this step as expanding the state of the fermions in Wannier functions [8], which are a set of
orthogonal and maximally localized functions particularly suited for describing particles in periodic potential wells.
This allows for eliminating every spatial degree of freedom from the system except for a discrete index corresponding
to the site containing the particle. We also make the assumption that only one energy level is available for the
fermions. The state of a fermion is then described by the ket |k, o) with k the site index of the fermion and o its
spin state. To each site is associated a state |iy) representing the fermions in this site. Those states are for now
generic Fock states. A representation more suited to our needs will be introduced in chapter 3.

What matters at the time being is to understand how the multiple sites of the system are handled. They are
implemented using what is called product states. Product states are in some way an analog to the process of
constructing the N-particle Hilbert space H from the single-particle space H;. The product state representing
the system is the tensor product of each state representing individual sites. If the state of site 1 is |¢)1), the state
of site 2 is |¢9) etc, then a system with L sites is represented by the product state

) =[¢1) ® - @ |¢L) (1.2.1)

As already stated, only one energy level is considered for the fermions, and thus the only degree of freedom
considered aside from the site is the spin of the fermion. Creation and annihilation operators acting only on a
specific site are introduced in the following way: the annihilation operator associated with site k and spin o, for
example, is denoted ¢, . It is defined as a tensor product of fermionic identity operators 17 everywhere except at
the k' place where the annihilation operator for a fermion in spin state |o) is inserted:

tho=1p® - ®é@lre- olp (1.2.2)

Defined in this way, the operator ¢, only acts on the kth site and leaves the others unchanged. The same
construction is done for creation operators.

Now that the fermionic part of the system has been considered, we are left with the bosonic part. The bosons
considered are not restricted to specific sites, and thus there is no requirement for a product state approach. A
single state ¢ will represent the bosonic field. The total state of the system is simply the tensor product of the
fermionic product state |1)) and the state of the bosonic field |¢):

) = [¥) @ |9) = |[v) (1.2.3)

We now move on to writing the Hamiltonian describing our system. The form taken by this Hamiltonian will
be quite generic. It is similar to other lattice-many body models such as the Bose-Hubbard model [22]| or the
Fermi-Bose-Hubbard model [9, 21] but with two main differences. First, our Hamiltonian will need to belong to a
mixed boson-fermion Hilbert space. Second, two-body interactions are in our case replaced by an interaction term
between the fermions and the bosonic field. Let L/2 be the number of sites available in the lattice. The one-body
fermionic Hamiltonian can be written in the following diagonalized form:

L2

Hp =YY" Epkot}ytho (1.2.4)

k=1o="1]
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1.2. MIXED MANY-BODY SYSTEM WITH MULTIPLE SITES

with Er e, the energy associated to a fermion in site & with spin 0. Following [16], we simplify the notation by
introducing an index y for each pair of indices ko. Since two spin states are available for each of the L /2 sites, the
indices p can take L different values and the Hamiltonian Hp is written in the shorter form

L
Hp =) Ep.élé, (1.2.5)
pn=1

In this way, spin states are treated as generalized sites. Figure 1.2 illustrates how such sites can be defined from
spin states.

"Up" spins

o
WWiW

"Down" spins

Figure 1.2: A way of converting the spin state of the particles into a degree of freedom analog to the site index.
The spin is taken into account in the coupling constant between this new set of sites containing "spin up" and
"spin down" sites. Adapted from T. Engl, 2015 [16].

Since Hp belongs to the fermionic Fock space, it needs to be extended to the total (mixed) Hilbert space. The
corresponding Hamiltonian in the total Hilbert space is Hp®15 with 15 the bosonic identity operator. It will often
be written as H 7, by abusive notation. Assuming that there exist N distinct bosonic modes?, the Hamiltonian for
the energy associated to the bosonic modes is written as:

N
5= Epnblb, (1.2.6)
n=1

Notice that Hp is also assumed to be diagonalized. This is only possible because it lives in a different space than
H F, and thus it is possible to find a basis of each space that makes these operators diagonal. Similarly to the case
of H F, the abusive notation H 5 will be used for the total bosonic Hamiltonian 1y ® H B. So far, our Hamiltonian
lacks an interaction between the fermions and the bosonic field, and so the term

R L L N R
nt — Z Z Z ‘u,ynclu‘cl/ + bn) (127)
p=1lrv=1n=1

is introduced to implement them, where p and v are again generalized site indices. This term allows two fermions
to interact: first, a fermion emits a boson n and transitions from state |¢,) to state |¢,). The boson can then be
absorbed by another fermion and cause it to change state as well, effectively representing an interaction between
the two fermions. The coefficients C,,,,, are responsible for 1mplement1ng coupling between different sites, including
spin interactions. Note that unlike the one-body terms Hp and Hp, this interactions term changes the number of
bosons in the system. The number of fermions, on the other hand, remains fixed as assumed.

The total Hamiltonian is simply the sum of each individual term. It reads:

L L L N
1= Epuélé, Z Epnblbn+Y > Y Cunéliéy (b, + bn) (1.2.8)
p=1 p=lv=1n=1

Now that the Hamiltonian describing the system has been established, Feynman’s path integral theory will be
introduced, with the aim to apply it to the Hamiltonian (1.2.8).

2The term "mode" will often be used for the bosons, replacing "state". Although both could be used, the former is preferred, since
the bosonic part of the system of interest is the electromagnetic field.
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Chapter 2

The Path Integral Formalism and
Semiclassical Approximation

In 1942, R. Feynman submitted his doctoral thesis titled "The Principle of Least Action in quantum mechanics".
Following earlier developments by Paul Dirac on a Lagrangian formulation|10]' of quantum mechanics, Feynman
developed a new way of describing the dynamics of a quantum system based on the Lagrangian formalism of
classical mechanics, whereas quantum mechanics had been predominantly based on the Hamiltonian formalism.
Further developing his method eventually led him to formulate the path-integral formalism. This new formalism,
being based on a Lagrangian rather than on an Hamiltonian, notably obeyed the symmetries required to allow for
the unification of quantum mechanics and special relativity. The resulting theory is called Quantum Field Theory
and is still to this day the dominant theory in the study of fundamental quantum processes. Another important
feature of this formulation is that it allows for great insights on the semiclassical limit of a system [16], i.e. the
limit where the action of the system (see section 2.1 for a refresher) is large compared to the fundamental quantum
of action h. Semiclassical approximations are of great interest for studies on quantum chaos [13, 14, 23|. In this
chapter, the Lagrangian formalism of classical mechanics is briefly reviewed. Then, the Principle of Least Action,
which is of fundamental importance in classical mechanics, is stated. The bridge with quantum mechanics and
Feynman’s work is made through the double slit experiment. The path integral formalism is then presented in two
different ways, and applied to the case of a bosonic system. An emphasis is made on the quantum propagator,
which is of great importance for several theoretical developments in the fields of condensed matter physics and
quantum chaos [12, 14, 16, 23, 24]. The chapter ends with a discussion on the classical limit to the path integral,
its relation to the Least Action principle and perspectives on the study of many-body quantum systems using the
path integral formalism.

2.1 Principle of least action in classical mechanics

When searching for the equation of motion of a mechanical system, or in other words the path followed by a
system, the Principle of Least Action seem to underlie many important results in a wide range of areas. It can
be used to derive Newton’s second law of motion, the classical theory of electrodynamics, as well as Einstein’s
equation in general relativity [25], among others.

Let us first clarify the notion of a path. We call "path" the trajectory followed by the system in a given space
as a function of time. For instance, the trajectory of a ball falling free through the air is described by the evolution
in time of its three coordinates x, y and z. We can summarize this problem as the determination of the vector
7(t) = (x,y, z) representing the position of the ball. Another example would be the path of a simple pendulum,
i.e. a mass suspended to a support by a weightless and inextensible string in a plane. In this case, determining
the motion of the pendulum is equivalent to knowing the evolution of the polar coordinate 6(¢) of the pendulum.
Note that one could also think of using two spatial coordinates, named for instance x and y. However, since each
point of the trajectory lies on a circle, there is a redundancy? as one can deduce the value of y from the value of
x. In such cases where two variables are not independent, the formalism presented below requires that only one
variable is kept.

IThe book by L. Brown contains a reproduction of the article by P. Dirac. The original article was published in Physikalische
Zeitschrift der Sowjetunion, Band 3, Heft 1 (1933), pp. 64-72.

2To be more specific, the vertical coordinates is redundant when the angle of the pendulum do not excess 7/2 in any of the two
directions.
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2.1. PRINCIPLE OF LEAST ACTION IN CLASSICAL MECHANICS

Generalized coordinates and the Lagrangian

There is no requirement to restrict the choice of coordinates for the system to spatial coordinates. Instead, it is
only required from the set of coordinates that they be independent of each other, and that they entirely characterize
the state of the system, i.e. that they cover every degree of freedom of the system. Such coordinates are called
generalized coordinates. More formally, we denote by q the generalized coordinates characterizing the system we
are interested into. For instance, the generalized coordinates of the free-falling ball are q(t) = {x(t), y(t), z(¢)}.
Even though in this case, they represent a spatial vector, it is not generally the case, which justifies that the
notation q is favoured over ¢. Note also that the time dependency of the generalized coordinates q is often implicit.
In the discussions that follow, functions f(q(t), q(t),t) will often be shortened to f(q,q,t) for readability concerns.

Using these generalized coordinates and the generalized velocities q(t), where the dot denotes the derivative
with respect to time, one can express the Lagrangian of the system, which is simply given by its kinetic energy T'
minus its potential energy V :

L=T-V (2.1.1)

where £, T and V are functionals: they are functions of time, but also of the generalized coordinates q(t) =
{1 (t),...,qn(t)}, the generalized velocities q(t) = {¢1(t),...,qn(t)}, which are themselves functions. Let us now
show how to use the Lagrangian to determine the path of the system, which in this example will be a free-falling
ball. Assume that the free-falling ball is subjected to gravity only. Denoting the mass of the ball by m and using
z as the vertical axis, the Lagrangian of the falling ball reads

Lyair (9,4,1) = %m (&2(t) + 97 (t) + 2°(t)) — mygz (2.1.2)

The equations of motion of the system can be obtained from its Lagrangian £ using the Euler-Lagrange equations:

d ( 34) _ ok (2.13)
dt \ 9q; 9q;
This equation, central in Lagrangian mechanics, is of great importance in many areas of physics including classical
field theory, optics, and quantum field theory, and is a direct consequence of the Principle of Least Action. A
noteworthy application of Lagrangian mechanics is Noether’s theorem, proven in 1915 by mathematician Emmy
Noether. It states that to each continuous symmetry of a Lagrangian corresponds a conservation law. For instance,
the invariance of the Lagrangian of a system by time translation yields the conservation of the total energy of
the system. This theorem is extensively used in Quantum Field Theory to derive conserved quantities for a given
Lagrangian. Note that Noether’s theorem also extends to symmetries that leave the Lagrangian invariant up to the
time derivative of an arbitrary function, as adding such a term do not modify the equations of motion. However,
this discussion is out of the scope of this introduction.
Back to the dynamics of the free-falling ball, we can find the equation of motion for say, z(t), by applying the
Euler-Lagrange equation (2.1.3). We obtain

d <3£bazl> _ OLpan

dt \ 0z 0z == (2.1.4)

which is exactly the result obtained using Newton’s second law of motion. In the same way, we find & = §j = 0, the
expected result as there is no force acting in the = or y direction for a free-falling ball.

The Principle of Least Action

Before exposing the Principle of Least Action, we must first define the action of a system. Using the Lagrangian
defined above, we define the action of a system by

ty
S:/ L(q,q,t)dt (2.1.5)
t

i

The action takes a value for each path of the system, given by its position q(¢) and velocities q(t) between time
t; and ty. It can thus have different values for different paths. The Principle of Least Action states that the real
trajectory followed by the system, in other words the solution to the equations of motion for the system, is a
stationary point of the action functional. More formally, if q(¢) is a real trajectory of the system, then the quantity

ty
S:/ L£(q,q,t)dt (2.1.6)
ti

Li
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CHAPTER 2. THE PATH INTEGRAL FORMALISM AND SEMICLASSICAL APPROXIMATION

is stationary with respect to small changes in q. This is more often expressed as a variational problem : consider
a path q(t). It is a real trajectory of the system if an infinitesimally small perturbation €(¢) around the trajectory
leaves the action invariant :

ty tr
58 = / 5L(q,q,t) :/ [L@+eq+ét)—L£(q,q,t)] dt=0 (2.1.7)
t; t;
From this equation, the Euler-Lagrange equations can be derived, as well as Newton’s equation of motion and
Hamilton’s equations, which are another important formulation of classical mechanics. In the quantum mechanical
world, this equation can be used in a certain framework to obtain the dynamics of all quantum fields. Those fields
describe the physics of every known particle and all known fundamental interactions except for gravitation. Their
study has yielded theories such as Quantum Electrodynamics, which is often referred to as the "most precisely
tested theory of physics". The generality of this principle is still a mystery today, and it is a very important object
from a philosophical point of view [26]. In any case, it is safe to say that the Least Action Principle is one of the
most important principles of modern physics.

To conclude this section, we mention that there is in fact no requirement for the action to be minimal for the
principle to apply. It suffice for the action to be stationary. The name "Stationary-Action Principle" is thus more
appropriate. However, the name "Principle of Least Action" was used by Feynman in its thesis and subsequent
development of what is called the Path integral formulation of quantum mechanics [11], which is the subject of the
remaining sections of chapter 2. Path integrals have many applications in theoretical physics. The most notable
of them probably being the path-integral formulation of quantum field theory, which is one of the most influential
theories in modern physics and the closest we currently have from a theory of everything. It might, then, be
reasonable to assume that Feynman had a role to play in the use of the slightly misleading appellation of "Least
Action Principle".

2.2 The double slit experiment

The classical Principle of Least Action cannot be applied as it stands to quantum mechanics as will be seen
shortly. It was Dirac’s work, continued and completed by Feynman, that provided an equivalent of the principle
(2.1.7) for quantum mechanics. A famous experiment that highlights the inadequacy of the Least Action Principle
for quantum mechanics is the double slit experiment. We will also come back to this experiment for insights on
the path integral formalism.

The double slit experiment (see figure 2.1 and 2.2) was first performed with visible light. A beam of photons
reaches an opaque screen with two holes in it. Photons pass through either of the two holes and are then stopped by
a screen. Information about where they are stopped is collected. Putting together data for large enough numbers
of photon reveals a periodic succession of areas that collected few photons and areas that collected many. These
results can be explained by the wave-like behaviour of light. The two waves associated with photons passing
through one slit or the other can then interfere constructively or destructively as illustrated in figure 2.1, producing
the observed interference pattern that appear on the detecting screen in figure 2.2.

With the arrival of quantum mechanics, massive particles like electrons or protons were assumed to exhibit
a wave-like behaviour as well. The double slit experiment provided a fairly straightforward way of testing this
assumption and results similar to those obtained with light were indeed observed in 1961 with electrons [27, 28],
thus confirming the relevance of the quantum view of particles. More recent works have extended double-slit
experiments to molecules [29, 30], yielding once again results in accordance with the wave-like behaviour of matter
predicted by quantum mechanics. For electrons, protons, and matter in general, the interference occurs between
the wave functions associated to particles passing by either slit. These wave functions represent the probability
of presence of matter particles at a given point in space. Depending on the phase difference between waves,
this interference can again be destructive or constructive. A destructive interference at a given point means a
low amplitude of the wave function at that point, and thus a low probability of finding particles. Constructive
interference, on the other hand, corresponds to high probability of finding particles. Since even a single particle
is described by a wave-function in quantum mechanics, a particle can interfere with itself. As a consequence, the
same interference pattern should be observed even when particles are fired one by one, a particle being emitted
only after the previous one has hit the screen. This was observed in 1976 [31], again with electrons.

The above discussion has a fundamental consequence on the notion of the path of the system in quantum
mechanics. Let us first consider what the result of the double experiment would be if particles behaved classically.
In that case, particles found at a certain point x either came from the first slit or the second. The probability of
finding a particle at point z is then given by the probability that the particle reached x after going through the
first slit plus the probability that it reached z coming from the second slit. One could measure those probabilities
experimentally by firing the beam with one slit closed and the other opened, and counting the amount of particles
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incoming
light

screen with detecting
two slits screen

Figure 2.1: Diffraction of light by two slits at a fixed time. By virtue of the superposition principle, the wave
amplitude at each point is the sum of the amplitudes of each individual wave. The black lines represent the
wavefronts, i.e. the points in space where the amplitude of the wave is maximal. Constructive interference occur
where the two waves are in phase, i.e. that they are either both maximal or both minimal at that point. Destructive
interference occurs where one wave is minimal when the other is maximal, meaning that the resulting amplitude is
zero. This image belongs to the public domain.
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Figure 2.2: Schematic view of the double slit experiment. In this particular instance, a beam of particles comes
from the left. Classically, particles would go through either of the slits and reach the screen. Quantum mechanically
though, individual particles can have a component of their wave function go through each slit. The components
can interfere constructively or destructively, creating interference patterns on the detecting screen. Reference:
Johannes Kalliauer, 2017. CC BY-SA 4.0.

that have reached z. Then, one could swap which slit is closed and which is opened and repeat the experiment.
The sum of the two probabilities would then yields the correct probability for classical particles to reach point x on
the detecting screen. Quantum mechanically though, it was just mentioned that the wave function describing the
particles produced interference because of the slits, resulting in an interference pattern on the detecting screens.
These results cannot be resembled by an argument similar to the classical case. In other words, we cannot express
the quantum probability of finding a particle at point x as a sum of two independent probabilities. This is shown in
figure 2.3, where the probabilities computed by closing slits in the quantum case are compared to the real probability
distribution observed in experiments. What emerges from this discussion is that the notion of the "path taken by
the particle" makes no sense. Even in the simple case of the double slit experiment, the two possible paths for the
particles interact with each other and can’t be seen as independent. There is thus no "path taken by the particles".
Instead, each path needs to be taken into account in order to obtain the correct probability [11].
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Figure 2.3: Probability P of finding particles at the position x on a 1-dimensional slice of the screen when (a) both
slits are opened, (b)(c) only one slit is opened. The sum of the probability distributions b and c is given in (d). If
the paths associated to taking either slit were independent, curves a and d would be equal. Diagram taken from
Feynman’s textbook on path integrals [11], p.4.

2.3 Feynman’s path integral

In the previous section, it was concluded that the concept of the "path taken by the particle" made no sense,
because paths are not independent from one another and thus cannot be separated into distinct trajectories. As a
consequence, the classical Principle of Least Action cannot be applied. Indeed, even if a trajectory of a quantum
system was to minimize (2.1.6), it would be absurd to call it the "trajectory of the system".

Since the question of the path followed by the system is not a sensible one, we must content ourselves with
describing the evolution of the system using another quantity, namely the amplitude of probability of going from
an initial state |¢;) to a final state |¢f) [11]. Note that in the particular case of the double slit experiment, the
initial state was fixed. We now search for a way of describing this probability using the concept of paths. Recall
that in section 2.2, the interference patterns for the wave function of the particles were associated with a phase
difference between the waves coming from either of the slits. For instance, if the two waves are out of phase from
a factor m at a point, they interfere destructively and the probability to find a particle at that point is zero. This
idea will now be formalized as we summarize the core idea of Feynman’s path integral.

Lagrangian path integral formulation

Starting from the observation that probabilities are related to phase differences, the natural way of computing
probabilities in the simple case of the double slit experiment is the following: given a point in space, sum the
phase factors associated to the two paths "the particle went through the first slit and reached the point" and "the
particle went through the second slit and reached the point". Obtaining the value of the phase factor for a given
path was one of the achievements of Feynman’s thesis [10]. Expressed as a functional of the taken path ¢(t), it has
the expression [11]:

#{u(0)] = € exp (78100 (23.1)

with C a normalization constant that will not be of any importance in the present discussion and that will be
omitted from now on. S[¢(t)] is the action of the path ¢(t) as defined in (2.1.6). The probability amplitude to
find the particle at a point x on the screen, called the propagation amplitude to x, is then given by

with @1 (x), ®P2(x) the phase factors for the path that passes through the first and the second slit respectively. The
probability is then computed as it is standard in quantum mechanics by the square of the amplitude:

P(z) = |K(2)]* = |®1(z) + $2(x)|? (2.3.3)
This expression is notably different from the sum of the individual probabilities |®;(z)|? to reach the point x if slits
other than the i*" were obstructed. If we now consider a system more complex than the double slit experiment,
some additional comments are required. First, the initial state of the system is not restricted to a particle fired
by a source anymore. It must therefore be included in the expression for the amplitude. In general, we write the
propagation amplitude from a state |¢,) to a state |1p) as K (1q, ). Second, there can be any number of paths
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Figure 2.4: Three paths relating the initial state ¢4 at time tg to the final state g3 at time ¢19. Time is discretized,
and the state of the system at each discrete time is represented by a generalized coordinate q. The set of all paths
relating the initial and final states is obtained by considering each combination of one coordinate g; per time t,,.
The path integral thus consider paths with discontinuities corresponding to quantum tunneling effects such as the
green and blue paths, which would not exist in a classical description of the system.

between two arbitrary states of the system, especially when non-classical paths are considered. See for instance
figure 2.4. Third, time is now considered as a variable as well. The general way of writing the amplitude between
two states |1);) at the time ¢; and [¢) at time ¢; is given by:

i
K (g tyvit) = Y 1) =) exp (hS[w)l) (2:34)

PpeP PYeP

with P the set of all paths ¥(t) such that ¥(¢;) = ¢; and ¥(ty) = ¢¢. It might not be obvious that this last
expression generalizes the classical Principle of Least Action (2.1.7), but it will be shown in section 2.4 that it is
indeed the case.

The complexity of evaluating this expression lies both in the fact that there can be infinitely many paths relating
the two states considered, and in finding ways of expressing every such paths. One way was developed by Feynman
in order to make the computation of (2.3.4) more practical [10, 11]. If the state of the system can be described by
a set of generalized coordinates q, then the set of paths relating the two states can be constructed by discretizing
the time interval [t;,tf] into M time steps to,t1,...,tar with tg =¢; and tp = ty. All the possible paths are then
characterized by letting the state of the system at each time ¢; take any possible value q(t;) = q; as shown in
figure 2.4. If q is a continuous parameter as in most real cases, the process of summing over every discretized path
amounts to computing an integral over all values of q for each time step, giving the path integral its name. This
idea of discretizing space and time to represent paths will be used in more detail in the discussion that follow,
where the path integral from the Hamiltonian formalism is presented.

Hamiltonian path integral formulation

We shall now introduce the propagator starting from the Hamiltonian formalism. We do so for two main
reasons. First, this new formulation makes use of the Schrédinger equation, which the reader is probably familiar
with. Obtaining formulae from several ways allows for testing the consistency of our knowledge. The second reason
is simply that we mainly work with Hamiltonians. A proof of the equivalence of the two methods will not be
presented in general, but it will be shown for an illustrative example in section 3.3. See e.g. [17] for a general proof.

We begin by considering a generic quantum system described at time ¢ by a state vector |1(t)), and the operator
that takes the state of the system at time ¢; to the state of the system at time ¢;:

K(tgits) [9(t:)) = (i) (2.3.5)

This operator is called the propagator of the system. The name will be justified shortly, after the general expression
for the propagator has been obtained. The state of the system satisfies to the time-dependent Schrédinger equation

0 A
iho [9(1) = H(t) [¥(t) (2.3.6)
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with H () the Hamiltonian representing the energy of the system. Following [16] we substitute the state K (to, ) [¥(to))
for |¥(t)) in equation (2.3.6). By projecting the equation on (i(t)|, we obtain for K:

9 - L
ihaK(t;to) = H(t)K(t;to) (237)

with the initial value condition .
K(tg;tg) =1 (2.3.8)

The solution to this equation is
t

K(t,to) = Texp (—; H{t) dt’) (2.3.9)
to

with 7' the time ordering operator. The operator T sorts the product of operators right to it in chronological order
such that every operator in the product is evaluated at a time larger than its neighbour to the right. Without
time ordering, the propagator K (t,tp) would contain terms with Hamiltonian operators in the wrong chronological
order, which does not make physical sense. Evaluating time-ordered expressions is not an easy task in general,
although some results such as Wick’s theorem exist to handle them. Fortunately for us however, the system we
are interested in is described by the time-independent Hamiltonian mentioned in equation (1.2.8). The expression
for the propagator between times ¢y and ¢, equation (2.3.9), thus simplifies to

K(t,tg) = exp (—;(t - to)ﬁl> (2.3.10)

Let’s now consider matrix elements of the propagator. Let |¢;) and [1¢) be two possible states for the system. The
probability of measuring the system in state |1;) at time ¢, if it was in state |1 (¢;)) = |¢;) at t; is given by

[ bt ) P = (g | Bt [wte )| = (o | Kt [ 0] = 1 gt 1 (2:3.11)

This object is exactly the same as that described in equations (2.3.3) and (2.3.4) since it also gives the probability
of transition from state [¢;) at time t; to state |1)) at time t;. The two formulations differ by the way they
express the propagation amplitude® K (¢, t¢;1;,t;): equation (2.3.4) for the original Feynman’s formulation and
the matrix elements of the operator defined in equation (2.3.9) for the Hamiltonian formulation.

We now work towards expressing the propagation amplitude as a path integral. First, we use the fact that H
commutes with itself in order to split the exponential into M exponentials. A reader not familiar with the process
of splitting exponentials of commuting quantities other than numbers can consult appendix D where a general
proof for this property is presented. In the case of out propagator, it yields

exp fz(tffti)ﬁl = exp iimﬁ :ﬁexp Nl (2.3.12)
h h h

m=1 m=1

with At = % Physically, it means that for time-independent Hamiltonians, applying the propagator once for a
time t¢ —t; is the same as applying it M times for a time b ]Qt As we are interested in physical quantities such as
probabilities rather than operators, we now consider the propagation amplitude K(¢s,ts;%;,t;). The step we're
about to perform is arguably the most important, as it will shed light on the link between the current development

and the notion of paths. Starting from equation (2.3.12), we have for the propagation amplitude:

ﬁl exp (-;At H) ’¢> (2.3.13)

We then insert a closure relation between each of the M terms of the product. To keep the discussion general, we
consider generic closure relations of the form

[ sl il = 1. (2.3.14)

where 1); is a generic notation for a set of degrees of freedom that entirely characterize the state of the system.
It can include the position of the particles, their energy states, etc. If the degree of freedom is discrete, e.g. in

3Note that the name "propagator" is sometimes used for the propagation amplitude by misuse of language. If a difference has to be
made, the propagator will represent the operator whereas the propagation amplitude will represent matrix elements of this operator.
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the case of a spin, the integral is replaced by a sum over each possible discrete value. In both cases, these closure
relations run over all possible value of the degrees of freedom describing the system. Introducing the convenient

notations |¢;) = [¢)g) and |¢f) = [¢ar), the propagation amplitude reads
oo (L0 1)

/de_l.../dm <¢M exp (—2&1&) ’¢M_1> x <¢1
jjll U d%] ,ﬁl K% P (_;At H) ‘¢m—1>] (2.3.15)

The integral Hn]\f:_ll [ i dwm] is recognized as running over all possible paths between the initial and final states in
the discrete-time configuration space of the system, in a similar way as shown in figure 2.4. In the limit where
M — oo, the time axis becomes continuous and the expression (2.3.15) effectively computes a sum over all possible
paths between the two points |¢g) and |[¢ar).

This result can be illustrated by recalling the double slit experiment. Imagine that instead of an opaque screen
with two slits, an opaque screen with a number N of slits was introduced between the source and the detecting
screen. The probability of detecting a particle at position x on the detecting screen is computed following Feynman’s
idea, by considering a path for each possible slit. Now, imagine that the number of slits on the opaque screen
increases and becomes infinite, in a manner such that the slits form a continuum on the screen. Paths can now
be characterized by a continuous parameter x; and the sum over paths can be done by an integral over x;. This
corresponds to the introduction of a closure relation over the parameter ;. Now suppose that instead of just one
opaque screen with a continuum of slits, several such screens were placed between the source and the detecting
screen. These multiple screens are then seen as multiple closure relations as in (2.3.15). The particles can pass
through any of the slits of the first screen, any of the slits of the second screen, etc. Between each screen, the
particles needs to be propagated. Each passage from a screen to another or from the source to the first screen

K (s, tas o, to)

is represented by a factor (1., |exp (—(z JR)AtH ) |thm—1) called an elementary propagator. In the limit where M
goes to infinity, this infinite product of terms represent the evolution of the free particle in space.

2.4 The semiclassical approximation and stationary-phase approxima-
tion

The aim of this section is to provide the reader with an outlook on the applications of this work’s goal. The
propagator as presented is in many practical cases difficult to compute, and one has to rely on approximations.
Semiclassical approximation are a class of approximations to the propagator that attempt to describe a given
quantum system using only classical quantities, such as classical paths. By expressing a system of many fermions
using only the bosons that carry interactions, one can hope to leverage the many approximations to the propagator
that exist in the literature and that have not yet been generalized to generic many-fermions systems [16]. We
will first attempt to summarize important results of semiclassical approximations to many-body system. The
stationary-phase approximation will then presented. Since this approximation is not yet applied in this work, a
first-time reader may only read the qualitative description and safely skip the mathematical developments. This
semiclassical approximation is the key ingredient for deriving the van Vleck-Gutzwiller propagator from Feynman’s
path integral, and has a wide range of applications [13, 14, 16, 18|, making it a promising tool in the pursuit of
this work’s goal.

Brief summary of semiclassical results

An early derivation of an approximation to the quantum-mechanical amplitude using only a classical trajectory
was written by J. H. van Vleck back in 1928 [32]. The resulting formula already included an exponential factor
containing the classical action divided by the quantum of action £, as in (2.3.4), allowing for discussions when the
action was significantly greater than h. This case will be referred to as the semiclassical limit and will be discussed
in the context of the stationary phase approximation. The next commonly recognized milestone in semiclassical
approximations to the propagator was set more than forty years later by M. C. Gutzwiller in a series of four papers
[12, 33-35], based on Feynman’s path integral which had since appeared. The result obtained was similar to van
Vleck’s formula, and was in fact recognized as a refinement to the latter (by Gutzwiller among others [36]). It is
therefore called the van Vleck-Gutzwiller propagator and is written down below. We also mention that van Vleck’s
formula can be used as a starting point to derive Gutzwiller’s [24]. The main addition made by Gutzwiller to van
Vleck’s formula is to take into account several classical trajectories instead of just one, allowing for effects such as
interference between trajectories that are necessary for an accurate description of some quantum phenomena.
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CHAPTER 2. THE PATH INTEGRAL FORMALISM AND SEMICLASSICAL APPROXIMATION

We would now like to write down the van Vleck-Gutzwiller propagator, because of its fundamental importance
for many other results [23, 24, 36, 37] but also because it represents an example of the stationary phase approxima-
tion to be discussed shortly. Neither a proof nor a detailed discussion of its application will be presented here. We
redirect the interested reader to the textbook written by Gutzwiller himself [36]. For a single particle in position
representation, the van Vleck-Gutzwiller propagator in d spatial dimensions reads [13]

K(rp tpirt) =Y

reP

1 28,
(2imh)¥/? \| | Or;0ry

exp (;S - z;rz/> (2.4.1)

with S, the action for path r as defined in (2.1.6) and P the set of classical paths defined on [t;, ¢f] such that
r(t;) =r; and r(t;) = ry. The indices v, are an addition from Gutzwiller to the van Vleck propagator [12], and are
referred to as Maslov indices [13]. Here, we will simply say that these indices take into account some topological
characteristic of the paths r(t).

This result however was derived for single-particle dynamics. Additional work had to be done to extend it to
the many-body domain and this area of research is still relatively new. It is nonetheless a very rich field as can be
seen from the review article by K. Richter [13]. In this review, the many-body van Vleck-Gutzwiller propagator
is obtained in the case of bosons. Examples of its application such as the study of coherent backscattering [38] or
the spectral properties of many-body systems [14] are also presented. The fermionic case is less well covered from
a literature point of view. Worth mentioning is the example of spin-chains, which are systems of many interacting
spins. Such systems have immediate applications in quantum information. One of the few theoretical tools available
for studying them was obtained in [39] using the Truncated Wigner Approach, an approach that can be in most
cases obtained from the many-body van Vleck-Gutzwiller propagator [13]. As was stated in the introduction, the
more abundant body of literature available in the bosonic case provides an important motivation for re-expressing
a fermionic propagator in terms of bosonic degrees of freedom.

An interested reader who would have consulted the provided references for this section would immediately
notice that the term "quantum chaos" appears a lot. Aside from the fact that many-body systems are intrinsically
chaotic, this can be explained by the fact that the van Vleck-Gutzwiller propagator allows for computing the
dynamics of integrable and chaotic systems regardless [13] and is thus a very useful tool for studying quantum
chaos. It was in fact successfully applied to many single-particle chaotic systems, a list of which can be found in
[16] or in F. Hakee’s textbook on quantum chaos [23]. The link between the semiclassical approximation to the
propagator and quantum chaos, along with the abundant literature on the latter provides yet another motivation
for the development of semiclassical approaches to many-body fermionic systems.

Stationary phase approximation

The van Vleck-Gutzwiller propagator is essentially obtained from Feynman’s path integral formulation of the
propagator by assuming that the action of the system is much larger than the fundamental action quantum #.
As a consequence, only a subset of all possible paths will contribute significantly to the phase, which allows for
more practical computations. Looking back at (2.3.4), we see that for actions that are large as compared to %, the
argument of the exponential in the phase of a given path ¢ (t) of the system,

B{0(0)] = exp (1000 ) (242)

is then very large, causing very fast oscillation of the imaginary exponential for small variations in the path. The
probability amplitude contributions of neighbouring paths are then very unlikely to interfere in a constructive way
since they have very different phase contributions. Therefore, large contributions to the probability amplitude are
only expected from regions where changes in paths make only little change to the action, with a maximum effect
where the action S is stationary with respect to small changes in paths. As the action gets larger and larger, large
oscillations will occur for smaller and smaller variations, to the point where paths leaving the action stationary are
the only one left to contribute. Paths that leave the action stationary are immediately recognized as the classical
paths introduced in the context of the classical Principle of Least Action in section 2.1. One can then hope to
compute the dynamics of a quantum system with an action large enough using only classical paths. The resulting
approximation is thus a semiclassical one according to our definition.

The limit where the action becomes large as compared to & is called the semiclassical limit as it corresponds to
systems that move further and further away from the quantum domain (e.g. with large masses, number of particles,
times etc). We note that because the paths to be considered in this case are the classical ones, the phase-integral
(2.3.4) in the classical limit recovers the classical Principle of Least Action. As a result, this principle is sometimes
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Figure 2.5: (a) Oscillating exponential for s(z) = 22 and A = 1 (b) The value of the integral I(z) = [*__exp (iXs(z))
for A =1 and (c) I(x) for A = 10. We see that the bigger the A, the less values of x other than x = 0 contribute
to the integral. Note that these examples are far several orders of magnitude smaller than what is expected from
values of the action in the classical limit. They are thus only illustrative.

referred to as "quantum Principle of Least Action" even though considerations on minimizing the action are not
part of it aside from the classical limit.

The computation of quantities such as (2.3.4) in the case of very fast oscillation of the imaginary exponentials
can be done using what is called the stationary phase approximation. Since this approximation will only be
used qualitatively in future discussions, the mathematical considerations presented below may be skipped without
affecting the reader’s understanding of upcoming calculations. It is however a fundamental approximation in the
context of our goal, and a brief overview of the mathematical aspects of it is presented below. For a comprehensive
treatment, see e.g. [17] or [36]. Suppose that we have to evaluate an integral of the form

“+o0
1 :/ dz f(x) exp (iAs(x)) (2.4.3)

— 00

When A is large as compared to 1, the imaginary exponential oscillates very fast for small variations of s(z). In
that case, the only significant contributions to the integral come from regions where s is stationary with respect to
x. This is illustrated in figure 2.5. In order to compute an integral of this form, denote by x; the set of stationary
points of the function s(x). Around those points, the function s(z) does not vary to first order. The integral can
then be approximated as a sum of contributions, with one term for each stationary point:

- x§>> (2.4.4)

Tite 1 9%s(x)

dz f(z;)exp (i)\ (3(%‘) TS o2

(2.4.5)

9%s(x)

becomes the determinant of the Hessian matrix

In the case of a multivariate function s(x), the quantity ‘ 522

( 8% s(x)

9702 > . This determinant is the one that occur in the van Vleck-Gutzwiller propagator (2.4.1).
K2 J ,L' s

Results involving stationary phase approximations are common in the description of many-body systems as
discussed in the summary of semiclassical results presented in the beginning of the current section. In partic-
ular, semiclassical approximations to bosonic systems have received considerable attention [13, 14, 38, 40]. By
re-expressing a fermionic system as a set of bosonic degrees of freedom, one could hope to exploit established
results in new situations. Working towards this goal, the next chapter sees the introduction of the coherent state
representation for states of Fock space. Using this representation, the next chapter will describe the path-integral
theory of a mixed system, which will then be applied to the system under consideration in chapters 4 and 5.
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Chapter 3

Path Integral in Terms of Coherent States

When considering the path integral theory of a many-body system, two options are usually considered for
representing the state of the system. The first one is the position |r) and momentum |p) representation of quantum
mechanics. The second representation for many-body path integrals, commonly used in the context of many-body
systems, is the coherent-state representation [9, 14, 16]. Coherent states are Fock states constructed in a way
such that they are right eigenstates of the annihilation operator. They are thus a natural choice for dealing with
Hamiltonians and operators expressed in second quantization. They can be obtained both for bosons and fermions.
They form an (overcomplete) basis of the Fock space, meaning that any Fock state can be expanded in terms
of coherent states. Bosonic coherent states also have interesting properties that have led to them being called
the "most classical" quantum states [41]. This chapter introduces the concept of coherent states for bosons and
derive their general form in terms of Fock states. In order to obtain coherent states for fermions, a special kind
of number is then introduced. Those numbers are called Grassmann numbers and have the property of being
anti-commutative. Other properties of Grassmann numbers as well as those of functions of Grassmann numbers
are derived. Fermionic coherent states are then constructed. The chapter is concluded with the formulation of the
coherent state path integral and its illustrative application to a very simple case of a mixed system.

3.1 Bosonic coherent states

Driven by the fact that our Hamiltonians are expressed in second quantization, we wish to construct right
eigenstates of the annihilation operator in Fock space. Operators expressed in second quantization then act on
such states in a trivial way. in this section we expose the details of their construction in the bosonic case. As it
turns out, such states are particularly appropriate to describe certain type of bosonic many-body systems such as
photons in a laser beam [42, 43]. They can also be used to express any symmetrized state of the Fock space, as
will be seen when we will discuss closure relations over coherent states. It is worth emphasising that we wish the
coherent states to be eigenstates of all annihilation operators {aj}r. We search for those eigenstates among the
symmetrized Fock states introduced in chapter 1. A Fock states containing only one particle number, for instance
the three-particles state |1,2,0,...), is manifestly not eigenstate of all annihilation operators. Indeed, the action
of ag on this state gives the state |0,2,0,...) which is not a multiple of the initial state. We can however consider
a superposition of Fock states spanning all particle numbers, as will be done below.

Let’s first quickly note that unlike bosonic annihilation operators, bosonic creation operators cannot have such
eigenstates in general. Indeed, consider a Fock state in occupation number notation as written in (1.1.23):

‘f>+ = Z Cnonk |n0nk>+ (311)

(LI PERRPYL7 P

where the Cy,. . n,,. are simply complex coefficients. This vector necessarily has a component with a minimal
number of particles: either it has a non-zero coeflicient in front of a vector containing 0 particles, or it has all zero
coefficient up to a certain number of particles. Let n denote the number of particles corresponding to that minimal
component. The action of any creation operator will raise n by one, and thus the resulting vector cannot be a
multiple of the initial one. This means that the eigenvalue equation

bLIF) . = M lf)s (3.1.2)

cannot be satisfied for all bosonic creation operator. And thus, the equivalent of coherent states does not exist for
bosonic creation operators.
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There is nothing that forbids a bosonic Fock state containing states with all particle numbers from being
eigenvectors of the annihilation operators in general. By action of an annihilation operator labeled k on a state,
each N-particle component becomes either a N — 1-particles state or a null vector depending on if it contained
more than 0 particle in state |¢g). But as the sum runs from 0 to infinity, the N + 1-particles component can
replace the N-particles component if the coefficients Cy,...p, ... are chosen in the right way.

Coefficients of the expansion of a bosonic coherent state in Fock space

As a convention, we assume that a state denoted by «, 8 or v will always be a bosonic coherent state. If the
reader was to forgot these conventions, they can be found again in appendix A. In order to find the general form
of the coefficients in (3.1.1) for bosonic coherent states, we express the eigenvalue equation for bosonic coherent
states:

brla) =afla), k=0,1,... (3.1.3)

with |a) a bosonic coherent state and a* a complex number. Note that the upper index on o* is a label relating it

to an annihilation operator, not to be confused with powers of eigenvalues which will be denoted using parenthesis.
This convention and other conventions that could cause confusion are summarized, again in appendix A. We
will now calculate the value of each coefficient Cy,, .., ..., using the eigenvalue equation as a condition. Plugging
expression (3.1.1) in the bosonic eigenvalue equation (3.1.3), we find

o0 o]
Z Crp.omp. br [nony -+ -y, - --) = aF Z Chg..mp... MM - g -+ +)

Qe Mg yeee L TTETN (e
[eS) [e%S)
= Z Cng.,.nk...\/nk |n0n1"'nk - ]-> :ak Z Cnonk ‘nOnl nk> (314)
Qe Mg yeee Qe My

where equation (1.1.28) has been used in passing from the first line to the second line. The orthogonality of Fock
states implies that the coefficient in front of each component must match in order for the equality to be satisfied,
and thus

Cno.“nk...\/ ng = akcngmnk—l... (315)
This equation can be used as a recursive formula to compute the coefficients in front of each component of a
bosonic coherent state. Following [17], we arbitrarily set to 1 the coefficient in front of the 0-particle component,
[0---0---) =|0). We have:
Co...o... =1
Cl,O,...O... = aOCO...O... (316)
Chyo,..0..vVn=0aCr_q 0,

Combining the three equations above, we find:

Cho,.0. = (3.1.7)

Applying the same reasoning to every k, we finally obtain
(a0)n0 (al)”l (ak)nk

It is now possible to find a very condensed notation for coherent states. Starting from the O-particle state |0), every
Fock state can be obtained by the application of the appropriate creation operators. Applying the same reasoning
used to obtain the coefficients Cp ;... .n,..., We have, with equation (1.1.28):

(3.1.8)

bl 10y = |1,0---0---
3310) = ) 510)
b5|n—1,0--~0--~>:\/ﬁ|n,0--~0--~>
meaning that
(by)"
7,0---0---) = ~20) (3.1.10)

Applying this idea to all k yields

Ing,my -+ mp ) = ) (3.1.11)
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Combining results (3.1.8) and (3.1.11), we can write our eigenstate of the bosonic annihilation operators as

e i (aoz;g) (au;;) m(aka,g) "

no! nl! ?’Lk'
MO yeeey Mk yens
o (o)™ [ (i)
(S ) (S e
no Nk
= exp (aol;j)) -+ exp (a%i) |0) (3.1.12)

Noting that two bosonic creation operators always commute, we can merge the exponentials, and we finally have

|a) = exp (Z a%L) |0) (3.1.13)
k

Recall that the only property we required of coherent state was that they be eigenstates of the annihilation operator.
We found that to any set of eigenvalues {ak } .+ there corresponds a vector |a) made of a combination of Fock states

such that |a) is an eigenvector of each bosonic annihilation operator by, with the eigenvalue oF.

Properties of bosonic coherent states

It is worthwhile to review some of the basic properties of bosonic coherent states. First, they are trivially left

eigenstates of the creation operator b;i with eigenvalue a**:

b, o) = o |)
= (z%k |a>)T = (0" |a))"
& (albl = (o] a** (3.1.14)

We can also compute the overlap of two coherent states. Let |3) be another bosonic coherent state:

o0

B)= 3 Clhy o Inhomh) (3.1.15)

’ !
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Using the orthogonality of Fock states (1.1.3) and the expression of the coefficient of the coherent state expansion
in Fock states (3.1.8), the overlap of two bosonic coherent states can be computed:

o0
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Separating the sums and recognizing the power series of the exponential, we obtain

(@] B) = exp <Z a*’“ﬁk) (3.1.17)
k

(3.1.16)

MO yeeesN gy

Bosonic closure relation

Coherent states form a complete set of the Fock space, meaning that any state of Fock space can be expanded
in terms of coherent states. A way to prove this fact is by showing that a closure relation over the Fock space
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can be expressed out of coherent states. However, the proof requires mathematical background that will not be
useful outside of this specific case. Furthermore, the emphasis of the present work is on coherent states, and Fock
states are merely used as a step for defining the former. The closure relation will thus only be proven in the case
of coherent states. A general proof can be found, e.g. in [17]. The closure relation reads

11 U:O /Z Welam} @) (el =1 (3.1.18)

However, we will often write it as

H[/da;:ja el ]Ia>< | =1, (3.1.19)

k

keeping in mind that its rigorous definition of the measure and limits for the integration are given by (3.1.18). A way
to prove this relation is to verify that the left hand side is indeed equivalent to the identity operator when inserted
between two arbitrary coherent states. We thus proceed accordingly. Let |8), |y) be two arbitrary coherent states,
and B, v the eigenvalues associated to the corresponding state for the operator bi. Let of be the eigenvalues
associated to the vector |a) for the operator br. We have

O[] “Ge ™ et
H{/da Fdat a’“l]exp<25*k k)exp(ZOé 7)
_ H V da*"da’ a’w?] exp <Z (50" + amﬂ) (3.1.20)

k

Note that the exponentials coming from closure relations will always be written in the e form in order to easily
distinguish them from other exponentials. This integral is quite easy to compute by hand. However, this type of
integral is quite frequent when it comes to path-integral in coherent state representation, and a formula has been
developed. It is presented and proven in appendix B.1. It reads as follows:

N

/ﬁ 900" 0] ey (3 0™ 4 epa | = g exp [ 3 22 (3.1.21)
Sir S\ ) T e T\ & e h
n=1 n=1 "

n=1 n=1 n

Putting ap = 1, by, = Bk, ¢ = B, for each k, we have

H {/ da;’;cfozke_laﬂz] exp (Z [8*ak + a**qt] ) HeXp (B%~%) = exp <Zﬂ*k k) By (3.1.22)

k k

We thus have shown that coherent states form a complete basis with respect to coherent states. Incidentally,
assuming that this statement is true for the whole Fock space (for a proof, see e.g. [17]). More precisely, they form
an overcomplete set over Fock space. This is because the overlap between two different coherent states is given by
(3.1.17) and is thus never 0. meaning that two coherent states cannot be orthogonal.

In a more physical sense, bosonic coherent states correspond to what can be called the "most classical" many-
body states. This designation is justified by the fact that they exhibit the minimal amount of uncertainty on
the position and momentum of the particles that they describe [41], which can be thought of as minimizing the
quantum behaviour of the system. In a quantum field framework, the coherent states are those that minimize
the quantum fluctuation of the field [43], making them in some sense the quantum states of the field that are the
closest from a classical field. An example of coherent state in everyday life is given by the state of photons in the
beam of a laser.

3.2 Fermionic coherent states

We can also construct right eigenstates of the fermionic annihilation operator, in the same way as what was
developed for bosonic coherent states. Although their properties are rather similar, there are some slight differences
between bosonic and fermionic coherent states. The first one is that unlike bosonic creation operators, fermionic
creation operators can have right eigenstates. This is a consequence of the fact that the occupation number for
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CHAPTER 3. PATH INTEGRAL IN TERMS OF COHERENT STATES

any fermionic state is either 0 or 1. Because of this property, there is a symmetry between a fermion in a state and
the absence of a fermion in a state (referred to as a hole). If |) is a right eigenstate of the fermionic annihilation
operator, than the ket |€) obtained by replacing every fermion with a hole and every hole with a fermion in |¢) is a
right eigenstate of the fermionic creation operator. Note that this previous property was mentioned for the sake of
completeness. Right eigenstates of the fermionic creation operator will not be considered here, and we will content
ourselves with right eigenstates of the annihilation operator.

The second difference between the bosonic and the fermionic case, which has more consequences in the context
of this work, lies in the nature of the eigenvalues associated to fermionic coherent states. Start from the eigenvalue

equation for fermionic coherent states:
& [€) = €~ 1¢) (32.1)

with |€) a fermionic coherent state. Using the anti-commutation property (1.1.27), we find for the eigenvalues:

CrCrr [§) = —Crréx [§)

& eheR |g) = —£F ek |g) (3.2.2)

This means that the eigenvalues of fermionic coherent states are not simply complex numbers, but rather anti-
commuting numbers. Such numbers are called Grassmann numbers. Their properties will be discussed in more
details shortly. These properties will then be used to show how fermionic coherent states replicate properties of the
bosonic ones. It must be said that because of the requirement to extend the Fock space beyond complex numbers,
fermionic coherent states do not represent physical states. For instance, some physical observables, e.g. the average
number of particles, do not make sense for a fermionic coherent state [17]. Instead, fermionic coherent state will
be seen as a mathematical tool that embodies the inherent anti-symmetry of fermions. A more comprehensive
treatment of fermionic coherent states can be found e.g. in [44]. The reason why they are still useful is because
like the bosonic coherent states, they can be used to express any fermionic Fock state, which are physical. This is
shown by the existence of a fermionic coherent state closure relation over Fock space, which will be discussed after
Grassmann numbers have been introduced.

Generalities on Grassmann algebras

Formally, a Grassmann algebra is defined by a set of generators {2}, that anti-commute:
2pz1 = —212k,  Vk, (3.2.3)

In particular, we have
22=0 (3.2.4)

Aside from anti-commutativity, Grassmann generators act like ordinary numbers. The product of Grassmann
generators has the usual distributivity property with respect to the sum:

zi(ze +21) = zj26 + 252 (3.2.5)

and both operations are associative.
We also mention that a Grassmann algebra can be complex, meaning that each Grassmann generator has an
associated complex conjugate defined by

(28)" = 2
(z8)" = zi (3.2.6)

The set of generators is then {2, 2 },. The complex conjugates of a generator is a distinct generator, and we still
have:

ZRah = — 252k (3.2.7)

A complex algebra is mandatory in order to replicate the bosonic coherent states properties, and from now on
Grassmann algebras will be assumed to be complex. We will now review some properties Grassmann algebras and
their generators.
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Properties of Grassmann generators

Let {zx, 2}, be a set of Grassmann generators. A basis of the Grassmann algebra is given by all the distinct
products that can be made from the generators. For example, consider only one generator z and its complex
conjugate, a basis of the corresponding algebra is {1, z,2*, 2z*}. Any linear combination (with ordinary numbers
as coefficient) of these generators is a Grassmann number. Two Grassmann numbers do not anti-commute in
general, but neither do they commute: let a = ag + a1z and b = by + b12* be two linear combinations of the four
generators {1, z, z*, zz*}. We have

ab = (ag + a12)(by + b12™)
= aobo + aoblz* + alboz + alblzz*
= agby + agb12™ + a1bgz + a1b12* 2 + 2a1b1 22"
= (bo + b12")(ag + a12) + 2a1b1 22" # +ba (3.2.8)
However, if we restrict ourselves to linear combinations of individual Grassmann generators (excluding independent

terms and pairs of Grassmann generators), the anti-commutativity property can be recovered: let ¢ = ¢1z + ¢o2*,
d=djz + doz*. We have:

cd = (12 4+ c22")(d1z + doz™) = c1dazz™ + cad1 2”2 = —de (3.2.9)

These two properties generalize to a set with more that one generator z and its conjugate. It is also useful to
notice that pairs of Grassmann generators commute with any combination of generators. Consider a product of
Grassmann generators Z = z, - - 2;,. For any 4, j, we have:

ZiZjZ = (—1)lZiZZj = (—1)2lZZiZj = ZZZ‘Z]‘ (3210)

If any of the two 4, j is in {k1, ..., k; }, then both sides of the equation are 0 and the commutativity property is still
satisfied. This result is easily generalized from pairs to terms containing any even power of Grassmann generators.
A corollary of this result is that any function of Grassmann pairs commute with any expression containing

Grassmann generators:
a(ziz;) 2 = Za(zzj), (3.2.11)

for Z = 2y, - - - 2z, . This can be shown easily by writing out the power series of the considered function and applying
the result above to each term of the series.

Functions of Grassmann generators

Consider a generic function a(z). Its power series reads:

a”(O)
2!

a(z) = a(0) +a’(0)z + 224 (3.2.12)
However, equation (3.2.4) implies that z? and higher powers of z are actually 0, meaning that a(z) has the simple
expression in z:

a(z) = a(0) + a’(0)z (3.2.13)

which will be more conveniently written as
a(z) = ap + a1z (3.2.14)
The application of this reasoning to an exponential function of Grassmann generators is very straightforward and
yields:
52
ezzl—l—z—i-?—k---:l—l—z (3.2.15)
If we instead consider a product of Grassmann generators, we find

(Zl"'zk)2

ez1~~2k:1+zl...zk+ 5

b (3.2.16)

The quantity (z; - - - 2;)? is still found to be 0 by permuting, say, the z; variable & — 1 times to obtain

(12 = (<D )t =0 (3.2.17)
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by (3.2.4). Thus, the power series of the exponential of a product of Grassmann generators still stops at order 1:
eF1 e — 1 421 2 (3218)

In the context of path integrals, many expressions involve exponentials of Grassmann generators. We expose below
the general formulae that allow to treat such exponentials. First, consider an exponential of pairs of Grassmann
generators. As shown in (3.2.10), pairs of Grassmann generators commute with other such pairs. They also
commute with sums of pairs since they commute with each term of the sum individually. We thus have

exp (Z Ckzsz> = H exp(Crzpzk) = H(l + Crzizk) (3.2.19)
k k

k

for any sets of Grassmann generators {zj }x and {z }x and any complex number Cj. The reader who is not familiar
with exponentials of commuting quantities can consult appendix D for a refresher. Another recurrent expression in
upcoming chapters is the exponential of a double sum of Grassmann pairs. In the case where there is no constant
in front of the pair, the following equation is verified:

exp Z zz | =1+ Z FT%7) (3.2.20)
k,l k.l

This can be shown by re-expressing the sum in the exponential:

e (20) (524)

As mentioned in (3.2.9), a sum of Grassmann generators exhibits the same properties as a generator. Thus, we
can write this sum as zy for z = (3, z;) and y = (3>, z1) two Grassmann numbers that follow equation (3.2.9).
We thus have

exp Z zrz | =exp(zy) =142y (3.2.22)
el

where the development of an exponential of a product of Grassmann generators (3.2.18) was used. This proves
equation (3.2.20). Note however that this result do not apply if coefficients depending on both k and [ are assigned
to each member of the sum.

Integration over Grassmann generators

As will be seen in chapter 2, in order to compute the evolution operator of a system using the path-integral
formalism, one needs to be able to integrate over Grassmann generators. Integration over Grassmann generators
can be defined with the two following properties:

We draw the attention of the reader to the fact that the first property applies to any expression that is a constant
with respect to the integrated generator. These properties also imply that

/dzk Z]/C = 5kk’; (3224)

which is used extensively when computing Grassmann integrals.

It should be noted that Grassmann integration has no analogous with the Riemann sum or other definitions of
integration over fields like R or C [17]. The differential dzj, is a mere notation and does not represent a Grassmann
generator nor a Grassmann number. In particular, it does not make sense to write
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Instead, [ dzy is seen only as an operator defined by the properties (3.2.23). Putting these definitions to work,
we now compute the equivalent of a scalar product for Grassmann integrals. This development can be seen as a
motivation for the way Grassmann integrals are defined, and as an example of the application of these definitions.
The results themselves will not be of particular use in the upcoming chapters, and thus the reader is free to skip to
the construction of fermionic coherent states. Let f(z*), g(z*) be two functions expressed in the form of (3.2.14).
Writing their scalar product in bra-ket notation, we have

)= [a [aze g @) (3.2.26)

with z, z* two Grassmann generators. The exponential factor will soon be identified as the normalization factor
for the closure relation on Grassmann generators, but for now we simply acknowledge it. Substituting in the power
series (3.2.14) for the functions and (3.2.18) for the exponential, we obtain

| f) = / dz* / dz(1— 22)(g5 + 912)(fo + 12")
- / dz* / dz (g fo + ge oz + ghfoz + ghefre” — 2205 fo)
= /dz*/dz (97zf12" — 2" zg5 fo) (3.2.27)

The second equality is obtained by identifying terms with duplicate Grassmann variables and setting them to 0 by
virtue of (3.2.4). The third equality makes use of equation (3.2.23) to eliminate terms that do not contain both z
and z*, since such terms will run into the case [ dz1 which is 0.

It is now necessary to proceed with caution. In the definition of the integral, the operator f dz is applied to
z directly from the left in order to yield 1. We thus need to bring z in front of the second term, multiplying it
by a factor -1. As a reminder, the f;’s and g;’s are simply complex number and commute with both complex and
Grassmann variables. Doing the required commutation, the last line reads

/d'z* /dz (22"g1 1 + 22790 fo) = /dz*(z*gffl +2°90./0)) = 91./1 + g0 fo (3.2.28)

which indeed resemble the usual scalar product of the Hilbert space of complex-valued functions. In fact, it can be
shown that the space of Grassmann variable-valued functions has the structure of a Hilbert space [17], which is a
required property for spaces describing quantum systems. These properties will now be applied to fermionic states
defined by the eigenvalue equation (3.2.1). It will be shown that they exhibit most of the properties of bosonic
coherent states.

Construction of fermionic coherent states

Complementing the convention for bosonic coherent states, we assume that a state denoted by (, x or & will
always be a fermionic coherent state. At the beginning of this section, section 3.2, it was shown that the eigenvalues
of a fermionic annihilation operator must be anti-commuting numbers rather than complex numbers. An algebra
of anti-commuting numbers, called a Grassmann algebra, was then introduced. The link between such numbers
and coherent states is done as follows: a Grassmann generator £* is associated with each annihilation operator
¢ as its eigenvalue for the fermionic coherent state |£), and the conjugate Grassmann generator £** is associated
with the corresponding creation operator éz Again, the use of an upper index indicates that these variables are
eigenvalues associated to coherent states and is not to be confused with powers of the eigenvalues. We verify that
such eigenvalues are indeed in accordance with the fermionic anti-commutation relation (1.1.27):

Enln |€) = €€ [¢) = —€FeR |€) = —epen |€) (3.2.29)

In order to replicate the properties of bosonic coherent states, we must also impose an anti-commutation relation
between Grassmann generators and creation/annihilation operators [17]:

{fkv 6]6’} = {g*k’ ék’} =0 Vk7 K’
(b el y={e* el Yy =0 Vi K (3.2.30)

We repeat the fact that associating Grassmann numbers to operators in Fock space requires to expand the
coefficient space to include Grassmann numbers. Consequently, the fermionic coherent states are no longer physical
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states, which raises concerns about the relevance of their introduction. However, it will be seen that these states
form an overcomplete set over the fermionic Fock space, meaning that any fermionic Fock state can be expressed
by a combination of fermionic coherent states.

We will now construct states in a way analogous to the bosonic state and show that they are indeed eigenstates
of the annihilation operators. Mirroring equation (3.1.13), we write a state as:

|§) = exp (Z éLf’“) 0}, (3.2.31)

k

with {¢¥}, the set of Grassmann generators associated with the annihilation operators {¢,}y. Using the anti-
commutation rule (3.2.30), we notice that all the quantities éL{k, éj{l, ... actually commute with each other.
Indeed, fermionic creation operators associated with different k’s anti-commute, and thus

clerele = (—1ytefeteleh = efetel et (3.2.32)

This result will prove very useful later in this section, where simplifying functions containing pairs of Grassmann
variables is required.

Knowing that the quantities é,t{k commute with each other, we are left with the exponential of a sum of
commmuting variables, and we can decompose it as in (3.2.19) as a product of exponentials. We can then make
use of the property of exponentials of Grassmann variables, equation (3.2.18), to develop the exponentials into first
order polynomials in &*:

|@=am<2kkﬂh»thm(iﬁww=110+q&)m (3.2.33)
k k k

We can now verify that it satisfies to the eigenvalue equation by computing the quantity ¢ |£). We have:
ele) = e I (1+ L) 10)
k/
I1 [(1 + 62,5"")] & (1 + éLf"’) 10)

k'#k

11 [(1 + 52/51“/)} (ék + @kélé’“) 10) (3.2.34)

k' #k

where the commutation relation (3.2.32) was used to bring the factor relative to k at the end of the product. The
quantity (¢ + ékékk |0) can be further analyzed using the anti-commutation relations (1.1.26). Combined with
the fact that ¢ |0) = 0, they yield:

(& +enele™) 10) = (1= elene” o)
= ¢ (1—¢fe) [0)
=£"0)

= ¢ (1+ ") [0) (3.2.35)

In order to find the last equality, we freely add a 6;25’“ term as its product with &* gives 0. Inserting this result
back and using again commutation relation (3.2.32), we finally obtain

acle) =TT (1+he”) & (1+efe") 10) = €4 1g) (3.2.36)
z

A formula similar to (3.1.17) is also recovered by this definition of fermionic coherent states. First, taking the
hermitian conjugate of equation (3.2.33), We have:

€l =] +¢*e) (3.2.37)
k
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The overlap of fermionic coherent states is also analogous to the bosonic case, equation (3.1.17). Remembering
that ¢, [0) = 0 and (0| ¢, = 0, we can compute

(€lx) = (0| H (14 &%) (1+ efx™) [0)
= (0] H 1+ &%e, + el x* + eFéel x7) |0)
0|H (1+ € erefxt) [0)
= 0|H (1 + exe™*xbel) [0)

H( +§*k k)

k

= exp (Z &k y k) (3.2.38)

where the fact that ¢) [0) = [0---1---) and the normalization of Fock states were used in obtaining the 5" equality.
The last fermionic equivalent of bosonic results we are interested in is the analog to the closure relation (3.1.19).
We will show that the following expression:

1;[ {/dﬁ*’“/df’“ e‘f*kﬂ 1) (€] (3.2.39)

is indeed a closure relation over the Fock space restricted to coherent states. Again, it can be shown that the same
expression is a closure relation over the whole fermionic Fock space, but this property won’t be used for upcoming
developments. For a proof of the closure over the whole Fock space, see e.g. [17].

Our proof will make use of several of the most important results developed in this section, and will thus
constitute a good summary of properties of fermionic coherent states. To prove that the expression above is a
closure relation, it suffice to show that

el [ [+ [ a ef”f’“] €613 = (<) (3.2.40)

for two arbitrary coherent states |() and |y). First, we apply the formula (3.2.38) for the overlap of coherent states:

¢l [ [ [ et eﬁ“’fk] €) (€1 = [ [ e [agreee }exp (Zc*’“f )exp (ZS*"’ ’“) (3.2.41)

We then make use of the property (3.2.19) for exponentials of sums of Grassmann pairs, and of the commutation

relation (3.2.11):
[/ ds*k/dgk —£7k¢ ]exp (Z ceheh )exp (Zg*k k)
1;[ [/ dg*k/dgk e } 1;[ fexp (<)) TT [exp (€%X%)]

k

1;[ [/dﬁ*k/d§k e 6" exp (CFER) exp (€7 x k)] (3.2.42)

Each exponential now contain a single Grassmann product and can be developed according to equation (3.2.18).
Developing the resulting products gives

H l:/df*k/dfk (1 —f*kfk)(l—FC*kfk)(l _|_€*k k :| — H |:/d£*k/d§k (1 _g*kgk +C*k€k _~_£*ka +<*k§k£*kxk)
’ (3.2.43)
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where the terms containing duplicates of the same Grassmann generator have already been eliminated. Applying
the integration rules (3.2.23), each term that do not contain both ¢¥ and ¢** is 0 and we are left with

[T +x*")] =exp (Z x*’“é“’“) = (x|€) (3.2.44)

k k

This proves that fermionic coherent states verify the following closure relation:

IT|[as* [asteee] o= 1 (3245

Two useful formulae

We will conclude this section with two formulae of great use for upcoming computations in chapters 4 and 5.
First-time readers may safely skip those formulae and come back to them later when they are referenced. Note
that an algebraic proof for these formulae has not been obtained yet. Numeric tools developed in the context of
this work were used, and are presented in appendix C. The first formulae states the following. Let A, B be two
square matrices of order L. We have:

L L L L
H[ / de™* / df’“ef*%k} exp [ S AwCe | exp [ SOBretN | = exp | S(AB)cY! (3.2.46)
k k,l k,l k,l

with (AB) representing the usual matrix product between matrices A and B. Note that this result extends to
integrals of the form

L
11 [ / de*® / dek e=€7"¢ } exp (Z Ay CRek >exp ZBklg*k ! (3.2.47)
k=1

by defining the diagonal matrix A = diag(A;, As,...,Ar) and applying formula (3.2.46). The second formula
applies in cases such as those that arise when considering two-body Hamiltonians. Let A, B be two square matrices
of order L, D a diagonal matrix of order L and ¢*, ¢¥ and x* be three Grassmann generators for k € {1,...,L}.
We have

L L
H [/dg*k/dé-k e—f*kfk} exp (Z ch*k£k> exp Z ApBon ety | exp (Zf*k k)
k=1 k=1

k,l,m,n=1

L

= exp (Zch*’“ k) > (DAD)yB,. (¢ X" (3.2.48)

k,l,m,n=1

3.3 Path integral theory by means of coherent states

The path integral will now be applied to a simple case, namely a mixed Hamiltonian with no interaction
between the fermions and the bosons. Despite being of very little practical interest, this case will prove useful
as an introductory example to the use of coherent states in path integrals. Carrying out the calculations will
show techniques that will be used in a very similar manner in upcoming chapters. Furthermore, the propagator
computed in the case where there is no interaction gives the propagator of the free fermionic and bosonic field,
which we should recover in upcoming calculations when considering vanishing interactions. We also introduce in
this section the shorthand notations adopted in this work. These notations can be found at any time in appendix A.
We first write out the path-integral theory for the mixed system in coherent state representation. In order to carry
out the calculation of this propagator, two results have to be mentioned, namely the Baker-Campbell-Hausdorff
formula and the effect of exponentials of creation/annihilation operators on coherent states. The total propagator
is then computed and discussed. In the last part of this section, we show the equivalence of the path integral in
the Hamiltonian formulation and in Feynman’s Lagrangian formulation (2.3.4) which was mentioned in chapter 2,
in the particular case of our non-interacting system. The general proof can be found e.g. in [17].
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Path integral theory of the mixed Hamiltonian

We consider a mixed system with L fermionic states and N bosonic states. Its Hamiltonian expressed in second
quantization reads

L N
H=> Epuéléy+> Epnblb, =Hp+ Hp (3.3.1)

pn=1 n=1

with Hg and Hp the fermionic and bosonic parts of the Hamiltonian H respectively. Since we work with operators
in second quantization, the coherent state representation described in sections 3.1 and 3.2 is a natural choice to
represent the state of the system. With the results from these sections in mind, we can proceed to the computation
of the path integral.

We begin by mentioning that since we consider no interaction between the fermions and bosons, one expects
the bosonic and fermionic parts of the system to yield distinct propagators. The probability of transition from a
mixed state |{) ® |a) = |Ca) to another mixed state |x) ® |8) = |x8) is then trivially given by the product of the
two independent probabilities of observing the transition from |¢) to |x) and the transition from |«) to |8), which
we will verify using the path integral formalism.

Let |Gas), |Cray) be two states of our mixed system. We wish to compute the probability for the system to be
in state |(fay) at time ty if it was in state |(;oy) at time ¢;. We thus want to compute the probability amplitude
K(Croag,tr; Gy, t;). Following what was done in chapter 2, we start from equation (2.3.15). Replacing the generic
closure relations by the closure relation on both bosonic and fermionic coherent states (3.1.19) yields

M-1 L
da dol, _in . e
K (Curans tars Goaos to) = [ [/H i — e~ lom lz/HdCﬁ@ d¢le o C’"]
m=1 p=1
M
X H |:<Cmam
m=1

exp (—;At H) ’gm_lam_lﬂ (3.3.2)

with At = . Again, the notations |(;a;) = [(oao) and |(ray) = [(aranr) have been used. A way to compute
this propagator is by separating the bosonic and the fermionic part of the Hamiltonian. We first note that even if
the total Hamiltonian H commutes with itself, there is no reason for the terms composing H to commute with each
other in general. Although it is the case here since Hp and Hp belong to different spaces, it will not be the case
in upcoming chapters when we consider interaction Hamiltonians containing both bosons and fermions. In such
cases, the exponential of the total Hamiltonian cannot simply be split into a product of two or more exponentials,
and a more general formula has to be used.

Baker-Campbell-Hausdorff formula

The Baker-Campbell-Hausdorff (BCH) formula gives the relation between the exponential of a sum of two
non-commuting quantities and the product of the exponentials of the two quantities [45]. In our case, it reads:

_ _ . R K 1 o
exp(—%At Hp) exp(—%At Hp) =exp (—;At (HF + HB) - ﬁAtQ {HF,HB} + - ) (3.3.3)

Where '..." denotes terms of higher order in At involving more commutators. If we take the limit M — oo, At
becomes an infinitesimal quantity denoted ¢, and the terms involving commutators can be neglected, yielding the
simple result

exp(—%dt Hp) exp(—%(St Hg) = exp (—;& (ﬁp + ﬁg)) (3.34)

Even though this formula is not required in this simple case, its exposition is motivated by the fact that it will
prove useful later on, when we need to split an Hamiltonian with a mixed term. It is also part of the standard
toolbox of path integrals and is required in many cases, for instance when extending the path integral formulation
to Hamiltonians that are not time-independent. Indeed, such Hamiltonians do not commute with themselves if
they are evaluated at two different times, and the BCH formula is required to obtain the form (2.3.15).

Equipped with the BCH formula, we can begin the calculation of the propagator. Taking the limit for M — oo,
we first compute the elementary propagator <Cmam ‘ exp (—%675 H ) ‘ Cm,lam,1> which represents the amplitude

of propagation from state |a,,—1) to the infinitesimally close state |a,,). In the limit where M goes to infinity, the
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BCH formula (3.3.4) can be applied to split the exponential into two parts, here a bosonic and a fermionic part.

Closure relations can then be inserted, yielding:
exp (—;515 ffp) exp <—;5t H’B) ‘ leam1>

<<mam exp <_;6t ﬁ) ‘leam1> - <Cmam
7 [d8m dss, e~ 18I * —&en,
:/H{ o }/H der* den =6 ] <Cmam exp <—5tHF) ‘§m5m>
X <£mﬁm €xXp <_;5t FIB) ‘leam1> (335)

We now encounter another obstacle calling for the exposition of another (and final) theoretical discussion. Indeed,
although previous sections considered the action of creation and annihilation operators on coherent states, we have
not yet considered the action of exponential of these operators. This action can be easily computed in the limit
where M goes to infinity, as will be seen shortly.

Exponentials of creation and annihilation operators

Recall that coherent states are defined as eigenstates of the annihilation operator and thus, left eigenstates of
the creation operator. The eigenvalues are labeled in the following way:

byla) =a™|a) and &,|¢) = C*|¢) (3.3.6)

In the context of path integrals, one needs to compute the action of the exponential of the Hamiltonian on states,
and so we compute it in coherent states representation. Let |«), |/5) be two bosonic coherent state. Most of these
formulae rely on the fact that the argument of the exponential is infinitesimal, as is the case in the context of
path integrals. We first consider the exponential of the one-body bosonic Hamiltonian H B, which is the same
as the one appearing in the general system under consideration described by the Hamiltonian (1.2.8). Starting
slow, we consider the simple case of a system with a single bosonic mode accessible. Using the power series of the

exponential, we have
. 00 . J
1 43 _ 1 7 fpa
<a exp (—hétEb b) ‘ﬁ> = <a JE:O il <—h5t Eb b) B> (3.3.7)

Since 4t is infinitesimal, the exponential power series stops at order 1 in 6t and we have

<a (11 - %& EETE) ‘/3> - <1 - ;5tEa*5) (@] B)
= exp <—;5t Ea*ﬂ) (a| B) (3.3.8)

We can now make the calculation for N bosonic modes. Denoting by Hp the bosonic part of the Hamiltonian
(3.3.1), we have:

i T
<a exp (—hétHB> ‘6> = <a (1 — ot ;Enb;bn> ‘5>

P
=|1- = E, o
< ot ; nanﬁn> (a| B

. N
= exp (-2& y Ena;ﬁn> (] B)
—exp (;& Hp(a", 5)) (| 8) (3.3.9)

where Hp(a*, ) represents the one-body Hamiltonian where creation operators have been replaced by the corre-
sponding left eigenvalue for |a), and the annihilation operators by the corresponding right eigenvalues for |3). For
the fermionic part of the Hamiltonian, let |¢) and |£) be two fermionic coherent states. We have

. . L
<g exp (—;_L&FIF) ’§> - << exp (—;_L& ZEF,HaLéM> ‘§> (3.3.10)

pu=1
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3.3. PATH INTEGRAL THEORY BY MEANS OF COHERENT STATES

Since the creation and annihilation pairs in the exponential are relative to distinct sites, they commute and we can
use property (3.2.19) to split the exponential into a product of exponentials:

. L
<< exp (—;& ZEFV#6L6”> ‘5> - <g
pn=1

This quantity can easily be computed using the appropriate anti-commutation relations. For L = 2, we have

2 . . .
<g };[1 (1 - ;&EF,“eLéH) |5> = <g’ <1 - ;5tEF,1é}al> <1 - ;&Emé;@) ’§>
= <<’ <1 - %575 EF,1C*1€:1> (1 - %& EF,262§2) ‘§> (3.3.12)

Recalling that creation and annihilation operators relative to distinct states anti-commute by virtue of (1.1.27)
and that Grassmann generators anti-commute with other generators and with each creation/annihilation operator,
we conclude that since they anti-commute twice, the two pairs ¢*'¢; and é;fz commute and we have

<g’ <1 - ;&Emg*lal> (1 - ;LatEF,zéng?) ‘g> = <g’ <1 - ;&Eme;g?) <1 — ;(stEmg*lél) ‘5>
- <g’ (1 - ;&EF,Qg*?g?) <1 - ;L&Emg*lgl) ‘§>

. 2
=P (2‘” > EF,;LC*“£“> (le) (3.3.13)
p=1

L .
11 (1 - %515 Ep,uéLé#) ‘5> (3.3.11)

pn=1

This result is easily generalized for any L by applying the same commutation step until each operator has acted
on an eigenstate. We finally have

(¢

. y L
exp (—;_L&ﬁz«“) ’§> = exp (_;& ZEFaMC*H§u> (€1

p=1

—exp (3o r(c.6)) €8 (33.14)

with Hp(¢*,€) the Hamiltonian Hp where creation and annihilation operators have been replaced with the corre-
sponding left eigenvalues for state |¢) and right eigenvalues for state |£).

Computation of the total propagator

We can at last resume to the computation of the propagator (3.3.2). In order to do so, we first go back to the
elementary propagator (3.3.5) and let each operator act on the vector to its left or right using the properties we

just showed:
7 ~
isth
<<m04m eXp( hét )
N L )
Y [ ] [T faeaeeeiee P
N /E |: 1T ¢ /u—l |:d€m dg'me :| exp _hét HF(Cmvfm)

X exp (_;575 HB(ﬁ'r*n? am—l)) <Cmam | gm6m> <§m6m | Cm—lam—1> (3316)

C7rL—1am—1> (3315)
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CHAPTER 3. PATH INTEGRAL IN TERMS OF COHERENT STATES

We now wish to compute the integrals over 3, and &,,. We begin with the latter. Putting aside the bosonic part
of the elementary propagator, we are left with

L -
#(Grnnor) = [ T [atrahe 0% oxp (=20t Hir (G €0) ) Gl 60) (6 Gn)
p=1
L -
— / H f'u*dflt grm m_ exp < Z Z EFHC*II,§IU,> exp (Z C*/LE/J.) exp (Z g*u )
" Y
= / H d§ “deh =6t €h ] exp (Z 1 - 5tEFM) g £m> exp (Z ek 1) (3.3.17)
N: h :

This integral is easily computed using formula (3 ). Identifying the matrices from the formula, B is the identity
matrix, and A is the matrix

A = diag <1 - %(51& Epq,....1— %61& EF,L> =1- %57: diag(Ep1,...,Epr) (3.3.18)

The integral is thus equal to

I5 (G Gm1) = exp (Z ALGrch, ) = exp (—gatHF<<m,<m ! )exp (Zc*“ ” ) (3.3.19)

p=1

We now turn to the integral on the bosonic variable (3,,. Omitting the fermionic part, we have to compute

N _dﬁn*dﬁn 2— ;
(@ enor) = [ T |55 o (‘h5tHB<ﬂ;,am_1>) (| Bon) (B 1)
n=1 "% i
N —dﬁn*dﬁn 2
— /}_[1 _#e_lﬁm\ | exp (—(5t ZEB nﬂ;n ::L 1) exp (Z a*ngw) exp (Z 6;” :;L 1)
N ¢ N -
dﬁ'gl*dﬁxl 1B 2| 7 *n . n *M QN
= /H -TG m‘ ] exp ngl 1-— ﬁétEB,n Bm m 1 exp Za ﬂ (3320)

This time, the integration variables are complex rather than Grassmannian, and we use formula (3.1.21). Identifying
the coefficients in front of |87 |2, 8% and 37, we find

1
< 6tEBn> o, (3.3.21)
Oé

s
\ |

and thus we have

N .
i
Ip(a),, am—1) = exp ( g (1 - ﬁdt EB,,L> aptan 1)

n=1
= exp (—;&HB(oz?*n,am 1 )exp (Z arar ) (3.3.22)

The elementary propagator (3.3.5) now reads

<<mam

exp (_;& H) ‘ leam1> — exp (—;at (Gl Gnt) + HB<a:fn,am1>])

X exp <Z e ) exp (Z astan ) (3.3.23)
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3.3. PATH INTEGRAL THEORY BY MEANS OF COHERENT STATES

As was already mentioned, the Hamiltonian under consideration represents a system with decoupled bosonic and
fermionic parts, and we expected the transition probabilities relative to the bosonic and fermionic part of the
system to be independent from one another. Writing the whole propagator, we see that indeed,

dayr*day 2
« m Y m —|a i * —CrCh
(CM M;tMaCOaO’tO hm I | [/ | I 57 / I l dC” dC“ ]

M

x H |f3Xp <;L§t [HF(C;qu—l) + HB(a:nvam—l)])

X exp <Z Gt 1) exp (Z artany 1)] (3.3.24)

can be written as two separate propagators. Using the BCH formula (3.3.4) to rearrange the exponentials, we find

M-1 L M L :
. * (B H .l 2 %
K(Caranr, tar; oo, to) = A}lgloo l/ T dciracse=< C’”] 1T [GXP Z me 1 — hétHF(Cm,Cm1)>]
pn=1 m=1 n=1
X / H doim oy, e~loml® ﬁ ex i apton g — iétH (), m—1)
2Z7T 4L p ~ m Ym—1 A B\ Xm—1
=K (CJWatM§COztO)KB(OCM;tM;aO;tO) (3.3.25)

We can thus compute the propagator by computing two propagators separately. Let us begin with the bosonic
propagator. We proceed by recurrence. We have, for the approximation to the propagator with A = 1 (which will
be referred to as the 1°¢ approximation to the propagator):

N .
*n _mn ? *
KEP(ay,t1;00,t0) = exp ( E ool — ﬁét HB(ahao)) (3.3.26)

n=1

where following the usual convention, «; is the final state of the bosonic field and «q its initial state. If we now
consider the case M = 2, we immediately see that it can be written using the 15 approximation to the propagator:

N N
da*day am™|? *n . n * *n M *
K3 (ag, ta; ao, to) = /” [ 1217r Le~led] }GXP<§ Qo oy — 5tHB(042a041)> eXP(E Qo — 5tHB(041a040)>
n=1 n=1

N .
daid n
/H [ e aﬁ} P (Z azay — ;Zi&HB(aé,On)) K7 (st a0, to) (33.27)
n=1

i

Applying this reasoning m — 1 times, we find the recursive formula for the m* approximation to the propagator:

da™*
KB(ama maaOatO /H |: il m L 7|am 12:| exp (Za;? zL 177§tHB( m?am 1)>

n=1

X Ky (@m—1,tm—1; a0, t0) (3.3.28)

and this recurrence formula for K2 will be used shortly. We must first compute our base case, which we choose to
be M = 2. Once again, we rely on formula (3.1.21) to compute the integrals in (3.3.27) and identify the coefficients
in front of |af|?, o™ and af to be:

a, =1

_(_t n
b,, = (1 h§t EB,n) Q (3.3.29)

= (]. — ;5tEB,n) «

where the expression for Hg(a,, a,,—1) has been used. We thus have proven that

N , 2
K3 (a2, ta; g, t) = exp (Z <1 - ;EB,n) a;"%}) (3.3.30)

n=1
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CHAPTER 3. PATH INTEGRAL IN TERMS OF COHERENT STATES

Giving it a little bit of thought, we can convince ourselves that the recurrence pattern is simply

N . m
KB (i, tm; 0, t0) = exp (Z (1 — ;Egn) a*"ag> (3.3.31)

n=1

To show it, we assume that the above formula is valid for m — 1 and compute K2 using (3.3.28):

d n*
KB (o, tm; o, to) /H[ am 1o,y e~ lom- 1|2] exp <Za:r7 m—1— 5tHB( m,ozm—l))

n=1
X exp <; <1 - hEB,n> a;",?_loz8> (3.3.32)
In order to apply formula (3.1.21), we identify
a, =1
7; m—1
by, = (1 — ﬁét EBm) o) (3.3.33)
Cn = < - 6tEB,n> :?

and thus we finally find

N . m
Kﬁ(am,tm;amto) = exp (Z (1 — %(St EB,n) a*”a8> (3.3.34)

n=1

which proves equation (3.3.31). The propagator of the bosonic part of the system is given by K5 o where M goes to
infinity. In that case, using the fact that 0t = tho is infinitesimal, the factor in front of a}}a( is recognized as
the definition of the exponential. Going back to the notation |ay) and |a;) for the initial and final states, we have

N

KB(ag,ty;ai,t;) = exp (Ze BB n(ts—ti) *"a") (3.3.35)

n=1

A similar result can be obtained for the fermionic part of the system using formula (3.2.46) in the particular case
of diagonal matrices. The calculations are somewhat simpler than in the bosonic case since each integral amounts
to the multiplication of two diagonal matrices. The final result is

L
KF(Cf,tf;Ci,ti) = exp (Z G;LEF"‘(tfti)C;#CiM>

p=1

L
= H (1 - e_%ERu(tf_ti)C;“C;") (3.3.36)
p=1

where the last equality follows from the fact that C;“ and (! are Grassmann generators. Those two propagators
correspond to the propagators of the free bosonic and fermionic field respectively. They will occasionally be useful
to check the consistency of results obtained in the context of an interacting system. We indeed expect those results
to yield the free field solution in the limit of vanishing interactions. Now that the reader has been exposed to some
of the computation techniques that will be used in practical examples, we propose to conclude the chapter with a
discussion on the link between the Hamiltonian and Lagrangian formulation of the path integral.

Equivalence between the Hamiltonian and Lagrangian formulation

In order to show that the propagator in (3.3.2) is equivalent to Feynman’s original definition given in (2.3.4),
elementary concepts from Hamiltonian mechanics will be used. Only the bare minimum will be exposed. For a
review, see e.g. [46] or any other textbook on classical mechanics. A reader who has followed the discussion so far
already knows the quantum Hamiltonian operator, representing the energy of the quantum system. The quantum
Hamiltonian of a system is obtained from the classical Hamiltonian by replacing variables such as the position r

42



3.3. PATH INTEGRAL THEORY BY MEANS OF COHERENT STATES

by an operator, r in the case of the position. The classical Hamiltonian is itself obtained from the Lagrangian via
the transformation

H(p,q,t) = pd — L(q,q,1) (3.3.37)
with q the generalized coordinates of the system introduced in the review of Lagrangian mechanics (section 2.1),
and p the generalized momenta associated to q. Those momenta replace the generalized velocities q in the context
of Hamiltonian mechanics. They are defined as

== 3.3.38
P= 34 ( )
For completeness, we mention that the equations of motion for the system are obtained from the Hamiltonian using
o O
=
3.3.39
e (3.3.39)
P="7q

What we need to take away from this short summary is the transformation (3.3.37). Indeed, going from (3.3.2) to an
expression for the propagator similar to (2.3.4) requires the ability to transform the Hamiltonian into a Lagrangian.
We shall see that this transformation allows us to make the transition between the Hamiltonian propagator and
Feynman’s original formulation.

Looking back to the equation for the propagator (3.3.2), we can replace the elementary propagator by the result

obtained in (3.3.5):
ok n |2 = Ty
/ H [do‘ A0 i -l } / Il [actracye <]]
M .
X H |f3Xp <_;15t [HF(C’m)Cm—l) + HB(a:n’am 1 ) €xXp <Z C*# m— 1) exp (Z a*n " >] (3340)
m=1

We first note that in the limit where M goes to infinity, the integrals run over all possible paths for the variables
o™, o™, (" and (*. We therefore use the notation

M—-1

L Ocn* an Cmans
I1 [/ I dacidct, / Hd 2% ] /4 D [a(#), ¢(#) (3.3.41)

m=1 0&o

K (Caroonr, tars Coao, to) hm H

with a(t) being a symbolic notation representing the paths taken by all the variables o*™, o™, and similarly for
¢(t). This notation is the coherent state equivalent to the notation used by Feynman for generalized coordi-
nates in the context of path integrals [11]. The sum of the bosonic and the fermionic Hamiltonians is recognized
as being the total Hamiltonian that we naturally denote H((},, o, Gn_1,@m—1). We then assemble the expo-
nentials from the elementary propagator with those from the closure relations. For m = M, the exponentials
from the closure are missing and we therefore add them artificially, multiplying the overall expression by a factor
N eledel® TTE_ edhr éh. have, for th 1 ial:
[L._.e Huzl ey Sm . We have, for the overall exponential:

M-1 N L M i
H lexp <_ Z a?n|2> €Xp <_ Z :;ft ’rl‘;‘l>‘| H [exp (_h(St H(C:ru arn? Cm—la am—1)>
n=1 p=1

m=1 m=1
L N
X €Xp (Z C:nu<511> €xp <Z a;kr:la?n—l>‘|
=1 n=1
NM M N L
e (3t s (et ) TI fowm (- 30 (ot i) - ot €6~
n=1 pn=1 m=1 n=1 p=1
X exp (—;&H((;L, ay, Cm—1, O‘m—l))‘|
N L
= exp (Z |a}(4|2> exp (Z CM>
n=1 =1
M . ; n o
X 1L [exp <26t ( g *7) ( ) + thg*“ (W) - H( ;7,704:713le7&7711>>>‘|

(3.3.42)
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CHAPTER 3. PATH INTEGRAL IN TERMS OF COHERENT STATES

n__.n y.
In the limit where M goes to infinity, we follow [17] and identify the quantities ;:""*1 and o™ 3 t’” L to derivatives.
The quantity inside the exponential then reads

751% (tham 5

+ hz C*;Lac

cumch _H( ;1701:17le7am1)> (3343)

an=an
The next step will require to accept that viha)' can be seen as the conjugate momentum to vihaj, for all n
(which is shown in appendix D for the interested reader), and that the same is true for ¢¥. The equation above
is then recognized as the transformation (3.3.37), yielding the time-independent Lagrangian of the system at time
step m. Using this transformation and the notation (3.3.41), equation (3.3.40) can then be re-written as

K(Cavranr, tar; Coao, to) = C Cfosz[oz(t (t)] lim H ex zétﬁ ¢ C’ an a”
A M—>oo 1P "ot le=¢,,” ™ Ot lar=ay,
Cray i aC Ha™
=C Dla(t),¢(t)] i — St L Gy — ,ar
Cios e Moo P (hm,z_l (C ot I¢=¢n “m> "oy an—a:z)

(3.3.44)

with C the normalization constant

N L
C =exp (Z |a"M|2> exp (Z C;fg&) (3.3.45)

n=1 pu=1

Note that both this constant and the propagator contain Grassmann variables. As a consequence, this propagator
is not yet physical in the sense that it does not represent a transition probability between physical fermionic states.
In order to make it physical, one would have to eliminate those Grassmann variables one way or another. This
will be discussed in chapters 4 and 5 where the actual calculations begin. For now, we will content ourselves with
showing that we recover Feynman’s initial formulation for the path integral from the Hamiltonian formalism. Using
again the fact that M goes to infinity, the quantity inside of the exponential is recognized as an integral and we
finally have

Crog

K (oo, tars Gooonto) = C | Dla(t), ¢(t)] exp (h / e £ (00,60 a), a<t>)) (3.3.46)

Cicag

which is indeed analogous to the formulation (2.3.4), since the integral runs over all paths relating the states |{oao)
and |[Cpraps). This demonstration can be done for a generic system in coherent state representation provided that
the Hamiltonian is bounded from below [17], i.e. that the action of the Hamiltonian on coherent states do not
produce negative constants that can be arbitrarily large.

Now that useful techniques in the treatment of mixed system path integrals have been exposed, we will tackle
the more practical case of the mixed system presented in section 1.2. The long-term goal is now to eliminate
the fermions from the propagator in order to obtain a purely bosonic propagator on which some semiclassical
techniques can hopefully be applied. Working towards this goal, chapter 4 will be devoted to show that the
postulated mixed system is relevant in the sense that the elimination of bosonic degrees of freedom from it yields
a system of interacting fermions, as we want to describe. The elimination of the fermionic degrees of freedom from
this mixed system will then be performed in chapter 5.
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Chapter 4

From a Mixed to a Fermionic Propagator

With this chapter begin the actual computations towards achieving our goal, which we will repeat here. We
wish to express the dynamics of an interacting fermionic system with the bosons that mediate their interactions
in order to find a semiclassical expression for the propagator of an interacting fermionic system using existing
bosonic results. In this chapter, we compute what is the result of the elimination of the bosons from the mixed
propagator. The path integral formulation of our mixed Hamiltonian is first obtained. Then, the elimination of
bosonic degrees of freedom is carried out over the whole propagator. A last calculation is done to verify that the
obtained propagator corresponds to the dynamics of an interacting fermionic system. We conclude the chapter
with a discussion on the obtained result, and in particular on the treatment of the initial state and final state of
the bosonic field. For the sake of simplicity, a bosonic field with a single mode will be considered in this chapter.

Description of the method

Since this is the first chapter where our method is applied in a concrete way, we find that it is a good time
to explain it in more detail. The core idea of the method is to use the mixed system as an intermediate step
to establish the correspondence between the dynamics of an interacting fermionic system and those of a bosonic
system. In each case, the dynamics of the system are expressed using Feynman’s path integral formalism. As was
seen in the last section of chapter 3, the propagator of the mixed system contains an infinite number of bosonic
and fermionic closure relations: one for each infinitesimal time steps. Using techniques such as recurrence, one can
compute those closure relations, thus eliminating all the degrees of freedom from the propagator except for the
initial and final state. In this way, one can eliminate, for instance, the fermionic degrees of freedom from the mixed
propagator without the use of any approximation or additional integrals. The obtained propagator is thus exact.

The first step of the method is to find the mixed system corresponding to the fermionic system we wish to
describe, which is represented by the mixed Hamiltonian (1.2.8). We thus have to make the hypothesis that
the fermions we study interact with a bosonic field, or else bosons would be independent from the fermions and
would therefore be unable to contain any information about the dynamics of the fermions. An example of fermions
interacting via bosons is given by the case for charged fermionic particles that interact electromagnetically. In order
to verify the correspondence between the mixed system and the fermionic system, we eliminate the bosons from
the mixed propagator and compare it to the purely fermionic propagator of an interacting fermionic system and
check if they contain similar dynamics for the fermions. This is done here, in chapter 4. Once this correspondence
has been established, the next step is to eliminate the fermions from the mixed propagator and study the resulting
bosonic propagator. This is done in chapter 5. The final step, which could be treated in a future work, is to find the
general correspondence between an interacting fermionic system and a bosonic system without having to express
an intermediate mixed system, if such correspondence exist. This is schematically exposed in figure 4.1.

45



CHAPTER 4. FROM A MIXED TO A FERMIONIC PROPAGATOR

Mixed system

A =3, Eruélé, + 3, Esnblb,
+ Z/,u/ Zn CNVné/jrteV(b;g + bn)

9
&
S
He — E- ¢&te Objective —
F Z,Uf F7U/}\LT£JTAA _— HB:?
+ > wop Duwvop€lElE. ¢

Bosonic system
Fermionic system

Figure 4.1: Schematic view of the method proposed in this work to express the dynamics of interacting fermions
through the dynamics of the bosons mediating their interactions. Red arrows correspond to the integration of
degrees of freedom in the propagator. We first need to verify that the proposed mixed Hamiltonian yields the
correct fermionic dynamics when bosonic degrees of freedom are integrated over. We can then go from the fermionic
system to the mixt system and integrate the bosonic degrees of freedom.

4.1 Path-integral formulation

We wish to write the path-integral theory of a system described by the mixed Hamiltonian

L L
H=> Epuéé,+Epblb+ > Cuélé, (b7 +b)
p=1 pv=1
=Hp + Hg + Hipy (4.1.1)

As a reminder, Hp is a purely fermionic term corresponding to the interaction between the fermions and the optical
trap. The Hamiltonian Hg is a purely bosonic term corresponding to the interaction of the bosonic field with the
optical trap. The term H;,, contains the interaction between the fermions and the bosonic field, allowing fermions
to interact with each other via bosons. We now write the propagator K (Cra,tys; (o, ;) between the two states of
the mixed system |(;a;) at time ¢; and |(fay) at time ¢;. We remind the reader that the square of this propagator
gives the probability to find the system in state |(ray) at time ty if it was in state |(;a;) at time ¢;. Using the
Hamiltonian above, the propagator reads:

K(Crag,ty: Gag, ty) = <Cfaf ‘ K(tst;)

- <Cfaf T exp (-;/: ﬁ(t)dt) Ciai>
= <Cfaf exp <—;(tf - ti)ﬁ) Ciai> (4.1.2)

The last equality follows from the fact that the considered Hamiltonian is time-independent. Following the method
exposed in chapter 2 and 3, we divide the time interval [¢;,¢f] in M sub-intervals of width At = (¢; —¢;)/M. Using

the fact that H commutes with itself, we separate the exponential into M time steps to obtain

i of-9)

m=1

Cz'0q>

K((ray,ty; Gag, t;) = <Cf04f CiOé¢> (4.1.3)

Inserting M — 1 fermionic closure relation and using the notation |(ras) — |Carans) and |(au) — [{oao), we finally
obtain the path-integral formulation of the propagator for the mixed Hamiltonian:

M-1T L . M
K(CMaMatM;COQOatO) :<aM|/ H [H dC;“dCﬁle_Cm“Cﬁ@] H |:<Cm
m=1 [Lpu=1

m=1

exp (-2&1@) ‘gm_lﬂ lag)  (4.1.4)
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Unlike the similar development in chapter 3, we did not insert the bosonic closure relations yet. They will instead
be inserted into the elementary propagator <Cm ‘ exp (—%At H ) ‘ Cm,1>, along with other closure relations, which

yields a strictly equivalent result. In the limit where M — oo, At becomes an infinitesimal quantity denoted dt and
we can separate the exponential of the total Hamiltonian into a bosonic, fermionic and mixed exponential using
the BCH formula (3.3.4). Inserting three bosonic and one fermionic closure relations, we have

Cm—1>

<Cm exp (—;515 ﬁ) ‘ Cm_1> = <Cm exp (—;52? ﬁp) exp <—;L5t ﬁB) exp (—;525 ﬁmt>
—/dﬂg’mdﬂg’m / dﬁ;”'ﬁdﬁlm / dﬁim,dﬁl’me*(mg,m\2+|ﬁ2,m|2+m1,m\’~’>

o 2 2w 2w

X /ﬁ [df;{’“dfﬁle_g;%ﬁl] <(m exp (—;& ﬁp) ‘§m>

X <53,m exp <—;5tf{3) ’52,m> <32,m§m exp (—;&ﬁint) Bl,mCm1>
X ‘63,771) <617m| (415)

Let [ d[B3,m,B2,m»B1,m,Em] denote the integrals from the four closure relations. The action of the creation and
annihilation operators in the Hamiltonians yield

<<’rn €xXp <_;6t Ij])

L
Cm_1> B /d[637m752,m761,m7€m] 6_(‘B3*"”‘2+|52vm|2+m1>m‘2) H [6_5:#5%}

=1

X <<m | §m> <B3,m | B2,m> <ﬁ2,m | /Bl,m> <£m | Cm—l) exp

M/ =

_%(% HF (C:;w fm))

) 1
X exXp <_h6t HB (Bg,maﬂlm)) exp <_h6t Hint (g;knaﬁg,mv <7TL711 Bl,m))
X ‘B3,m> <517m| (416)
with the notations

L
Hp (C:;w Em) = Z EF,qunﬂgxz
pn=1
Hp (85 .:B2.m) = EBB3 1 B2,m (4.1.7)

L
Hint (€0, 85 ms Cm—1,B1m) = D Con&t S 1 (B3 + Brm)

mv=1

Before focusing our attention on bosons, we compute the integrals each of the Grassmann generators £;#, &H .
We have

L . .
1= [ I [destdetie 5] (601€0) (6 Gnm)ox0 (=500 Hi G o) ) 50 (=08 Hint (€5 B G ) )
p=1

L L L . L
- / [T [agutdete e ] exp (Z Ci;f‘&i;) exp <Z s;:fc:;_1> exp (—;& > Ery :,f‘s:;)
p=1 p=1 p=1

p=1

>t

. L
X exp (Z(St Z C;wﬁ?f ;-1(5;,171 + Bl,m)>

pv=1

L L . L .
= / H [dg;ﬂdgﬁle—ﬁffﬁﬁn} exp (Z (1 — %(% EF,M) C;“g%) exp < Z (61“’ — (ﬁ;m + ﬁLm)%ét CL“/) fr*#gfn1>
=1 =1 w=1
' ' ' (4.1.8)

with d,, the Kronecker delta. The application of formula (3.2.46) yields

L . .
1= exp ( > [(1-50rB) (1- @+ Brwjorc)] R ) (4.1.9)

Hv=1
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CHAPTER 4. FROM A MIXED TO A FERMIONIC PROPAGATOR

with E the matrix diag(Er1,...,Er ) and C the matrix containing the coefficients C),,. Since the limit for
M — oo has been taken, §t is infinitesimal and we can further develop the matrix product, yielding

1- %(%E— (ﬂ§7m+61,m)%6t0+0(6t2) (4.1.10)

where the terms of order §t> and higher can be neglected. In the limit where M goes to infinity, we can thus write

L ‘ ‘
I=exp ( Z []l - %&E — (B3 + ﬂl,m)%& C] s 7’;_1> (4.1.11)
N2

=1

which can be split into a purely fermionic part and a part containing bosonic variables using the BCH formula
(3.3.4):

L . . L
I =exp (Z (1 - %c% EF,H> g;:fgg_1> exp (-%5:: S B+ 61,m)CW§;”§7”n_1> (4.1.12)

p=1 p,v=1

4.2 Elimination of the bosonic degrees of freedom

We now turn to the bosonic degrees of freedom. The three bosonic variables (3, S2 and 1 and their complex
conjugates need to be integrated over in every elementary propagators. The integration over 2 and 33 can be
performed in each elementary propagator separately and will thus come first. Then, $; and 83 will both be treated
simultaneously for the whole propagator using a recurrence approach. We first re-write the elementary propagator
by using the formula for the scalar product between two coherent states and by replacing the Hamiltonians involving
bosonic variables by their expression:

. L .
(3 ~ 1 2 2 2
<Cm exp (h(st H) ‘Cm—1> = exp (Z (1 - ﬁat EF,,LL) C:nM<511> /d[ﬂ&maﬂ&maﬂl,m} 6*(\53,m| HBzm 1B, m )
L

p=1
X exp (ﬁ;}k,mBZm) €exp (5;,mﬁl,m) €exp <_;5tEBﬂ:;m52,m> €Xp <_;6t Z (B;m + ﬁl,m)cuugszu 71;11> |ﬁd,m> <Bl,m|

pv=1

(4.2.1)

To simplify the expression above along with the upcoming calculations, we introduce some notations for factors
that are constants with respect to the bosonic variables:

. L
1 " u
~ 5t > CunCilaCl = F

pn,v=1
; (4.2.2)
*5tEB — B
h
1-B—D

The elementary propagator now reads
i L i 2 2 2
<<m exp (—h& H) ‘<m1> — exp (Z (1 ~ ot EF,#> c;mm) J T P
X exp (6;,mﬂ1,m + Dﬂ;,mﬁlm + FM—l(/};,m + 617"1)) ‘63,m> <ﬂl,m| (423)

p=1
In order to lighten the equations, the purely fermionic exponential in front of the bosonic integrals will be ignored
until the bosonic degrees of freedom have been integrated over.

Integration over [, ,,

Now that the elementary propagator is written in a simplified form, we apply the formula (3.1.21) in the case
of only one bosonic mode and an independent term:

da*d 1 b
/ g«f”laﬁ exp (ba™ 4+ ca+ d) = — exp (C + d) , (4.2.4)
2w a a
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4.2. ELIMINATION OF THE BOSONIC DEGREES OF FREEDOM

where « is a complex variable, a € R, a > 0, and b, ¢, d are constants. We identify the coefficients in front of
|B2.m|*, B m» B2m and the independent term in (4.2.3):

a=1
b:(mel +ﬁ1,m) (425)
c=Dp;,, o
d=—|B3,m|> = B1,m|* + Fm-1B1,m
We thus have
/ d [Ba,gn]) = WP P2 B0 1) eep (85 81 s + DB B + Frne1 (85 1 + Brm))
— o (Bsm P +181.ml%) o (DFn-1B5m + Fin1B1.m + DB Brm) (4.2.6)

Integration over fs,,, 51.m

We are now left with the integrals over 3 ,,, and 1, for all m. This calculation however is a bit more involved,
since the m*" elementary propagator contains the operator | B3.m) (B1.m|. Thus, we see the appearance of terms
containing one variable from the m* elementary propagator and one from the m - 1**, coming from the scalar
products between (81| and |83 ,,—1). To handle this case, we will consider the whole propagator at once. It

currently reads
L i
exp (Z (1 — ot EF,H) g;;fg;;_lﬂ

p=1

L M
LR

H dCErdet e Gl Cm] H

p=1

m=1

M-1
K(Curan, ta; Goao, to) = lim 11 /
m=1

M
x (o T {/ d[Bs.m B1,mle” (Bom P H181m ") ey (DFp—1B5n + Frn181m + DB3 1 B1.m) |83.m) <B1,m|:| o)
m=1
(4.2.7)

with again the notation |[(ray) — |(aranr) and [(iou) — (o). Omitting the fermionic closure relations and the
purely fermionic exponentials, the quantity we need to compute is

I (ahy, o)
M 2 2

= (am| [] [/ d [Bamy Brm] € (Bsm*H1810%) oxp (DFy 1 8510 + Fone1 B + D5 Brm) 1B.m) (Brml | o)
m=1

(4.2.8)

The result of the M integrals will be obtained by recurrence. To understand how exactly we can construct a
recurrence, we need to take a closer look at the above expression. Consider first the case M = 1. We have

Li(ady, ) = (o] /d[ﬁg,l,ﬁl,l] e~ (1851 41811") ey (DFofB5, + FoBr1+ DBs181.1) |Bs.1) (Br,1 | o)

2 2
= /d (83,1, B1,1] e~ (1Bsa418111) ey (DFofB5, + FoBri+ DBs1Bia +ayBsa + B ) (4.2.9)

If we now compute Iz(a},, ap), we see that the expression for I1(aj,, ag) occurs in it but with the variable 57 5
taking the role of aj;:

Iy (ay, o)

= (aum| /d (83,2, B1,2] e~ (1Bs2lP+P12%) oy (DF1B55 + Fifr2 + DB52B1,2) [Bs2) (Br2

X /d[ﬁ3717ﬁ171] e~ (1BsaP418111) ey (DFof51 + FoBia + DB5151,1) 183,1) (B | o)
= /d (83,2, B1,2] e (1Bs2lPHP12l*) oy (DF1B55+ Fipr2+ DB 0612+ a}fs2)
x (B1,2] /d (83,1, B1.1] ¢~ (8PP +1814) oxp (DFof31 + Fofi+ DB3151,1) 183,1) (Bra | ao)

= /d (83,2, B1,2] o (182l +1827) o (DF1B5 o+ Fifra + DB3 of12 + 3 fBs2) 1B 2, o) (4.2.10)
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CHAPTER 4. FROM A MIXED TO A FERMIONIC PROPAGATOR

Applying the same reasoning to Is, I, etc up to Ip; would show that Ips(a,, o) is in fact given by
I (s o)
2 2
:/d (83,015 B1,1m] e~ (1Bsa P +181.00) oy, (DFa-18301 + Frr—1B81,00 + DB3 0 B1v + @3 83,0) Ine—1 (87 ars o)
(4.2.11)

It is using this recursive formula that we will obtain the expression for Ins(a’,, ap). The main ingredient we need
for this calculation is the following formula' obtained by applying (4.2.4) twice to an exponential function of the
bosonic variables o and 3:

/dada/dﬁ d/@ ‘O/| +181 )eXp(baOé*—Fb,@ﬁ*—&-Caa—i-c,gﬂ—i-ca*goz*ﬁ—kd)

29 2T
= exp (baCa + bgcs + Corpbsca + d) (4.2.12)
The details for obtaining this formula are worked out in appendix B. We now put it to work. Starting from the

expression for Ips(aj,, o), equation (4.2.11), and putting o — Bs1, § — Bi1,1, we can identify every coefficient
except for bg and d. Before computing them, we summarize the coeflicients we already know:

bo = DFyr_1, bs=
Co =0%, cg=Fy_
A ' (4.2.13)
Ca*ﬁ =D
d="7
Once we know every coefficient, we can straightforwardly compute Ips(a,, o) using (4.2.12). The coefficients bg
and d require the knowledge of T M,l(ﬂf’ s Q0), since Ips_1 contains Bf a and might contain an independent term.
The expression for Ip;_; is given by the recursive formula (4.2.11):

2 2
Invi—1 (B > 0) = /d[ﬁ&M—l,ﬁl,M—ﬂ6_(‘63’1”’1‘ 81 l?)
x exp (DFy 283 a1 + Far—281 01+ DB3 a1 8101 + By aBs.vi—1) Ina—2(85 ar—1, o) (4.2.14)

Since it is an integral of the form (4.2.12), we can again search for the set of coefficients that intervene in the
formula (4.2.12). Denoting them by primed constants, we find

Co =01 5= Fuo (4.2.15)
Ca*ﬂ =D
D =7

where again, the coefficients bj; and d’ are unknown. We can however plug them in the right hand side of (4.2.12)
without replacing bj; and d’, yielding

Tnr1(Bi.asr0) = exp (DFas 2Bt 3 + b3 Far s + DY3B5 5, + d) (4.2.16)

The coefficients we are searching for to compute Ijs are the coefficient in front of 37 ), and the independent term.
We thus find

bs = DV, + DFyy_
{ g= "8 M=z (4.2.17)

d=d +bFar_s

With these recursive formulae, we shall prove that the general form of the coefficients bg and d for all M is in fact

M-—2
bﬁ — Z DM_k_le +DM—1a0
k=0
M—2 M—3 M-2 (4'2‘18)
1= 3 DRavt Yo 3 DR
k=0 k=0 l=k+1

1This formula is a particular case of a more general formula shown in appendix B. This simplified version is obtained by recognizing
that in our context, some coefficients will always have trivial values. This discussion is presented in more details in the appendix.

50



4.2. ELIMINATION OF THE BOSONIC DEGREES OF FREEDOM

The base case is given by I1(a},, ap). Identifying the coefficient in front of 57 ; and the independent term in (4.2.9),
we find

by =
M= :{ =0 (4.2.19)

which is consistent with the postulated formulae. Let’s now assume that these formulae are correct for M — 1 and
prove that they hold for M. Starting with bg, we have, using the recurrence hypothesis:

M-3
h= Y DY F?F + DM %q (4.2.20)
k=0
Using equation (4.2.17), we compute
bﬁ = Db;; +DFy_o (4.2.21)
M-3
=D (Z DM-k=2p 4 DM_2a0> + DFy_s
k=0

M—3
= Z DM=k=1p 4+ DM~log + DFy_g

M—2
=Y _ DM R, + DY ay, (4.2.22)
k=0

which is indeed what is given by (4.2.18). For d, we have:

M-3 M—4 M-3
Z DFFao+ > > DUFRE (4.2.23)
k=0 l=k+1

Using again equation (4.2.17), we find
d=d + Fy_ab)

M-3 M—-4 M-3 M-—-3
= ZD Frao+ Y Y D'FFF + Fy- 2<ZDM k=2p 4 pM-2 >
k=0 l=k+1 k=0
M—4 M-3 M-3

Z DFFgao+ ) > D'FRF + Z DM 2 F Fyy
k=0 k=0 l=k+1 =
M-—-2 M-3 M-2

D*Fpap + Z Z D'FF,F, (4.2.24)
k=0 kO I=k+1

To obtain the last equality, we realize that the sum containing F;_o corresponds to the M —2 terms with [ = M —2.
DM=k=2 thus becomes D'~*, and the second and third sums can be merged, extending both ranges by 1. This is
illustrated in figure 4.2. Equation (4.2.18) is proven.

We have thus obtained the explicit expression for all coefficient required to compute Ips(a},, o), summarized
below

M—-2
bo = DFyr_1, bg= Z DM-k=1 4 g DM-14,
k=0
Ca =0fr = Fai (4.2.25)
Ca*p = D
M-—2 M-—-3 M-2
d= Z D*Fraqg + Z Z D' FEF

k=0 l=k+1
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k=] 0 1 2 3 4
0
) X
) X | x

Figure 4.2: Pair of values &, covered by the simple sum (in green) and the double sum (in red) in the third line
of equation (4.2.24), illustrating that the single sum extends the double sum and that the two can be merged.

Theses expressions can be plugged back into the right hand side of formula (4.2.12) to obtain:

M—2 M—2
I (e, o) = exp (FMl (Z DM=F=1p, 4 DM—1a0> + DFy_10, 4+ D (Z DM=k=lp 4 DM—1a0> o@>
k=0 k=0

M-—-2 M-3 M-2
X exp (Z D*Frap + Z Z Dl_kaFl>
k=0 k=0 l=k+1

M—2 M—2
= exp ( DM'Fy o+ ) Dka> oo + <DFM_1 +D > DM_"’_le> a;4>

k=0 k=0
M—-2 M—-3 M-2
X exp <DMaoa}‘V[ + Y DMTIREy+ Y > leFkFl) (4.2.26)
k=0 k=0 l=k+1

Using the same argument as we used for merging the single sum and the double sum in the expression of d, we
obtain the expression for the bosonic part of the mixed propagator containing M elementary propagators, between
the initial bosonic coherent state |ag) and the final bosonic coherent state |ay), after integration on the bosonic
degrees of freedom:

M M M-1 M
In(ady, ) = exp (Z D™ 'Fy_jag + Z DM=mlE, yah, + DMagad, + Z Z Dmm/leFm/1>

m=1 m=1 m=1m’=m+1

(4.2.27)
where we have made the change k¥ — m — 1 and | — m’ — 1, applying an offset of —1 for them to match with the
product Hn]\le in the propagator. Inserting back the values for D and F;, we finally obtain

. M . m—1 L . M
In (s, ap) = exp l—;iét Z (1 - %51? EB) Z Cow ¢ 1o + (1 - %(% EB> Yo%y

m=1 w,v=1

i M i M-m—1 L
— ot > (1 - hatEB> > Cu Gl iy (4.2.28)

m=1 pn,v=1

1 M—1 M i m' —m L L
- ﬁ6t2 Z Z (1 - ﬁét EB) ( Z CHVC’;:{"CZL].) ( Z CMVC;L%CZL'1>‘| (4'2'29)

m=1 m/=m+1 pv=1 =1

We can now write the propagator (4.1.4) by bringing back the fermionic closure relations and the purely
fermionic exponentials:

M-—1 L M L .
. * —(EBCH ? * *
K(Cpmam, tar; Goao, to) = N}lgloo l/ I | d¢irdct e=%m le | I [exp ( E <1 - ﬁdt EF,M> s 7{2_1>] In(af, o)
m=1 p=1 m=1 pn=1
(4.2.30)
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4.3. COMPARISON WITH A PURELY FERMIONIC INTERACTING SYSTEM

In order to better compare this expression to a purely fermionic system, we also replace I; (a}‘c, ;) by its expression,
yielding

L
Koty Gonts) = Jim H / 11 [dcsact,e= <]

M—o0
M
X exp ((1 — 7(5t EB> afai> H [GXP <Z Ct' G ) exp <_5t ZEFMCW - )
m=1
i i m—1 i M—-—m-—1
X exp <—h5t ((1 — ﬁ&f EB) a; + <1 — ﬁét EB> a;) Mgl OMVC:;L#C;L—1>‘|

X exp <5t2 Z Z <1 - 6tEB>m - ( Z CuCater, 1> <Z CuChcr, 1)) (4.2.31)

m=1m/=m+1 pv=1 p,v=1

We verify that setting the coupling C},, between the fermions and the bosonic field to 0 and performing the
integrals on the fermionic degrees of freedom (which are exactly the same as in section 3.3) yields the propagator
(3.3.25) obtained in the case of non-interacting bosonic and fermionic fields in section 3.3. When the coupling is
non-zero, we can compare this propagator to the propagator obtained in the case of a purely fermionic system
with two-body interactions. This allows us to verify that the above propagator contains a two-body interaction
between fermions as we would expect. If the two propagators can be related in terms of their dynamics, we hope
that eliminating the fermions from the propagator as was done for the bosons in the above calculations could give
sensible results as well.

4.3 Comparison with a purely fermionic interacting system

The obtained result is to be compared with the result obtained for a strictly fermionic interacting system. A
standard Hamiltonian for describing such systems is given by the sum of a one body component for the interaction
with the potential wells, and a two-body component responsible for interactions between particles:

L L
H=Y Epuclep+ Y Dupothihésis (4.3.1)

p=1 wv,p,o=1

The two body part is the effective equivalent of the term Z{: et Cnliéy (bT 4 b) in (4.1.1). Tt is responsible for
two fermions in state |¢,) and |¢,) to interact and transition to states |¢,) and |¢,), whereas the equivalent term
in (4.1.1) allows two fermions to interact via a boson. The path integral expression for the propagator between
M—1 L M
. % MR
K(CpotpiGioti) = lim [ / T d¢rdche<- C] 11 [<<m
m=1 p=1 m=1
We first compute the elementary propagator in the same way as was done before, by splitting the exponential into
a one body and a two-body part and inserting a fermionic closure relationship between the two:
)
pn=1
<§m €xp <6t Z D;u/paclt prCU> Cm 1>
wyv,p,o=1
p= 1 p=1 p=1
con (<ot 3 Duneren i oo (Verdn)  aa

coherent states |(;) = |(o) and |(f) = |(ar) reads
exp <—;6t f]) ‘ Cm1>] (4.3.2)
i " i
<<m €xXp <_h5tH> ’C'm—1> /H dgm 7n 75 Em :| <<m exp <_h5t ZEF,uéLéu>
/ H derrdet e =& €} exp <—§t Z EF#C*M£H> exp (Z C“‘ﬁ“)
wn,v,p,o=1

where a property similar to the action of exponentials of one-body Hamiltonians (3.3.14) was used for the two-body
fermionic Hamiltonian. A reader who would not be convinced should consult appendix D where a proof for this
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property is presented. Let A and B twos square matrices of order L such that A,,B,, = f%ét D, s and E be
the diagonal matrix diag (Ep1,...,Er). We have to compute the quantity

L L .
/ [T [agsndesesiten] exp (Z (11 — ot E)f:;‘%)

pn=1 p=1
L L
xexp< S ALBEIET :;_14:;1> exp (Zﬁ:‘m_1> (4.3.4)
wvsp,0=1 p=1

The integral is computed using (3.2.48), yielding

. L .
(6 oxw (= gort) | Gur ) =emp (Z (1-;0E) ,ﬁzl)
m

p=1

. L ) ‘
X exp <_7225t Z ((ﬂ - %& E) A (ll - %& E)) Bo o' G 511(%1) (4.3.5)
N7

pov,po=1

Inserting the expression for the elementary propagator back into the total propagator (4.3.2), we finally find

M-1 L M . L
Cot) = ki ‘ —Crch, _t *
K(CpotpGioti) = lim H1 [ / Hdcm“dme ] Hllexp< ot ZlEF,ucm%;zl)
m= n= m= n=
L i L i i
X exp (Itz_:l C;fg;1> exp <_55t ) y%;:l ((]l — h&tE) A (]l — hatE>>W B, (1Y 7%;116:11)] (4.3.6)

Expressions (4.2.31) and (4.3.6) will now be compared. We first notice that the two expressions have the same
fermionic one-body part with the exception of a cross-site term in the propagator (4.2.31). This term comes from
the interaction between the fermions and the bosonic field. We also notice the appearance of the purely bosonic
term exp ((1 — %615 EB)M
the mixed path-integral in the case of non-interacting bosonic and fermionic fields. In a more physical sense, this
bosonic term is interpreted as the probability of transition from state ;) to |ay) in the case where the fields
do not interact. Both propagators also contain two-body terms. However, the two-body term obtained from the
elimination of the bosons is recognized as being non-local in time, in the sense that it couples fermionic variables
from different time indices m and m’. The appearance of a non-local two-body interaction is an expected effect of
the elimination of a field, in the same manner as the elimination of the electromagnetic field gives rise to a retarded
potential expressed from the charged particles that generate the field [47]. In this case, the difference between
the purely fermionic propagator and the mixed propagator can be understood in the following way: in the purely
fermionic case, the interaction is assumed to be instantaneous since the two pairs of creation and annihilation
operators responsible for the transitions are packed together at the same time index m. In the mixed case however,
the bosons mediating the interaction need to be created at one time step in order to affect a fermion at another
time step, which gives rise to an effect that is not local in time.

Further analysis would require a strategy to correctly handle the initial and final state of the bosonic field. One
could think of taking both states to be the vacuum of the bosonic field, meaning that the eigenvalues «; and o} are

oz’}oz,;), which corresponds to what was obtained in section 3.3 for the bosonic part of

very close? to 0. In that case, the additional purely bosonic term as well as the cross-site one body terms vanish,
leaving an expression that has the same form as the purely fermionic propagator (4.3.6) in the case of the one-body
part. The two-body part in (4.2.31) is however still non-local in time and the two-body terms of each propagator
cannot be related by a mere choice of coefficient

One could argue that taking the initial and final bosonic states to be vacuum states is arbitrary, and has very
little generality since such case would not appear in practice. And one would be right. A better strategy would
be to integrate over the initial and final bosonic states with a weight corresponding to the probability of finding
the bosonic field in each state, i.e. to perform a statistical mean. One could also re-express the result in terms of
bosonic Fock states by inserting a closure relation on bosonic Fock states at the beginning and end of the propagator
if such states are more suitable for a given problem. Neither of these discussion are presented here, but they could
perhaps be treated in a future work. We will for now content ourselves with a fermionic propagator that contains
both a one body interaction and a two-body interaction as one would expect from a system of fermions interacting
via bosons.

2In practical cases, the quantum fluctuations make it impossible to reach exactly 0 particles. Such fluctuations are however often
negligible in many-body systems.
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Chapter 5

From a Mixed to a Bosonic Propagator

Now that the elimination of the bosons in the mixed system has been shown to yield an interacting fermionic
system as expected, the same calculations will now be carried out for removing the fermionic degrees of freedom
from the system. The remaining degrees of freedom being purely bosonic and thus complex, one could apply,
for instance, a stationary-phase approximation without further complications. We mention that stationary-phase
approximations can be more directly applied to fermionic systems using a different kind of fermionic coherent states
[18], namely Klauder coherent states. Introduced by J.R. Klauder in [48], those coherent states have complex
eigenvalues rather than Grassmannian and they therefore have a more direct physical interpretation, at the cost of
them not being eigenvectors of the annihilation operator anymore. Those will not be discussed here but present a
promising way to semiclassical approximation to fermionic systems. This chapter follows a structure similar to the
previous one. First, the path integral formulation for the considered Hamiltonian is written out. The fermionic
degrees of freedom are then eliminated by computing every fermionic (Grassmannian) integral. The resulting object
is a bosonic path integral containing reminiscences of the fermionic system such as the energy of the fermionic site
Er . The application of semi-classical methods to the resulting path integral are then discussed.

5.1 Path integral formulation

Again, the Hamiltonian considered is the mixed Hamiltonian containing both fermionic particles and bosons
carrying interactions between them, as discussed in section 1.2. We now consider IV bosonic modes instead of just
one. As a reminder, the Hamiltonian reads:

H= ZEFMC#JFZEB b by +Z Z Cruntl ey (b, + by) (5.1.1)

p=1 n=1 p,rv=1

Let |¢;c) and |Craf) be the initial and final states of the mixed system. The first step we need to perform, namely
dividing the time range into smaller time steps, is exactly the same as in the previous chapter, so we start directly
from (4.1.3) and insert both a fermionic and bosonic closure relation between each exponential:

Ciai>
M-1

L nx 5 M
= A}ii)noo l/ H {dcudgu = /H {damiam —lay | H 1 Kam(m

M i A
——AtH
H eXp( 5 t >

m=1

K((ray,ty; Gag,t;) = Jim <Cf04f

exp (—At H)

O — 1<m 1>:|

(5.1.2)

m=

Since the limit for M goes to infinity has already been taken, the exponential of H can be split into three exponen-
tials. We are first interested in computing the elementary propagator. We again do so by inserting the appropriate
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closure relations between the three exponentials:

<<mam exp (Z(;t ﬁ) Cm—loém—1> == <Cmam

L n* N
/,}:[1[ Sldel ] /H {dﬂzliﬂm il ] <<m

n=1
X <am €xp (;6t FIB) ’ﬂm> <£m5m €xp <;5t ﬁzm‘)

We draw the reader’s attention to the fact that the bosonic and fermionic states and operators belong to distinct
spaces. If the freedom taken in the notation of state vectors brings confusion, we hope that the summary of notations
presented in appendix A can clear it up. The action of exponentials of one-body Hamiltonians on coherent states
has already been exposed in section

By virtue of (3.3.9) and (3.3.14), we let each exponential act on the vectors, yielding

. L N N ;
<Cmam exp (—;&ﬁ) ‘Cm—lam—1> = / H [dfﬁtdfﬁl@_é;%ﬁ"} / H {dﬁmiﬁm d ]exp (—;&HF((;;Z,@,,))
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< G | 0 (=50 Em(0 ) ) Gt | )50 (= 0t Hi (€8s Gno1001-1) ) (i Grin )
(5.1.4)
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m7 ﬁm Z Ep na:,? ::z (515)

N L
Hint(&5y, Brpps Gm—1, Qm—1) = Z Z Cron&t 1 (Bt + 1)

To perform the integration over each ), and S, we use forrnula (3.1.21). If we omit terms that do not contain
By, or B what is left to compute is the quantity

d n*d n ; :
IB _/H |: BQZWB :| exp (_;gtHB(a:nvﬂm)) <am|5m>exp <_;5tHint(£:na :w(mlaaml)> <ﬁm|amfl>

n* n . N
— / H {dﬁfgliﬁm} exp (;& HB(a;"n,ﬁm)> exp (Z ozf,ffﬂ,’@)
n=1

n=1

) N
i
X eXp <h&Hmt(f:mﬁ:mCm—l,am 1 )QXP (Z B > (5.1.6)

The coefficients in front of each term in |37 |?, 3%" and 37 are identified:

a, =1

. L
. 73 2 : * U n
bn = h5t Cﬂungm C’m.—l + am—l (517)

H,v=1

Cp = (1 - %515 EB7n> arr

pr=1

. . L
7 {2 Su U *n *n _n
1- %675 EB,n) [(—h(% g Crun&t leozm> +atanr 11) (5.1.8)

pr=1

N . L .
Ip = exp (Z <—;6t 3" Conn€l iy + az“> (1 - %& EB,,L) aﬁ,ff)
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5.2. ELIMINATION OF THE FERMIONIC DEGREES OF FREEDOM

The elementary propagator now reads

. L .
(Gnan oo (<3017 ) |Guoranor ) = [ TT [acitashe s ] exp (o (66
p=1

N . . L
X <Cm | §m> <£m | €m71> exXp <Z (1 - %575 EB,n) [<_;5t Z Cuun&ﬁfb(rynlazy> + a:,?a?n1‘|> (519)

n=1 pw,r=1

5.2 Elimination of the fermionic degrees of freedom

What remains to be computed in this elementary propagator is the integral over the Grassmannian variables
& and ¢ for all p’s. Those integrals are performed using formula (3.2.46). In order to better identify the matrices
for the application of this formula, we develop the scalar products and replace Hp((},, &) by its expression. We
also isolate the purely bosonic part of this expression and put it at the beginning:

. N )
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where C,, is the set of L x L matrices obtained by considering (Cl‘”")uv for a given n and E is again the diagonal
matrix diag (Ep1,..., Er ). Applying formula (3.2.46), the final result for the elementary propagator is

<Cmam

. N . L
exp <—;5t ﬁ) ’leoém1> = exp <Z <1 - %515 EB,n> Oy 1) exp ( Z (2O(0,)) Gt G 1)

n=1 n,r=1
(5.2.3)

We can now compute the total propagator of the system. As a reminder, it is given by
K(Crogp,ty; Govi ty)
e L N dal¥ do, M i
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CHAPTER 5. FROM A MIXED TO A BOSONIC PROPAGATOR

We wish to eliminate the fermionic degrees of freedom, and therefore we compute each integral over the variables
it and ¢f . If we first take a look at the case for M = 2, we find

» dap*datt | np2
K (Caa, ta; Coarg, to) = /IHdC*”dCH el /H Oélzmal :
2 N i = -
y [exp (z (1 ~ Lot EB,n) ajran, )] exp ( > (@@(a;mu@“q) exp ( D (@0(aD)u " )
m=1 n=1 v=1 v
a g (5.2.5)

Applying formula (3.2.46) yet again yields

do™d g2 N ,
K3 (Caaz, t2; Goavo, to) = /H { a12ma1 ~lod } 11 [exp (Z (1 - ;&EB,n) aj;fafn_1>]
m=1 n=1

L

X exp ( > (#6(a3)260(a1)),u ;‘“<5> (5.2.6)
wr=1

In the same way as we computed the propagator in the example of section 3.3, we notice that the m + 1"

approximation to the propagator can be obtained from the m!* with the formula

I da”* m _a P
(Cmamy TTL7COaO7tO /H dC 1d<u C7n 1 771. 1 /H { 1 | m— 1| :|
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n=1
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Using this recursive formula and the case for M = 2, we are easily convinced that the M approximation to the
propagator is given by

M-t da*dal _j np2 M N )
Ky (Carans s tar; Covo, to) = H l/H 12m 1e 'I] H [exp (Z (l—hétEBm)a ay, 1)]

m=1 n=1
M
X exp Z <H DO( onm+1)> el (5.2.8)
uv

p,ry=1 \m=1

Note that the matrix product is defined in a time-ordered way. The limit for M goes to infinity of the above
quantity yields the exact propagator for the mixed system where all the fermionic degrees of freedom except for
the initial and final state have been eliminated

K(Crag,ty; Gy, t;) = thloo K (Carans, tars Goao, to) (5.2.9)

with the usual conventions |(rar) = [Caranr), |Giau) = [{oao) and the corresponding notation for ¢y, t;

5.3 The limit of infinitesimal time steps

Let us now discuss this expression. We first notice that the one-body term of this bosonic propagator is the
same as in the purely bosonic propagator computed in section 3.3, which is a good sign since we do not expect the
fermionic field to influence the single-body dynamics of the bosonic field. However, a property of this propagator
is that the matrix product in the second line contains n-body bosonic terms for all n between 1 and M. Indeed,
since each © can be decomposed into the sum of an identity matrix and a matrix containing a bosonic degree of
freedom, we have for instance, for M = 2:

N
BO(arg) PO (1) = (11 + Z enar ) i) (1 +> ena;ncn> (5.3.1)
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5.3. THE LIMIT OF INFINITESIMAL TIME STEPS

with e, = f%ét (f%étEBm + 1). As a reminder, ® is a purely fermionic term. This expression thus features terms
in order 0, 1 and 2 in bosonic variables. It is straightforward to extend this reasoning to any M, yielding terms in
order M in bosonic variables. This seems like a major setback for the application of existing semiclassical results,
since to our knowledge none appear to be appropriate to handle n-body terms with n getting arbitrarily big as M
goes to infinity. A way out of this problem is to recall that as M goes to infinity, d¢ also becomes infinitesimal,
allowing for neglecting terms of order 6¢2 and higher. Formally, we can write

M

M [eS)
A/}iinoo [PO(ahy i) = MhinOO exp <ln (H @@(a}‘w_m_i_l))) = exp (Z In (@@(a%))) (5.3.2)

m=1 m=1 m=1

Note that because the matrices ® and O(a,) do not commute in general, the third equality is only possible in
the limit where Jt is infinitesimal. Outside of this limit, the passage from the logarithm of a product to a sum of
logarithm would involve commutators that could not be neglected. In our case however, we safely neglect them
and proceed. Recalling the expressions for ® and O(a;,) given in (5.2.2), we have

oot = (1) (1 jar 3 (1 form, iz |

n=1

. . N
_ o 1 o E *n 2
=1In []1 OtE — 50t > aprCn + 0(6t7) (5.3.3)

n=1

Since in the limit where M goes to infinity 0t is infinitesimal, we can expand the logarithm to first order in dt,
yielding

1 ($0(al,)) ~ —%ME - %& nf:la::cn (5.3.4)
and we have " i u N
Jim 11 [@6(a},)] = lim exp <—h5t m; (E + n; aﬂlCn)) (5.3.5)
Since 0t = L A}ti and because E doesn’t depend on the time index m, the fermionic term can be re-written as
. M . M )
7% (tf]\—/i) Z::lE _ 7% (thti)EmZ:ll _ %(tf —t)E (5.3.6)

Let’s now go back to our mixed propagator (5.2.8). In the limit where M goes to infinity, we are allowed to

insert the above results, yielding
M N
dal dal |2 i *n_n
/H . IT |ep (3 (1 30t Bo ) asran s

m=1 n=1
L ) ;
X exp Z [exp <—;i(tf —t;)E — %& Z Z a:‘,?Cn>

=1 m=1n=1

K G t) = i
(Cfafatf7C2a7,7 4 1—r>noo H

Gre (5.3.7)

Qv

We verify that in the case where there is no interaction between the bosonic and fermionic field, i.e. C, is a
null matrix for all n, we recover the propagators (3.3.35) and (3.3.36) which represented a mixed system with no
interactions. The fermionic part of this affirmation is immediate since E,,, = EF ,d,,. The bosonic part requires
to compute the same integrals as was done in the development for the bosonic part of the mixed system with no
interaction in chapter 3.

We conclude this section with a discussion on the practical use of this propagator and prospects for application
of semiclassical approximations. The first challenge to overcome in order to relate this propagator to the propagator
of the interacting fermionic system is the handling of the Grassmannian generators (} and ¢;. A solution is to use
the fact that fermionic coherent states form an (over)complete base of the fermionic Fock state. Unlike fermionic
coherent states, fermionic Fock states represent physical states of the fermionic part of the system. One could
then, for instance, project this propagator on two Fock states and integrate over the two remaining Grassmann
generators (7 and ¢; as if they formed a closure relation. In the case where the initial and final state of the fermions
is not known, an alternative solution could be to perform the previous step followed with a statistical mean over
the fermionic Fock states.
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CHAPTER 5. FROM A MIXED TO A BOSONIC PROPAGATOR

Although the semiclassical theory of this propagator will not be developed here, we can already discuss prospects
on its application. Once the initial and final fermionic states have been eliminated, the first step is to define an
effective Hamiltonian for the bosonic field. Using this Hamiltonian, a Lagrangian could be defined using the
transformation (3.3.37) as was done for the mixed system without interaction in chapter 3. In order to define the
said Hamiltonian, one has to treat the sum over m in the matrix product. In an ideal case, the terms relative to
different time indices could be separated as was the case in the example at the end of chapter 3. However, like the
final result of chapter 4, this sum is non-local in time, as can be seen by developing the exponential containing the
sum into its power series. Note that this sum is guaranteed to converge in the limit where M goes to infinity thanks
to the prefactor §t. The treatment of this term is the next challenge in order to successfully apply a stationary
phase approximation to this propagator.

To end this chapter, we propose a brief discussion on the limit of small interactions between the fermions and
the bosonic field. Although this case is not general, some interesting physical intuitions can be recovered and it
could represent a more accessible first target for future applications of semiclassical approximations.

5.4 The limit of small interactions

In the limit where the interaction between the bosonic field and the fermions is weak, i.e the coefficients of C,,
are small as compared to the fermionic and bosonic energies Er,, and Ep ,, we have

; M N ; M N

*M ~ _ *M

exp <—h5t Z Zam Cn> ~ 1 hét Z Zam C, (5.4.1)
m=1n=1 m=1n=1

In that case, we can express the total propagator of the mixed system using the propagator of the fermionic system

without interaction. First, notice that since ¢ is infinitesimal, we can use the BCH formula (3.3.4) to split the

exponential, yielding
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where the exponential acts as a perturbation since C,, is small for all n. The total propagator in the limit of small
interactions can thus approximately be written as

K(Crayp, ty Gaisty) = K (Cpotps Gt KT (Crag, tys Ga, ti) (5.4.3)

with K the propagator of the fermionic field with no interactions between fermions, and K the term containing
the bosonic part of the propagator and the perturbation

M N .
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We can develop the mixed part of the perturbation as

e <—;( ) i3y anc,

m=1n=1

j224
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5.4. THE LIMIT OF SMALL INTERACTIONS

In that case, in the limit where M goes to infinity, we can separate the exponential

exp (12\4: ZN: ZL: [— exp (—;(tf - ti)E> %& a;zfcn} . c}“g) (5.4.6)

m=1n=1 p,v=1

into m exponentials using the BCH formula (3.3.4) and the fact that Grassmann pairs commute with each other.
The exponential relative to each time index m can then be merged with the exponentials of the first line, yielding
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%
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(5.4.7)

This propagator is now local in time, and so is the total propagator (5.4.3). Now that there is no coupling between
terms from different time indices, one could define an effective Hamiltonian as was done in section 3.3 and from
it, a Lagrangian. We mention however that the Grassmannian variables ¢ and ¢; still need to be eliminated, for
instance by projecting the propagator on fermionic Fock states as described in the end of the previous section.
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Chapter 6

Summary and outlook

Our goal was to re-express the dynamics of an interacting fermionic system using bosonic degrees of freedom.
Starting from a mixed system on a lattice containing fermions interacting via bosons, we first obtained a propagator
in coherent state representation that contains only fermionic degrees of freedom and the initial and final bosonic
states. This propagator was shown to correspond to a system of interacting fermions with a two-body interaction
which is non-local in time. Then, starting from the same mixed system, we obtained a propagator expressed with
only bosonic degrees of freedom except for the initial and final state of the fermionic field. No approximations
were made yet except in the last section of chapter 5 where a discussion for small couplings between the bosonic
field and the fermions was made. Furthermore, very few assumptions were made in the choice of the Hamiltonian.
All the results except for those of section 5.4 are therefore both exact and quite general. A promising prospect
of application of a semiclassical approach was also presented in the context of small coupling between the bosonic
field and the fermions.

In the context of this work, a symbolic manipulation tool in the form of a Python library was also developed
in order to treat expressions of Grassmann generators which are anti-commuting numbers. This tool allows to
compute the power series of functions such as exponentials of Grassmann generators, the integral over Grassmann
variables and the product of terms containing Grassmann generators. It also allows for the comparison of such
terms. These features allowed to numerically show some formulae used in this work in an automated way in cases
where exhaustive algebraic derivations were out of reach. An algebraic proof for these formulae would however be
welcome.

In order to apply semiclassical approximations on this propagator, work still has to be done. First, the integra-
tion of bosonic degrees of freedom must be extended to more than one bosonic mode. This is necessary in order to
find the proper correspondence between the mixed propagator where bosons have been eliminated and the mixed
propagator where fermions have been eliminated. Second, general ways of handling the initial and final states of
the bosonic and fermionic field have to be developed. Since the system we considered was very generic, there also
remains a lot of freedom in the choice of the coupling constants of the Hamiltonian. In future works, this freedom
has to be used to relate the purely fermionic propagator to the purely bosonic one. This freedom could also be
exploited to investigate if the appropriate choice of constants for the bosonic propagator obtained from the mixed
system would allow to match predictions from other models such as the Fermi-Hubbard model for the dynamics
of the fermions. Another challenge to be tackled in a future work is the treatment of the non-locality in time of
the bosonic propagator obtained, since semiclassical methods do not to our knowledge cover such case. Outside of
the limit of small interactions, this could be tackled for instance by searching for a way to transform the non-local
interaction into an effective local interaction that would likely be time-dependent.
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Appendix A

Summary of shorthands and notations

Coherent states are used extensively in this work. The closure relations in coherent state representation can
already appear lengthy. In addition, they are used in the context of path integrals, which requires to use a large
amount of indices and closure relations. This has lead to the simplification of some cumbersome notations and the
introduction of shorthands. Although most of them are natural, they are all presented in this appendix.

A.1 Eigenvalue notations

Working with path integrals implies that several indices have to be used. In particular, state vectors are often
labeled with a "time slice" index. Since each vector is also associated with several eigenvalues, a choice had to be
made. The notation that was finally is the following:

k, [1hm) = 113, [1hm) (A.1.1)

with |n) a generic coherent state and dj, a generic annihilation operator. In order to avoid any confusion, powers
of the eigenvalues will always be denoted using parenthesis, such as in

A A 2
arag |77m> = (nfn) |nm> (A12)

A.2 Notations of operators and coherent states in the mixed space

Since this work mixes bosonic and fermionic coherent states, it appears necessary to be able to quickly distinguish
between the two. For this purpose, the Greek letters a, 8 and « are exclusively used for bosonic coherent states,
and the letters ¢, £ and x for fermionic coherent states.

Working in a mixed space also implies that each vector and operator has to be considered as a tensor product
of a quantity from both spaces. For instance, in the total space, a bosonic coherent state |«) is written as 1r® |a),
and the one-body fermionic Hamiltonian H F Is written as H »®1g. The operators 1 and 17 are the identity
operator in the bosonic and fermionic space respectively. However, writing out all tensor products for operators
and vectors that are mainly restricted to one space or the other would lead to an enormous amount of identity
operators and tensor products.

A more economical approach is to use notations that make clear which quantity belongs to which space,
allowing to omit the tensor products in most cases. The first ingredient towards this approach is the introduction
of notations distinguishing between fermionic and bosonic vectors. The other ingredient is the use of distinct
notations for bosonic and fermionic creation and annihilation operators, the former being denoted ZA)};, b, and the
latter éL, ¢u- Since each operator in this work is written in second quantization form as detailed in section 1.1, they
can all be written unambiguously without the use of tensor products. Some illustrative examples are presented
below.

The first example is the sum of a purely fermionic Hamiltonian and a purely bosonic Hamiltonian, such as the
one-body Hamiltonians Hp and Hp presented in section 1.2. In the mixed space, it reads

L N
Hr@ip+iro Hg = (Z EFMéLéM) @ip+ir® (Z EBmz}le}n> (A.2.1)
p=1 n=1
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Creation and annihilation operators | Coherent states

Bosons: lA)L and by, o), 18), 1)

Fermions: éL and ¢, 1€)5 1€)5 1x)

Table A.1: Summary of the notations of vectors and operators for bosons and fermions.

Remembering the convention for creation and annihilation operators in table A.1, the tensor products can be
omitted since the information about the space to which each Hamiltonian belongs is contained in the use of b or ¢.
Thus, this sum is simply written as

L N
Hp+Hp =Y Epuélié,+ > Epnblb, (A.2.2)

p=1 n=1

Another interesting example is the way the Hamiltonian responsible for the interaction between the fermions and
the bosonic field is written. It is given in the mixed space by

N L
Hin =" 3" Cumélie @ (B, +5,) (A.2.3)
n=1 p,r=1
The tensor product is again unnecessary and will be denoted by the usual product, giving
N L
n=1 p,rv=1

Turning our attention to vectors, we consider the quantity

((Cl@ (a8 @ip) = (@ (al &) @15 (A.2.5)

We would first like to draw the attention of the reader to the fact that the bra (o] and the ket |£) do not form
a scalar as they are from different space. In order to avoid confusion, a space is inserted between the two. This
lead to a rather inelegant expression. Omitting the tensor products will allow for avoiding it in most cases. In this
specific situation, this inner product would be written as

(Calg) = (C[&) (al (A.2.6)

It might still happen that a bra from one space faces a ket from the other space. In that case, the notation ({| |a)
will still be used, and will be understood as a shorthand for (¢| ® |a). We end these examples with a more intricate
case, mixing operators and vectors. Suppose that we want to simplify the notation of the quantity

¢lolp Hre@Hp | @1 (A.2.7)

The fermionic part yields a scalar and the quantity will be written as
<g\ﬁp‘g> Hp (A.2.8)

A.3 Shorthands and notations for integrals

This section introduces, we hope, all of the notations for integrals that could cause confusion and disturb the
reader’s peaceful reading. We begin by mentioning that exponentials coming from closure relations will always be
written in the e form in order to distinguish them from other exponentials:

Closure exponential: e*

Other exponential:  exp (o, 1)

In the context of coherent states, and especially used along with path integrals, integrals very often appear as pairs.
An example is given by the coherent state closure relations (3.1.19) and (3.2.45). We will present the shorthands in
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the context of bosonic closure relations, but they all naturally extend to fermionic closure relations. The rigorous
definition of the bosonic closure relation over bosonic modes denoted by an index k is

[/ [ e n o e =t e

We will instead use the notation

11 [/ %6"”1 o) (o] =1, (A.3.2)

k

keeping in mind that the rigorous definition for measure and limits of the integration is given in A.3.1. In this
work, we always write the product inside of the integral:

da**da® k)2 da**da® k|2
| I o 0T et N | | o B et
[/ 2ir } / - { 2ir } (A.3.3)

k

When some simplification is welcome and it is obvious that an integral corresponds to a closure relation, the

notation /1;[ [m;j:ake_aklz] _)/];[[d[ak]e—lak2} (A.3.4)

is adopted. When several closure relations are inserted at once, we merely combine them in one notation:

/H [da o "|2] /H [dﬂ*k/dﬂk/ 18" |2] /H Ia’“\2+|ﬁ’“|g)} (A.3.5)

A common expression in the context of path integrals and occurring in this work is the integral over all paths
relating states |;) and |ay). When a little simplification is welcome, these integrals will often be written as:

M—-1

Mhﬂﬂm [ / Hdagﬁa ] - /a ?fD[a(t)] (A.3.6)

The same notation is used for fermions by replacing the integrals over the complex variables o by Grassmannian
integrals as those shown in section 3.2. The denominator is also removed as it is not part of the fermionic closure
relation (3.2.45).
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Appendix B

(Gaussian integral and related formulae

The Gaussian integral is a well-known result. Let a € R, @ > 0 and b, d € C three constants, and x a real

parameter. We have :
oo 2 4bztd b2 /4a [T
/ e—(aztbz+d) g, _ b /4a [T (B.0.1)
o a

Starting from this formula, we derive three results that were frequently used in dealing with the integration over
bosonic (complex) variables.

B.1 Integrating over one complex variable and its conjugate

Let a € R, a > 0, and b, ¢, d € C four constants. Let a be a complex variable (often being the eigenvalue
associated to a coherent state). We then have :

* 2 1
/ da,dae_ala‘ exp (ba™ + ca+d) = —exp (bc + d) (B.1.1)
2im a a

Proof. First, we use the rigorous definition of the integration measure and limits to write the integral over a* and
« as integrals over the real parameters (o) and S(a):

/da*da _ /_:" /;“ dR()dS(e) (B.1.2)

24w ™

Let = R(a), y = (). The integral can be re-written as

+oo +oo T
/_ /_ dx dy exp (—a(z +iy)(z — iy) + b(x — iy) + c(x + iy) + d)

™
ed +o00 400

:7/ exp (f (amQ —(b+ c)x)) dx/ exp (f (ay2 — (ic— zb)y)) dy
™ —0o0 — 00
ed\/? (b+c)? 7r i?(c — b)?

=—,/—exp —exp | ————
T\ a 4a a 4a

ziexp i(b2—&—ch—i—CQ—62—1—21)6—172) (B.1.3)
a da o
1

=—exp (bc +d> (B.1.4)
a a

B.2 Integrating over N complex variables and their conjugates

Formula (B.1.1) can be easily generalized for N integrals in cases where there is no coupling between variables.
In particular, this case appear when considering closure relations with more than one bosonic mode in the context
of the evaluation of the propagator. Suppose that we have to compute an integral of the form

N da*da™ 2 N
I | —an|a™| E b, o™ + n B.2.1
/n=1 [ i e ] exp ( [ n Cnh&X ]) ( )

n=1
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B.3. INTEGRATING OVER TWO COMPLEX VARIABLES AND THEIR CONJUGATE

The result is easily computed by splitting the exponentials. We have

N [da*"da™ 2] &
/ H |:2i7rean|o¢"| :| H exp (bnOé*n + Cnan)
n=1
d *”d n
_ H |:/ (0% a” 70/77,‘(1 ‘2 exp (bnOL*n +CnOén):|

Applying N times formula (B.1.1) yields

N da*da™ N 1 N b,c
—ap|a™| *n n _ ntn
/HH_l [ i © ] exp (ng_l bpa™™ + cpa ) == . exp < E o > (B.2.2)

n=1 n=1

B.3 Integrating over two complex variables and their conjugate

By using equation (B.1.1), one can obtain a formula for a general integral form that occurs in propagator
computations. Even though the proof is a bit involved, this result proves itself very useful for the computation of
the mixed path integral where bosonic variables are integrated over.

Let aq, ag € R, aq, ag > 0 two constants. Let «, 8 two complex variables. Every other symbol in the equation
is a complex constant. We have :

/da‘da/Me—(aalqwamgﬁ) exp (baa*+bﬁ6* +Caa+cﬂ6+ca*ﬁa*5+caﬂ*aﬁ* -‘rd)

2 2

1 1
(008 — CorBCap* *P (aaag — Ca*BCap (aabpcs + apbaca + caspbaca + caprbacp) > ( )

Proof. We first use equation (B.1.1) on one of the complex variables, for instance 3. We identify the coefficients in
front of the f’s in (B.3.1):
a1 = ag
b1 = bg + capr
Lo e (B.3.2)
C1 = Cg + Carpt
dy = —aglal® + bao* + coa +d

Applying (B.1.1), we obtain

da*d dp*d
/ Z a/ g 5 (aalel*+aslBl )exp (bat™ + bgB* + ot + CB + Car g0 B+ Cagaf* + d)
1T 1T

da*d 1 1
_/ zma emaalal® — ” exp (ag (bg + cap) (cg + carpa™) + (ba™ + coa + d))

da*da 1 1 1 1
:/ Ziwa@e}(p (_(aa T g arpCab” lal® + (ba + o bﬂca*ﬁ) "+ (Ca — @Cﬂcaﬂ*)a +td+ aﬁbﬂcﬁ>

We can again identify the coefficients in front of the integrated variable :
1
ag = Qq — %Ca*ﬂcaﬁ*
1
b2 = ba + 7bﬂca*B
ag
(B.3.3)

C2 = Cq + —CBCap~
ag

1
do =d+ fbg05
ag

Applying (B.1.1) a second time, we find

da*do 1 1 1 1
/ Zma % exp <(aa - %ca*gca[g )\a| + (ba —|— bgca*ﬁ)a + (ca + %ctgcag*)a +d+ aﬁbgcﬁ>

1 1 1 1 1
=— T exp T ba —|— bgca B o« T —cgCapr | +d+ —bgcg
A Qo = 5> Ca®BCafp Qo = 5= CarBCap* ag ag
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APPENDIX B. GAUSSIAN INTEGRAL AND RELATED FORMULAE

1

The prefactor can in fact be re-written as ————
A @B —Ca*BCaB*

. Let’s now take interest in the exponent. We have :

a 1 1 1
2B I <b + bgca*g) < + Cgcag*> +d+ fbgcg
ag ao — @Ca*ﬁcaﬁ* ap ag ag
1 1 1
:a P ag bacCo + fbaCBCaB* fblgcaca*,@ + bgCBCa*/@Caﬁ* +d+ —b@Cﬂ
alp Ca*BCap* ag ﬁ ag
1 1
= a/gbaca =+ baC[gca,g* =+ bgcaca*ﬁ + 7bﬁcb’ca*ﬁca[3* =+ —b[;cﬁ(aaaﬁ + Ca*[gcaﬁ*) +d
Aaap — Ca*xBCaB* ag ag
1

= (aabgcg + agbaca + caxpbpca + cap-bacg) +d
Aaap — Ca*xBCaB*

Putting together the two results, we have :

da*d dp*d
/ 5 a/ g B ¢~ (anlal+0516%) exp (bya* + BeB” + catr + o8 + Car B+ Copraf” -+ d)
1T 1T

1

exXp
aaaﬁ — Ca*BCaB* (aaag — Ca*,BCaB*

(aabgcs + agbaco + Coxpbaco + Capbacp) + d)

O

Note that in most use cases, this result can be greatly simplified. Indeed, since in our use case the variables
come from closure relations, the situation where both o* and a8* appear in a term never occurs, since it would

require an expression of the form |a) (a]e®|8) (8]e® |a) (a|. Thus, there is at least one null coefficient between ¢,
and cqp+. In this work, the closure relation on what we call « is always inserted to the left of the one on , and
thus cop+ = 0. The prefactors then reduces to 1/a,ag. Furthermore, a, and ag both come from and only from the
normalisation of the closure relation. Thus, they are both equal to one in all cases and can be omitted. We finally
arrive to a more practical formula :

da*da [ d5*d8 (. L .
/ 2im / 2im (o101 )exp (ba@” + bgfB" + cacx + cgB + carpa™B + d)

= exp (baCa + bgcs + corpbaca + d) (B.3.4)
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Appendix C

Numeric tools developed in the context of
this work

Working with Grassmann numbers requires the development of new formulae, since they differ from complex
numbers in several ways, such as their anti-commutation or the definition of the Grassmannian integral. This
appendix will not recall or summarize basic properties of Grassmann numbers, since this is done in detail in the
first part of section 3.2. Instead, we will focus here on the original tool that allowed us to numerically check some
formulae for which algebraic proofs could not be obtained. This tool is a small Python! library as of yet unnamed,
and a non-exhaustive list of its characteristics and possibilities will be exposed in this appendix. The library can
be found in the following GitHub repository: https://github.com/Anatel-Phys/GrassmannLibrary.

C.1 The code’s core

The concept of the library is to allow symbolic manipulation of expressions containing ordinary numbers and
Grassmann numbers. The user starts by writing a string representing the expression they want to compute or
simplify. A function is provided to convert them into a form that can be used by the library, which is a list of
terms. The user can then manipulate those expressions, multiply them, apply Grassmann integration on them,
eliminate the terms with Grassmann duplicates (i.e. null terms) etc. Other tools are available such as tools to
help the user generate strings for specific Grassmann functions, tools to generate exponentials of any expression of
Grassmann generators etc. A few example of use of the code will now be presented. Note that the actual name of
the library’s functions will not be used, since it might change in the future. In the same spirit, the outputs of the
various functions presented might not be exactly the same as that of the actual function from the library, although
it will likely be equivalent. This chapter thus cannot be used as a tutorial for the library. For this purpose, a
tutorial file is included in the library.

Here is a simple example of a correctly formatted string and how the code converts it. It contains the expression
1+ A€ with A a complex number and £ a Grassmann generator, and is represented in the following way for the
library:

convert ("(+1 +A.g_xi)") — [[’+>, *1°], [’+°, A, ’g_xi’]]
The prefix g indicates that the variable ¢ is a Grassmann generator. This form can now be manipulated using
various functions from the library. The function multiply allows for multiplying two expressions stored in such
form. Suppose that we want to compute the square of the above expression. We have

e = [[7+7’ 71)]’ [7+), ’A’, ’g_Xi’]]

e_sq = multiply (e, e)

e_sq_> [[7+7, )17]’ [’+’, 72), 7A7’ 7g_xi7]’ [7+7’ 7A” 7A7’ ’g_xi’, ’g_xi7]]
This function however does not take into account the properties of Grassmann generators. This is the role of the

function remove_dupe, which works exactly as one would expect:

correct_e_sq = remove_dupe(sq_e, sq_e)
corect_e_sq — [[’+2, *1°]1, [’+>, 227, °A’, ’g_xi’]]

IWhen the scale of use of the library grew, it became evident that a more efficient programming language would have been
appropriate. This might be a work for the future.
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The last important feature of the library is the ability to integrate over Grassmann generatorss. This is done
quite straightforwardly with a single function that applies the integration rules (3.2.23):

e = [[7+7’ )1)], [>+)’ ’A’, ’g_xi’]]
int_e = integrate (e, xi)
int_e — [[’+°, ’A°]]

The integrate function can integrate over several generators at once and takes care of the anti-commutation of
Grassmann generators. Recall that the Grassmann integration properties (3.2.23) require the integrated generator
to be exactly to the right of the symbolic integral. Computing the integral [ d¢ [ d¢ £¢ then yields

e = [[7+>’ ’g_xi’, ’g_zeta’]]
int_e = integrate(e, [xi, zeta])
int_e — [[’-7, 21°]]

as expected. The functionalities as presented above do not yet seem to allow for more than what could be done
by hand. However, as the set of Grassmann generators considered grows, exhaustive calculations rapidly become
beyond the reach of someone doing the calculations by hand, even if they are very brave. This will be discussed in
section C.3. But first, let us take a look at the original algorithm used to compute integrals over several Grassmann
generators.

C.2 Algorithm for multiple Grassmann integrals

From a computational point of view, the main difficulty in computing multiple Grassmannian in an effective
way is to keep track of the minus signs brought by the permutations required to bring each Grassmannian generator
in front of the expression in the order implied by the integrals (see section 3.2 for a reminder on Grassmannian
integration). For instance, say we have to compute

[ e [dses (C2.1)

It is done by bringing &> in front of the product, computing the corresponding integral, and then doing the same
for & . Extensively, the computation goes as follow:

e [awaan = - [ [daans - [daan - [das =g (C.2.2)

The algorithm chosen to compute integrals over Grassmann generators takes a list of Grassmann generators and a
term of the form C&; - -- &y with C any ordinary (complex or real) number. Each generator we integrate over can
occur either 0 or 1 time in the integrated term, since the square of a Grassmann generators is 0. We also do not
need to deal with functions of Grassmann generators in the integration function since every function of Grassmann
generators can be expanded into a finite power series.

The algorithm first checks if each Grassmann generator we integrate over is present in the integrated term. If
not, the result of the integral is 0. If they are all present, then looking at (C.2.2) can easily convince us that the
result will be the initial integrated term where the Grassmann generators we integrate over have been removed, up
to a sign. This sign is what is computed next by the algorithm. It first computes the position of each generator
we integrate over in the integrated term in order of integration and adds this position minus 1 to a list. Applied
to the above example, we would have:

/ ¢, / ds €921 — (1,2) (C2.3)

because & is in second position and &; in third. Note that the resulting list corresponds to the number of
permutation required to bring each generators in front of the product, which justifies the decrement by 1. The
next step is to iterate over the indices in the list and decrement them by 1 for each smaller index that comes before
it in the list. This step corresponds to removing from the permutation count the cases where a generators would
be permuted with a generators that has already been integrated over. In our example, the index 3 is greater than
2 and is thus decreased by 1, yielding

(1,2) — (1,1) (C.2.4)

The final result is obtained by summing every indices and computing the parity of the sum. Here the sum is an
even number, meaning that the sign of the integral is *+’. This is indeed what was obtained by hand in (C.2.2). A
more involved example is presented below consider the integral

[ [ e [ aessss (C2.5)
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The position of each generator we integrate over is computed in order of integration and decreased by 1, yielding

/ dé, / dts / 06 €1 6265646565 —> (2,4,0) (C.2.6)

Since 2 is smaller than 4 and comes before it in the list, we decrease the index 4 by one, giving the final list (2, 3,0).
The sum of each element of this list gives 5 which is odd, and the final result of this integration is thus

/dfl/dfs/d€3 £16283848586 = —628486 (C.2.7)

One advantage of this algorithm is that it does not require to compute any actual swap between generatorss, thus
being more efficient in term of space than a sorting algorithm.

C.3 Perspectives on large scale applications

What makes the treatment of Grassmann generators different from that of ordinary number is the fact that they
are symbolic quantities. A term is not a number but a list of symbols. Furthermore, the order of these symbols
matter since we are dealing with anti-commuting numbers. Simplifying functions of Grassmann generators amounts
to computing the non-zero terms of their power series, and there is no notion of convergence. One then has to
deal with an amount of symbols that can be quite large. For instance, the treatment of a fermionic system with L
sites requires at least L Grassmann generators. The computation of, for instance, power series with an increasing
L rapidly gets out of hand as will be seen.

Over the course of this work, the use of this library shifted from a quick verification of elementary calculations
to large-scale computation of elementary propagators. This was principally allowed by the creation of functions
that compute the power series development of exponentials of arbitrarily large expressions, and the use of recursion.
For instance, suppose you have to compute the power series development of the exponential

L
exp (Z gﬂ) (C.3.1)
p=1
It is given by

L > 4 L p
exp (Z@) =2 (Z @) (C.3.2)
pn=1 p=1 p=1
Because there is L different Grassmannian generator in this exponential, the power series expansion of the ex-
ponential will stop at the term of order L. Indeed, a term of order L 4+ 1 would contain a duplicate of at least
one of the Grassmann generators. But one still has to compute each term up to order L, giving a computational
complexity of O(L") for obtaining the power series. What is important to realize in order to reduce the complexity
of this operation is that most of the terms in the power series contain duplicates of Grassmann generators and are
actually null. Starting from there, computing the terms of the power series in a recursive way appear to reduce
the computational complexity of several orders of magnitude. An efficient algorithm can then be described by the

following pseudo-code:

function EXPONENTIALPOWERSERIES(term)
PowerSeries = new List
PowerSeries.append(1)
p=1
while termP != Null do
termP = termP * term / p
RemoveDuplicates(termP)
PowerSeries.append (termP)
p=p+1
end while
return PowerSeries
end function

This algorithm removes the Grassmann duplicates as they occur in the term of order p. The term of order
p+ 1 is then computed using the term of order p which has been cleansed of its duplicates, meaning that no
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useless product is computed. This approach can be generalized to any product of quantities containing Grassmann
generators. The idea is to always remove the duplicates in one product before multiplying it with another term
in order to avoid any useless computations. This approach represents a major improvement in performance. For

example, the expression
L p
(Z @) (C.3.3)
p=1

contains LP possible terms but only ﬁ non-zero terms. Plugging in values to give an idea, we find that for
L = 10 and p = 6, there is 1.000.000 possible terms but "only" 151.200 non-zero terms. The next step is to
reassemble terms that are similar up to a permutation. This would further decrease the quickly increasing number
of possible terms since there is only ﬁ different terms possible up to a permutation. In the given examples,
it reduces the number of non-zero terms to only 210. This could make up for a huge difference in, for instance,
the RAM required to perform computation of power series, which occur a lot in the treatment of functions of
Grassmann generators. This is still a work in progress at the time of writing.

Using this technique for computing the power series of exponentials, one essentially has the tools to compute
the quantities occurring in the path integral formulation to the quantum propagator. It was using this technique
that the formulae (3.2.46) and (3.2.48) were verified numerically for several values of L. Those verification were
made by using comparison tools between the exhaustive development using Grassmann rules, and the postulated
formula. We conclude this section by mentioning that this tool does not replace algebraic tools and rigorous proofs
for results involving Grassmann generators. Obtaining such proofs for the formulae that were only numerically
tested would of course be an improvement.
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Miscellaneous proofs

D.1 Exponential of a sum of commuting quantities

In this work, expression containing sums of Grassmannian pairs occur very frequently. In order to prove some
properties of exponentials of Grassmann pairs, it is sometimes required to split the exponential of a sum into a
product of exponentials. We here show that this operation is indeed correct. Because Grassmann pairs commute,
it suffice to show that in general, the exponential of a sum of commuting objects can be split into a product of
exponentials. In other words, that we have

exp (A + B) = exp (A) exp (B) (D.1.1)
with A, B two generic quantities that commute.

Proof. We begin by expanding the exponential into its power series:

(oo}

exp (A 4 B) Zi A +B)" (D.1.2)
n

Since A and B commute, we can use the binomial theorem to write

n n!
(A+B)" Z( >AkB” k ZmAkB" k (D.1.3)

k=0

Plugging this result back into the power series (D.1.2) yields
x n Ak: ank
exp (A +B) = sz—i (D.1.4)

We can permute the order of summation:

Ak B’n k oo 0 Ak: Bn—k
ZZ ZZHT—W (D.1.5)
n=0 k=0 k=0 n=k
Letting m = n — k, we finally have
Z Z — Z Z — = (Z k,) (Z m,) (D.1.6)
k=0 n=k k=0 m=0

Recognizing the power series, we thus have proven that for two commuting objects A and B,

exp (A +B) =exp (A) exp (B) (D.1.7)
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D.2 Position-conjugate momentum relation for coherent eigenvalues

We want to prove that the eigenvalues associated to coherent states and their complex conjugate are equivalent
to a position and momentum if both multiplied by a factor v/ih. Here, we will only prove the bosonic case. As a
reminder, coherent states are defined as right eigenvalues of the annihilation operator:

bla) = ale) (D.2.1)

We first write the definition of the creation and annihilation operators in terms of the position and momentum
operators coming from the correspondence between bosonic particles and harmonic oscillators:

. 1
b= ——=—=(¢+1p D.2.2
- 1
b = ——(4—ip D.2.3
54— P) (D.2.3)
with w the angular frequency of the bosonic mode considered. Inverting these relations, we find that
ho - -
G = mT(b + b1 (D.2.4)

ﬁzid?(l}—?ﬂ), (D.2.5)

We can compute the expectation values of these operators in the coherent state representation:

mhw

o = {orldla) = |/ 0 4 o) (D.26)
pa = {alpla) =iy 22 0 o) (D.27)

Writing the complex number « as its real and imaginary part, we find

Ga = V2mhwR(a) (D.2.8)
Do = 1V 2mhwS () (D.2.9)
We thus see that the value of the position and momentum in coherent state representation relates to the real and
imaginary part of the coherent eigenvalue respectively. By considering o and o as distinct generators, we can
associate the information on the position to a and the information on the momentum to «*. The origin of the
factor v/ih lies in the fact that a position-momentum couple of operators in quantum mechanics satisfies to the

commutation relation
(G, p] = ih (D.2.10)

In the case of the creation and annihilation operator, we have
0,07 =1 (D.2.11)

We thus need to somehow multiply them in order to make the right hand side be equal to ¢A. We do so by arbitrarily
multiplying both of them by V'ih, which is applied to the eigenvalues as well.

D.3 Exponential of two pairs of fermionic creation/annihilation opera-
tors

In chapter 3, the action of the exponential of a pair of creation and annihilation operators was derived. A very
similar result can be obtained for two pairs of such operators. We expose here this result in the case of fermions
since the bosonic case do not occur in this work. Suppose that we have a generic two-body Hamiltonian expressed
in second quantization in the generic form

L
Hrp= Y Dupotléhésis (D.3.1)
MoV p,0=1
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D.3. EXPONENTIAL OF TWO PAIRS OF FERMIONIC CREATION/ANNIHILATION OPERATORS

In the path integral theory of such Hamiltonian, we would encounter quantities such as

(¢

with 0t an infinitesimal time step and [£),|x) two fermionic coherent states. We can expand the exponential to
first order in §t, yielding

. . . L
<§ exp <_;5tﬁTB> ’X> = <f‘ (ﬂ - ;(%HTB) ’X> = <f‘ <ﬂ - %575 Z DuupoéLéiépécr)

w,v,p,o=1
Recall the eigenvalue notations introduced in chapter 3, which are summarized in appendix A. Using the fact that
fermionic coherent states are right eigenstates of annihilation operators and left eigenstates of creation operators,
along with the anti-commutation rules (3.2.30), we have

(€lelelents |x) = (el €M elex [ x) = (€] (-1)%ele"x7¢,
Inserting this result back in (D.3.3) yields

. L
<§|<1—;6t 3 D,w,,(,éLaLepao>

Hovsp,0=1

exp <—;5t IS{TB> ‘x> (D.3.2)

X> (D.3.3)

X) = (€| (=D x X7 | x) (D.3.4)

. L
x> = <£’ (1 - %& Z Duypgf*“ﬁ*”xp)(”) X> (D.3.5)

pov,po=1

We recognize the term with the sum as being the Hamiltonian (D.3.1) where the creation and annihilation operators
have been replaced by the corresponding left and right eigenvalues respectively. We naturally denote it with
Hrp(€%,¢). Since 6t is infinitesimal, we can write the expression in parenthesis back in exponential form:

(¢ (1- jorrene0) | ) = (¢

exp (~goutrate’.0)) |x) (D.3.6)

We thus finally have

<§ exp (—;;L&ETTB) lx> = <§ exp (—;;L&fHTB(f*,C)) ‘X> (D.3.7)
with
L
Hrp(€0) = > Dupe™ X" X" (D-3.8)
w,v,p,o=1

7



