Many-body systems draw ever more physicists’ attention. Such an
increase of interest often comes along with the development of new
theoretical methods. In this thesis, a non-perturbative semiclassical
approach is developed, which allows to analytically study many-body
interference effects both in bosonic and fermionic Fock space and is
expected to be applicable to many research areas in physics ranging
from Quantum Optics and Ultracold Atoms to Solid State Theory and
maybe even High Energy Physics.

After the derivation of the semiclassical approximation, which is
valid in the limit of large total number of particles, first applications
manifesting the presence of many-body interference effects are
shown. Some of them are confirmed numerically thus verifying the
semiclassical predictions. Among these results are coherent back-/
forward-scattering in bosonic and fermionic Fock space as well as a
many-body spin echo, to name only the two most important ones.
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CHAPTER 1 .

Introduction

1.1 Classical Mechanics gone Quantum
1.1.1  The first quantum revolution

100 years ago, not only the first world war broke out, but also James
Franck and Gustav Hertz showed in their experiment that the electrons in
an atom can have only certain quantized energies [1]. The Franck-Hertz ex-
periment was the first experimental proof of the quantum nature of atoms,
and also resulted in a Nobel prize for Franck and Hertz in 1925. At that
time, Bohr’s heuristic atom model [2], which in a way could be considered
as the first semiclassical model since it used quantized but otherwise clas-
sical orbits, was considered to be the correct theory to describe the inner
structure of atoms.

The Bohr-Sommerfeld quantization rule actually yielded the correct
energy levels for the hydrogen atom even including fine structure. However,
although many physicists — among them Bohr, Born, Kramers, Landé ,
Sommerfeld and van Vleck — tried to compute it, the correct ground state
energy of Helium could not be reproduced [3].

This failure to compute the energy levels of Helium marked the end of
the “old quantum theory”. Finally, in 1925, works by Louis de Broglie,
Werner Heisenberg and Erwin Schrédinger culminated in the Schrédinger
equation [4]. A test of the thus developed “new quantum theory” is the
scattering of electrons on a Nickel cristal [5], which shows the same diffrac-
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tion pattern as the scattering of X-rays on Nickel cristals — by the way a
Nobel prize in 1914 for Max von Laue.

After the establishment of the new quantum theory, it became clear
that the Bohr-Sommerfeld quantization rule follows from the semiclassical
WKB or EBK approximation [6], respectively, such that denoting Bohr’s
atom model as a semiclassical description can actually be justified. How-
ever, WKB and EBK quantization is valid for classically integrable sys-
tems only, thus explaining the failure of the old quantum theory for He-
lium, which is a chaotic three-body system. On the other hand, within
the new quantum theory, the WKB approximation was the first connection
of a quantum object, namely the wave function, with classical trajecto-
ries and their actions. Such a connection was also established in 1928 by
van Vleck, who made use of probabilistic arguments, in order to approxi-
mate the quantum mechanical propagator in configuration space in terms
of classical trajectories starting and ending at the initial and final position,
respectively, and their actions [7]. It is worth to notice that van Vleck’s
result coincides for short times with Pauli’s short time approximation [8].

In 1948, Richard Feynman established another connection between the
quantum mechanical propagator in configuration space and paths connect-
ing the initial and final position [9]. However, in his path integral formal-
ism, it is not just the classical trajectories, one has to sum over, but over
all — classical and non-classical — paths, which ensures that also tunneling
effects are included. The latter is important to notice, since classical trajec-
tories do not tunnel, and therefore tunneling effects can not be resembled
by semiclassical descriptions based on classical trajectories, unless they are
incorporated artificially [10]. It was then Martin C. Gutzwiller [11], who
unfortunatelly died one year ago, who applied a stationary phase approxi-
mation [12-14] to Feynman’s path integral, in order to show that van Veck’s
result has to be modified by phases typically denoted as Maslov indexes,
given by the number of focal points of the trajectory [6]. This propagator
is nowadays referred to as van-Vleck-Gutzwiller propagator. The linearity
and the consequential interference of the quantum theory is thereby re-
sembled by the fact that the van-Vleck-Gutzwiller propagator is computed
from all classical trajectories joining the initial and the final position.

In the very same publication [11], Gutzwiller also showed, how to per-
form the Laplace transfromation of the van-Vleck-Gutzwiller propagator
from time to energy domain in order to arive at a semiclassical Green’s
function, which is then no longer given by classical trajectories with fixed
time, but with fixed energy. From the Green’s function, also the density of
states of a quantum system can be computed [15], and Gutzwiller’s approx-
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(a) Diagonal pair (b) Sieber-Richter pair

Figure 1.1: (a) A diagonal and (b) Sieber-Richter pair as those appearing
in the computation of the spectral form factor.

imation provides a way to also connect this quantum mechanical quantity
to classical trajectories. In fact, it was again Gutzwiller [16], who showed
that semiclassically, the density of states can be decomposed into a smooth
(Weyl) part [17] and an oscillatory part, where the latter is given by a sum
over periodic orbits. This is Gutzwiller’s famous trace formula, which is
valid for classically chaotic systems like — guess what — the Helium atom.

In addition, latest with Berry’s diagonal approximation [18], it became
evident that semiclassics is a very powerful tool for studying universal quan-
tum effects in single-particle systems. Among these effects are weak local-
ization [19-21], weak anti-localization [22, 23], coherent backscattering [24],
the decay of the Loschmidt Echo [25, 26] and the spectral form factor [18].
On the other hand, however, based on Bohiga’s, Giannoni’s and Schmidt’s
conjecture that systems with chaotic classical counterpart behave as if their
hamiltonian would be a random matrix [27], many random matrix theory
(RMT) results showed that the results obtained in diagonal approximation
were often only leading order effects. It then took until the beginning of the
new millenium to identify the next to leading order contributions for two
dimensional systems [28], which are now often denoted as Sieber-Richter
pairs (see Fig. 1.1(b) for a sketch of these pairs) or — more generally — loop
contributions. Within their approach, Martin Sieber and Klaus Richter
were also able to solve the problem of the missing normalization of the
transmission probabilities for open chaotic systems, which appears, when
sticking to the diagonal approximation [21].

The semiclassical approach has then been extended not only to include
higher order contributions, but also higher dimensions [29-38], and has
now for the spectral form factor been shown to be able to reproduce the
full RMT result [39]. Again, the corrections to leading order results in
single-particle systems have been studied extensively using this approach.
For instance, the conductance of a chaotic conductor has been calculated
to all orders in the inverse number of channels [34], as has been the den-
sity of states of Andreev Billiards [40, 41]. Within this approach, universal
conductance fluctuations [20, 42-44] could also be described. Moreover, it
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Figure 1.2: Three indistinguishable scattering processes, that give rise to
many-body interference.

has been applied to the Loschmidt echo [45, 46], the conductance and ther-
mopower of Andreev Billiards [47-49], transport of Bose-Einstein conden-
sates through chaotic conductors [50], transport moments of chaotic con-
ductors and Andreev Billiards [51-54]. Right now, even quantum graphs,
which have eigenvalues given by the zeros of Riemann’s Zeta Functions,
are under investigation [55]. Furthermore, this semiclassical approach to
quantum chaotic transport can reproduce Anderson localization [56-58].

This already pretty long, but surely not complete list of applications,
shows that semiclassics is very successful in describing universal quantum
effects of single-particle systems. However, the methods to describe uni-
versal quantum effects are not (or only with a huge effort) able to describe
many-body effects, if the total number of particles is large [59]. This is due
to the additional many-body interference depicted in Fig. 1.2 due to the in-
distuingishability of the particles and the necessary (anti-) symmetrization
associated with it.

1.1.2  Second quantization

Indistinguishability, and the fact that the symmetrization or antisym-
metrization of wave functions becomes intractable for large particle number
was the reason for the development of second quantization [60]. There, ev-
ery operator is written as a combination of so called creation and annihila-
tion operators, with coefficients which are determined by the corresponding
single-particle system, only. For the creation and annihilation operators
there are two possible interpretations. Either they create and annihilate,
respectively, a particle in a certain single-particle state, or a certain exci-
tation of the ground state. The first interpretation is commonly used in
quantum field theories [61], while the second one is used for example for the
description of the quantum harmonic oscillator [62]. Actually, these two
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interpretations are equivalent, since any excitation can be interpreted as a
quasi-particle [63]. When choosing the single-particle states in which the
creation and annihilation operators create or annihilate particles or excita-
tions as position states, the creation and annihilation operators are often
denoted as field operators [64].

To the author’s knowledge, the use of semiclassical methods in Fock
space is rather limited. For Bosons, these approaches are mainly based
on coherent states [65-69], initial value representations in terms of the
Herman-Kluk propagator [70, 71] or WKB and EBK approximations [72—
75]. While the latter is restricted to integrable systems, only, the first two
approaches can be applied to any system, no matter whether it is integrable
or not. If one wants to transfer the accomplishments in semiclassical meth-
ods for single-particle to many-body systems, they yield severe problems,
though.

While an initial value representation may be very advantageous for
numerical studies and integrable systems [71], it is not able to predict
universal features analytically, since especially the loop contributions are
not explicit in this case.

The coherent state propagator requires complex trajectories [65-69]
with complex action. Therefore, unlike the usual van-Vleck-Gutzwiller
propagator [11], for each trajectory the action not only contributes a phase,
but also a real exponential factor, which makes the usual argumentation of
strongly oscillating terms due to action differences of not correlated pairs
of trajectories impossible. However, this kind of reasoning is necessary in
order to be able to restrict the analysis to diagonal [18] and loop contri-
butions [21, 28-37]. It is worth to notice that “it may happen that the
complex trajectory is close enough to a real one [...]” (cf. [76]), such that
one can use a real trajectory, in order to approximate the contribution
of a complex one [67, 76, 77], “[...] if the latter is not too deep into the
complex plane.” (cf. [67]). However, as these statements already indicate,
it is highly questionable, whether this approximation can be generally ap-
plied systematically, and the proponents of this approximation themselves
recognized that it may give wrong or insufficient results [67, 76].

For fermions, the situation seems to be far worse. To the author’s
knowledge, rigorous semiclassical approaches in Fock space are so far re-
stricted to spin-chains [65, 69], which describe essentially distinguishable
particles, since each particle is fixed to one position. For systems with spin-
orbit interactions, kind of hybrid systems have been introduced, where the
orbital degrees of freedom are treated in configuration space, while for the
spins coherent states are used [23, 78-84].
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Figure 1.3: Classical (a) vs. quantum (b) discrete time random walk:
While in the classical random walk, the particle goes either to the left or
to the right at each step, in the quantum random walk the wave function
splits up at each step and interferes.

The problem with a semiclassical approach in Fock space is that due
to the antisymmetry of the fermions, coherent states are described by anti-
commuting Grassmann variables [61, 64] and therefore a stationary phase
approximation to the straight forward coherent state path integral for in-
stance yields as classical limit Grassmann valued equations of motions and
actions. This is probably the reason, why the theories closest to a semiclas-
sical one in fermionic fock space are up to now quaiclassical approaches,
where a heuristic classical Hamiltonian is imposed [85, 86].

The aim of this thesis is to address and — if possible — lift these issues
of semiclassical approaches in Fock space for both, Bosons and Fermions.
Once such semiclassical approaches are successfully derived, one may start
to dream a little bit in which research areas they may be applied.

1.2 The Connection to Various Research Fields
1.2.1  Quantum Optics

To start with non-interacting systems, one possible field of application
could be quantum walks [87-91], which became of special importance in the
context of quantum computation [92] and quantum search algorithms [93].
While “In classical random walks, a particle starting from an initial site on
a lattice randomly choses a direction and then moves to a neighboring site
accordingly” (cf. [91]), in a quantum random walk, the wave function of a
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Figure 1.4: Schematic picture of seven ultra-cold atoms in an optical lat-
tice consisting of five magneto-optical traps. The atoms can tunnel from
one trap to a neighbouring one with a probability given by the hopping
amplitude J.

particle splits at each site into two components, which finally will interfere
again [94]. Such quantum walks are mainly performed using photons.

Quantum walks based on photons are usually classified as follows: In
discrete time quantum walks, beam splitters are used, such that for discrete
time steps, a photon can enter one of two wave guides [90, 95-97]. It is
worth to mention the easiest case of a discrete time quantum walk having
just one beam splitter, namely the well known Hong-Ou-Mandel effect [98].
In continuous time quantum walks, on the other hand, several waveguides
are arranged periodically close to each other, such that a photon can tunnel
from one wave guide to the other one [91, 99-101]. In both cases, time can
due to the fixed speed of photons (namely the speed of light), be mapped
to the position of the photon along a certain direction [102], which is often
chosen to be the z-direction.

Interestingly, even disorder can be realized in these systems. For beam
splitter this is by implying so called coin operators, which — classically
speaking — change the probability to go to either side [97], while for waveg-
uide arrays the refractive index can be adjusted for each wave guide sepa-
rately [91]. The fact that, for waveguide arrays the system can be changed
by changing the waveguides only, also allows for instance to study nonlinear
effects [102, 103].

Since these experiments are usually done with one single [91, 95, 97, 99,
102, 103] or two photons [96, 100], these experiments can not be described
using classical electrodynamics. However an approach based on a Hamilto-
nian given in terms of creation and annihilation operators as the one which
will be considered in this thesis may be applied.

Finally, quantum walks are not only possible by using photons, but also
with ultra-cold atoms and ions [104-108].
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1.2.2 Ultra-cold Atoms in Optical Lattices

These systems consist of several atoms, which are at very low tem-
peratures (usually a few nK) trapped in a periodic potential built up by
interfering laser beams, which are adjusted such that they form standing
waves [109] and are generally described by Hubbard models [110]. An op-
tical lattice consisting of five magneto-optical traps, which are often also
denoted as sites, and seven particles is schematically shown in Fig. 1.4.

An advantage of these systems is their vast controllability [111]. By
using Feshbach resonances [112-115] for instance, the scattering length,
which in turn determines the interaction strength, can be adjusted and
tuned within a wide range [116, 117].

Additionally, by increasing the intensities of the used laser beams, the
tunneling probability, i.e. the probability for an atom to tunnel from one
well of the optical lattice to another one, can be decreased, resulting in a
relative increase of the interactions compared to the kinetic energy, which
is often denoted as hopping amplitude. If the tunneling probability is in-
creased so far that the hopping amplitude is much smaller than the interac-
tion strength, the energy is dominated by the latter and tunneling from one
well to an other is energetically suppressed or even forbidden. This regime
is called the Mott insulating phase [118, 119] and for ultra-cold atoms it is
accessible by the prescribed procedure. In fact, when increasing the laser
intensity, bosonic ultra-cold atoms undergo a quantum phase transition
from a superfluid to a Mott insulating phase [120, 121].

For Fermions the Mott insulating phase also appears when the hopping
amplitude is not negligible but much smaller than the interaction strength
for half filling and a phase transition from Mott insulating to superconduct-
ing can be achieved by hole doping, i.e. by removing particles [122-124].
For fermions, the Mott insulating ground state is also predicted to be an-
tiferromagnetic [123].

The Mott insulating phase also allows a simple scheme for loading an
optical lattice with atoms [125-127]. In the same way, it can be used, for
fixing the atoms after time evolution and determine the number of atoms
in each well by high resolution imaging techniques [128, 129].

Finally, the energy of each well of the periodic potential can also be
adjusted individually, thus giving the possibility to create optical disorder
[130] and, despite the fact that atoms have no electrical charge (therefore
a magnetic field does not have any effect on their motion) time reversal
invariance can be broken by artificial [131-134] and synthetic gauge fields
[135].
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These properties and especially the high controllability of the systems
suggest that ultra-cold atoms can be used as simulators for condensed mat-
ter systems [111, 125] like for example graphene [136]. Since recently also
spin-orbit interaction have been realized with ultra-cold atoms [137-139],
one could also think of simulating spintronics in optical lattices.

1.2.8 Spintronics

Spintronics is essentially the investigation of spin related effects, mainly
solid state systems, and aims towards a spin-based, rather than the con-
ventionally charge-based, information transport [140-142]. The punchlines
there, are e.g. the generation of spin polarization, injection of spin polar-
ized currents as well as possibilities to manipulate and measure them. Very
often hetero-structures composed of ferromagnetic materials and semicon-
ductors or ferromagnetic and insulating materials are used. In these sys-
tems, the ferromagnets serve as injectors or detectors of spin polarization.
Very prominent effects in such hetero-structures are giant magnetoresis-
tance (GMR) [143, 144] and tunneling magnetoresistance (TMR) [145].
For both, GMR and TMR, the (electrical) resistance is much larger if the
magnetizations of the two ferromagnetic layers have opposite directions
than if they are parallel. The difference in the setup between them is
that for GMR a semiconductor is placed between two ferromagnets, while
for TMR a so called magnetic tunnel junction is used, where an insulator
(=tunneling barrier) is sandwiched by two ferromagnets. These two effects
also made successfully their way to industrial applications and have been
established in read heads in hard disk drives.

Another effect, which seems to be on its way to industrial applications
in so called racetrack memory [142] are spin transfer torque effects [146].
In these effects, spin-polarized particles crossing a domain wall in a ferro-
magnetic material transfers its magnetic moment to the substrate and thus
moves the domain wall.

Relativistic effects like Bychkov-Rashba [147] and Dresselhaus spin-
orbit interactions [148] are also important in spintronics. For instance,
they are the key elements of spin-hall [149, 150], quantum spin hall [151—
154] and spin-based transistors [155]. While spin hall and quantum spin
hall effect are both based on the fact that due to intrinsic spin-orbit in-
teraction particles with spin up and spin down, respectively, moving in
the same direction are dragged to opposite directions perpendicular to the
overall direction of the current, in the spin field effect transistor [155] the
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spin orbit interaction strength is determined by an external gate voltage.
The spin-orbit coupling then leads to spin-precession of the crossing parti-
cle. The source and drain are magnetized, such that the electrons entering
are also spin-polarized and can enter the drain only if the spin-precession
is such that their spins are parallel to the magnetization in the drain.

So far, spintronics mainly focuses on single-particle effects [140-142,
156], for which using a Fock space approach of indistinguishable particles is
not quite reasonable. However, for studying many-body effects in spintron-
ics devices, the techniques developed in this thesis might be of particular
help.

1.2.4 Many-Body effects in condensed matter physics

More generally, it is important to study many-body effects in condensed
matter systems. Well known amongst these are for instance the Coulomb
blockade [157-163], inelastic and elastic co-tunneling [164-168] and the
Kondo effect [168-170]. The Coulomb blockade arises due to the Coulomb
repulsion of the electrons in a quantum dot coupled to leads via tunnel
junctions. This repulsion implies a large energy cost in order to add a
further electron which in turn results in peaks of the current-voltage char-
acteristic only for specific voltages corresponding to the energy needed in
order to add a electron to the quantum dot.

In quantum dots, cotunneling, where two electrons — one into the quan-
tum dot and one out of the quantum dot — tunnel at the same time, and
the Kondo effect are corrections to the Coulomb blockade at low temper-
atures. The Kondo effect originally refers to a minimum of the resistance
as a function of temperature in a metal [170] due to scattering off mag-
netic impurities, where the impurity and the electron exchange their spin.
Nowadays, the Kondo effect is mainly studied in quantum dots and carbon
nanotubes [168, 171-188] and became a test case for many-body theories
in condensed matter physics [189-196].

Due to their similarities, quantum dots are also regarded as artificial
(two dimensional) atoms [177, 197, 198] and even the formation of artificial
molecules [199-201] is possible using quantum dots.
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1.2.5 Chemical Physics

Real Atoms and Molecules, on the other hand, are the central objects in
chemistry. In fact, the chemical physics community has made extensive use
of semiclassical methods and played an important role in their development
[70, 202—-209).

Starting with Ref. [209] Miller and coworkers started the study of molec-
ular collisions, which give rise to electronic transitions within the molecules
and succeeded to describe resonance effects [210]. There, the electronic de-
grees of freedom have been treated semiclassically, while the nuclear motion
was incorporated classically [209]. After that, in order to be able to de-
rive electronic and nuclear motion on the same footing, they turned to
deriving a classical theory of these collisions [85, 211-213]. These classical
approaches are basically determined by a mapping of angular momenta,
including spin, to classical action angle varibles [202, 214].

Motivated by this process, Miller and White tackled the problem of de-
riving a classical Hamiltonian for a second quantized fermionic Hamilonian
already in 1986 [86]. By using similar techniques they managed to derive
a Schwinger representation of the angular momentum [215]. Later on, it
has been used heuristically in a semiclassical initial value representation
including Langer substitutions [216].

The thus developed techniques have also been applied to electronic
transport through a single quantum dot [217], two coupled quantum dots
[218] and molecular junctions [219].

The problem with the Meyer-Miller-Stock-Thoss approach developed
in [85, 86, 215, 216] is, however, that the Fock states, i.e. those states
with well defined occupations of the single-particle states, are fixed points
of the classical motion [220]. Moreover, it is based on heuristic mapping
approaches, instead of a rigorous derivation by means of a path integral,
where the classical Hamiltonian appears naturally. Finally, it does not
yield any insight, what the effective Planck constant g, i.e. the small
parameter in a stationary phase analysis of the path integral, actually is.

1.3 Outline of this thesis

During this thesis, an answer to this last question, what the effective
Planck constant is, will be also given. This will be accomplished by first
deriving an exact path integral both for Bosons and Fermions based on



12

INTRODUCTION

complex variables, which will also determine the classical limit of the second
quantized theory.

Before that, however, a brief introduction to the basic concepts used
during this thesis will be given in the first part. This introduction contains
a short review of the derivation of the path integral and the van-Vleck-
Gutzwiller propagator in configuration space in Chapter 2, the basic con-
cepts of second quantization as well as important states in Fock space and
their properties in Chapter 3 for both, Bosons and Fermions.

The second part, finally, is dedicated to the construction of path in-
tegrals and semiclassical approximations for the propagator in Fock space
based on complex variables for Bosons in Chapter 4 as well as for Fermions
in Chapter 5. For the bosonic proapgator, it is also shown that the semi-
classical approximation fulfills the semi-group property.

The thus derived bosonic propagator is applied in Part III to bosonic
many-body systems, starting with non-interacting systems like quantum
walks in photonic wave guide arrays in Chapter 6, and then turning to
describing coherent backscattering in Fock space for interacting particles
in Chapter 7, many-body transport of interacting Bosons in Chapter 8 and
finally to the fidelity decay for interacting ultra-cold atoms in Chapter 9.

Similarly, in the fourth part of this thesis, fermionic many-body interfer-
ence effects are considered by applying the approach derived in Chapter 5.
These interference effects are enhanced and vanishing transition probabili-
ties between Fock states, which are investigated in Chapter 10, as well as a
many-body spin echo resulting from an intermediate manipulation of spins
in Chapter 11 and a related quantity, which is here denoted as spin fidelity
in Chapter 12.

Finally, concluding remarks as well as future perspectives are given in
Chapter 13.
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CHAPTER 2 -

Semiclassics for
Single-Particle Systems

2.1 The Path Integral Representation of the
Propagator

2.1.1 The quantum mechanical propagator

Semiclassics as it is understood through out this thesis, is based on a
stationary phase approximation to the quantum mechanical propagator (or
time evolution operator), which is defined as the operator which connects
the state |¢(t;)) at initial time ¢; with the one at final time t¢, [¢0(tf)) by
[221]

[W(tr)) = K(ts,ti) [(t:)) - (2.1)
Since in quantum mechanics |1(t)) satisfies the time dependent Schrédinger
equation

0 2
ihor [(0) = H(#$) [$(2),

the propagator is the solution to the operator differential equation [13, 62]

ihgtk(t, t;) = Ht)K(t,t;), (2.2)
with initial condition
K(ty =tit;) =1, (2.3)

15



16

SEMICLASSICS FOR SINGLE-PARTICLE SYSTEMS

where H(t) is the (time-dependent) quantum mechanical Hamilton oper-
ator (or in short, quantum Hamiltonian), 1 is the unity operator, ¢ is the
time, i is the imaginary unit and & is Planck’s constant.

Formally, the solution of eqns. (2.2,2.3) can be written as [62, 221]

ty

K(ts,t;) =T exp —%/dtH() , (2.4)

t;

where 7T is the time ordering operator, which sorts the factors of the product
right to it such that their time arguments decrease from left to right, e.g. for
a product of two operators A;(t) and Aa(t) [13, 62],

A = G

More generally, for n operators Ay (), ..., A,(t),

TITAit) =) H9 o(j+1)) H ), (2.5)
=1 i=1

ceS, \j=1

where the product Hj is defined such that j increases from left to write,
and S), is the symmetric group of n, i.e. the group of all n-permutations,

and
1 ifz>0
Oz) if x >0,
0 ifxz<O.

is the Heaviside step function. A product of the form (2.5) is often also
denoted as time-ordered product.

The combination 7 exp (...), as it appears in (2.4) and is usually called
time-ordered exponential, should be evaluated by first expanding the ex-
ponential using its Taylor series and after that applying the time ordering
operator to each summand individually. Note that, although

A~

[H(t), ﬁ(t)} =0,

the Hamiltonian at time ¢ does in general not commute with the Hamilto-
nian at time ¢/,

[ﬁ(t), fI(t’)} _#0.
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Here [A, B} denotes the commutator of the operators A and B.

In order to further evaluate the propagator, one has to choose a cer-
tain basis. In principle, one could choose any basis, however since this
part is meant for illustration of the basic methods used later on only the
configuration space basis, given by the position eigenstates |r) is used here.

Inserting a unit operator in terms of position eigenstates [221, 222],

1= /dDr Ir) (r|, (2.6)

where D is the spatial dimensionality of the systemm, in (2.1) and project-
ing it to the position eigenstate |r) yields for the evolved wavefunction in
configuration space [223]

w (I‘,tf) = /dDT’K (I‘,tf; I‘/,ti) w (rlati) ’
where ¥(r,t) = (r|1(t)) and

K (v,tpr) t;) = <r ‘ K (tg,t:)

r’> (2.7)

is the propagator in configuration space representation. The modulus
square of this complex quantity then yields the probability that if a particle
is at time ¢; at position r’, it is found at time ¢y at position r. Therefore,
by choosing the initial state to be a Dirac delta in configuration space,
¥(r',t;) = 0 (r' —r), due to the normalization of the wave function,

/dDr’ ‘K (r',tf;r,ti)‘2 =1.

Moreover, the initial condition of the propagator (2.3) reads in configura-
tion space
K (r’,t;r,t) =9 (r’ —r) .

Finally, the time evolution operator has to be unitary and satisfy [13]

A A A~

K(ty, t)K(t,t;) = K(ty, t;)

for any time ¢, i.e. propagating a state twice in time has to result in the same
wave function as propagating it once over the whole duration. Moreover,
it has to be unitary [13]. Thus, the propagator in configuration space has
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to satisfy the semi-group properties
/dDr”K (r',tf;r”,t) K (r",t;r,ti) =K (r',tf;r,ti) , (2.8a)

/dDr"K* (2" tp;r t) K (2", t;r,t) =K (¢ tg;r,tp) (2.8b)
for any arbitrary time t.

2.1.2 The Path integral

Despite all these nice properties, one still has to evaluate the time or-
dered product, in order to find the propagator in configuration space rep-
resentation, a very difficult problem without general solution. However,
Feynman found a way out of this problem by his famous path integral
approach [9]. Here we follow mainly Refs. [12, 13].

First, Trotter’s formula [224] is used, in order to split the time ordered
exponential into an (infinite) product of exponentials with (infinitesimaly)
small time steps [12, 13],

i M .
T exp ;L/dtﬁ(t) = N}im H exp [—l;b-ﬁ(tf - T)’LT):| ) (2.9)
—00
m=1

ti -

where 7 = (ty —t;) /M. Recall that the product is defined such that the
value of m increases from left to right.

Using (2.9) in (2.7), inserting a unit operator in position representation
(2.6) between ever two exponentials and finally a unit operator in momen-
tum representation [222],

i:/derp> !,

left to every exponential, yields the path integral representation of the
propagator in position space,

K(I‘,tf;r/,ti) :]\/}im deo/dD’r‘l/del.../dDT'M/deM

— 00
rm>>

M
II ensilpm) <pm

m=0

exp [—gﬁ (t; + mT)]
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where rg = r’ and rj;.; = r. The matrix elements can then be evaluated
by making use of the fact that the quantum Hamiltonian has the form

. 1., X

H = ﬂp + V(I‘),
where p is the mass of the particle, V(r) the potential and p and r the
momentum and position operator, respectively. Using the Baker-Campbell-
Hausdorff formula [13], in the limit M — oo, each exponential can be split
into two exponentials, where the first one consists of the momentum and
the second one depends on the position operator, only. Note that this does
not apply in the presence of magnetic field, however one can show that the
final form of the path integral is the same up to replacing the momentum
p by p— 2A(r) with ¢, c and A being the charge of the particle, the speed
of light and the vector potential, respectively [12]. Then, one can let act

every momentum operator to the left and every position operator to the
right, finally yielding [12, 13]

K (I‘,tf;I‘/,tZ‘) =
, dPpq D dPp, D dPpus
A}i“oo/(zm)D/d Tl/(QWH)D'”/d TM/@m)D (2.10)
.M
1
exp {h Z [pm : (rerl - I'm) —TH (pm7rm§ t’L + mT)]},

m=0

with the classical Hamiltonian resulting from the quantum one by replac-
ing the momenum and position operator by real numbers, which are the
momentum and position, respectively,

p?
H (p,r) = % +V(r). (2.11)

Eq. (2.10) is often written in the short-hand notation [13]

K (rtgir'st) = [ Dlpe).xo]esp (3 RpO.0]).

where the limits of the integral indicate that the initial and final positions
are fixed to r’ and r, respectively and

Rm@ﬂmz/mm¢—ﬂmwﬂmm



20

SEMICLASSICS FOR SINGLE-PARTICLE SYSTEMS

is the action of the path (p(t),r(t)).
The name “path integral” comes from the fact that the integral

[Pp0.x0)...

runs over all paths in phase space. These paths, which are schematically
depicted in Fig. 2.1(a), are neither restricted to the (classically) allowed
regions nor do they need to be smooth.

Finally, making use of the form (2.11) of the classical Hamiltonian the
integrals over the intermediate momenta can be carried out [12, 13],

K (I‘,tf;I‘/,ti) =

.M
e {5 3 [ trmss v =V (2]
lim dDrl.../dDTM m=0

D(M+1) )

(2mihT /@) 2

M—o0

(2.12)

which finally connects the propagator with the Lagrange function of the
system by [13, 94]

i

K (v, tyr',t;) = /D[r(t)]exp <hR[1"(t),r(t)]> , (2.13)

with the action of the path (i(t),r(¢))

ts ts
RIF(t),x(t)] = / AL (£(8), p(t); 1) = / at (B() ~ vie))

It is important to notice that the path integral runs over paths that are
not necessarily restricted to the classically allowed region.

The huge advantage of the path integral representation is that one
clearly sees the origin of interference: There are essentially an infinite num-
ber of possible paths a particle can take. However, during its evolution it
will pick up a phase, which is given by the action of this path, and therefore
every path yields a different phase. Finally, all paths add up and therefore
interference occurs.
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(a) Possible paths summed (b) Classical paths among the

over in the path integral quantum ones shown in (a) se-
lected by the stationarity con-
dition

Figure 2.1: Selection of classical paths due to the stationary phase con-
dition. The shaded areas mark classically forbidden regions. While the
quantum paths can be non-smooth and cross these regions the classical
ones can not

2.2 The Semiclassical Approximation

The path integral (2.12) is also the starting point for the semiclassical
approximation to the propagator. It is based on the observation that in
many relevant cases, the actions are much largher than 4. Then the inte-
grals in (2.12) can be evaluated using the stationary phase approximation
[11].

2.2.1 Stationary phase approximation

The stationary phase approximation is a method to evaluate integrals

of the form

1= [ degla)exp (A (0]
where A > 1is a large parameter and g(x) a smooth function. As illustrated

for the case of the integral representation for the Bessel function in Fig. 2.2,
the integrand oscillates very fast as a function of x except for those values

of = close to the stationary points z1,...,z, of f, for which
0
—f(x) =0. (2.14)
Ox =1

Therefore, one first splits the integral into n integrals, where the j-th in-
tegral runs over an interval containing the j-th stationary point and the
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T T
(a) Comparison between the exact (red) in- (b) Argument of the integrand for the inte-
tegrand and the one in the stationary phase gral representation of the fifth Bessel func-
approximation (blue) for the integral rep- tion at x = 65.

resentation of the fifth Bessel function at
x = 65.

Figure 2.2: The integrand of the integral-representation of the n-th Bessel
function, Jy(xz) = [; 7 cos[nTm — xsin (77)], strongly oscillates except in
the region around = =~ 0.47549 ((a), where the argument of the cosine is
stationary (b). Therefore, the main contribution to the integral stems from
this region.

exponential is expanded up to second order around the stationary point.
Dropping the higher order contributions of f(x) yields an error of the order
of 1/A [12]. Since the main contributions to I stem from regions close to the
stationary points — more precisely from the interval [z — 1/vV/\, z + 1/v/)]
[12] — each integral can be extended to the whole real axes,

I~ Y /Ooda:g(a; + ;) exp [;L <f(a:j) + ;f”(xj)x2>:| ;

=10

with f” denoting the second derivative of f. Fig. 2.2(a) shows for the case
of the Bessel function how this approximation indeed resembles the exact
integral, within the region where it varies slowly, very well. Expanding
g(z — x;) around zero then allows to compute the integrals term by term,
where the contributions from the z-dependent terms of g again lead to
contributions of the order 1/), whereas the leading order contribution is
of the order of 1/v/A [12]. Thus, finally I is within the stationary phase



2.2, THE SEMICLASSICAL APPROXIMATION

23

approximation given by [12, 13]

I~ Z 9 wﬂ \/ f// ) exp [l)‘f(wj)]

Zg (z) 3 !f” S exp [i)\f(fz:j) + iZsign (f”(:cj))} .

(2.15)

with an error of the order 1/A\.
For higher dimensional system, the same steps can be performed and
yields for scalar functions g(x) and f(x) [14]

(2mi)P :
/deg( )exp [iAf(x Zg m exp [IAf(x;)]

- ;g(xﬂ v ‘d(eiﬁg)iéf(xj)‘ exp [0 () +i6 (55)

r (2mi)P . . 7T
) ;Q(Xj)\ AD ’det— xj)‘ o {lkf(xj) v (%)) 5}’

(2.16)

where
B(x)=D-2v(x),

and v(x;) is the number of negative eigenvalues of the matrix of second
derivatives of f. Thus, 5(x) is the difference in the number of positive and
negative eigenvalues of 9% f/0z>.

Note that since in semiclassics this approximation is used frequently, it
is also called the semiclassical approximation. Moreover, since the station-
ary phase approximation requires a large parameter in the phase, which is
in semiclassics usually 1/h, the inverse of the large parameter, i.e. in this
section 1/ is called the effective Planck’s constant feg

2.2.2  The van-Vleck-Gutzwiller Propagator

It was Martin C. Gutzwiller [11], who first applied the stationary phase
approximation (2.16) to Feynman’s path integral (2.12). In terms of func-
tional derivatives the stationarity condition (2.14) for the propagator reads
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ORI, x0)] = S0 T g
or(t) dtor(t) Or(t)
still with fixed boundary conditions r(¢;) = r’ and r(t;) = r. Eq. (2.17)
is exactly Hamilton’s principle of the least action and leads to the Euler-
Lagrange equations. Thus, the stationary phase approximation selects from
all paths only the classical trajectories starting at intitial position r’ and
ending at the final one r (see Fig. 2.1 for a schematic example). Note that,
in general, there might be several classical trajectories joining the two end
points and thus following Eqns. (2.15,2.16) the semiclassical propagator
will be a sum over classical trajectories, rather than just one term.
The semiclassical propagator in configuration space has thus the form

(2.17)

K (5¢) (r,tf;r’,ti) =
Z Ay (r,ty;1' ) exp [;R7 (r,tp;0 t) +ivy (r,tp51, 8) g] ,
y:r’—r

where the sum runs over all trajectories of the corresponding classical sys-
tem joining the inital and final points r’ and r,

[

2

det ;62RM‘ (2.18)

D
. M 2
Ay (r,tf;r',ti) = lim (27rih7'>

M —o0

is the semiclassical amplitude and v, (r,ts;1’,t;) is the number of negative
eigenvalues of

52RM_a(r1,..., 22[ rm“_r’”)Z_Tv(rm)]’

which is the matrix of the second derivatives of the (discrete) action. Both,
the semiclassical amplitude A, and the phase v, have to be evaluated in
the limit M — oo and along the classical trajectory ~.

Connecting A, and v, with classical quantities is the actual achieve-
ment of Gutzwiller’s work [11]. He recognized that Morse’s theory [225, 226]
identifies v, with the number of conjugate points of the trajectory -.
Therefore, v, is also called Morse index. A conjugate, or sometimes also
called focal point, of a trajectory is the position, at which the deriva-
tive Or(t)/Op(t;) vanishes, i.e. all trajectories, starting at the same ini-
tial position r’, but with slightly different momenta within the interval
[p(t;) — op/2,p(ti) + dp/2] will cross each other at time ¢ in the conjugate
point r(t) [6] (see Fig. 2.3).
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Conjugate point

Figure 2.3: Points in configuration space, at which trajectories with slightly
different initial momenta but same initial position coincide are called con-
jugate points.

The connection of detd?Rys with a classical quantity can be found
following e.g. [14]. First, one notices that the matrix §2Ry; is block-
tridiagonal,

d1 —]ID 0 C. 0
Ip dy -Ip 0 ... 0
Ry =& 7
oo e 0 —Ip dy- —Ip
0 .0 “Ip dy

where d; = 2Ip — Li% (rj) and Ip is the D x D unit matrix. Since
the off-diagonal entries are unit matrices and therefore commute with the
diagonal ones, one can formally expand the determinant G5y = det ﬁéQRM

along the last row, which yields the recursion relation
Gy = det (dy) Grr—1 — Gu—2,

with the initial conditions G; = det d; and Gg = 1.
On the other hand, from the stationarity condition for r;_1, one finds
ry =2r oV (rpp—1) —r
M = 2Tp—1 o or M-1 M—2;
which after taking the derivative with repsect to r; and taking the deter-
minant turns into
ory 2 0%V ory_1 oryr_o
det =det || 2lp — — =5 (rpy— — det
ory KD ,uf)rz(Ml) B B
orar—1 oryr—o

—det
aI‘1 ¢ 81‘1

=det (dM—l) det
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The initial conditions for this determinant are given by

81‘1
1 _1

det or,

det 2 — det dy.
8[‘1

Therefore G s can be identified to be

Gy = det Oru i1 = det o Ot
ory T Jpo

Y

where in last equality, r1 = rg+ ﬁpo, with pg being the initial momentum,
. 6R-y (!‘,tf;l‘/,ti)

has been used. Thus, using pg = ———57—, (2.18) finally becomes
1
1 O*Ry (r,tsr t)|?
Ay (r,tpr 1) = = |det 2 (r f/’r )
(2mih)2 Ordr

and therefore the semiclassical propagator in configuration space is finally
given by the van-Vleck-Gutzwiller propagator

K (s9) (r, tf;r’,ti) _ Z 1

2
’det PR,
yir'—r (27T1h)

oror’

i LT
exp (fLR’Y + 121/7> .
(2.19)
Previous to Gutzwiller, van-Vleck already derived (2.19) from statistical
arguments [7], however missed the phase given by the Morse index. There-

fore, in order to get the correct phases, the semiclassical propagator should
always be computed using the stationary phase approximation.

D
2

Moreover, for small propagation times, in (2.19) only one classical tra-
jectory contributes, and thus the van-Vleck-Gutzwiller propagator turns
into the short time propagator found by Pauli [8]. This equality shows
that for times smaller than a certain time scale, called Ehrenfest time g,
the quantum evolution follows the classical one.

Finally, it should be noted that the stationary phase approximation
becomes exact if g(x) = const. and f(z) is a quadratic polynomial. There-
fore, if the quantum Hamiltonian is quadratic in p and q, like for the free
particle or the harmonic oscillator, the semiclassical van-Vleck-Gutzwiller
propagator (2.19) is exact.
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2.3 Semiclassical Perturbation Theory

One important and frequently used tool in semiclassics is the semiclas-
sical perturbation theory. In conventional semiclassics it is mainly used in
order to include a weak magnetic field.

Although, it is widely used, there does not seem to be any reference for
the derivation of the semiclassical perturbation theory on the level of the
propagator, so it will be presented here.

Suppose, the quantum Hamiltonian can be decomposed into a non-
perturbed one, for which for simplicity here momentum and position oper-
ators are assumed to be separated, plus some small perturbation,

A2

ﬁ=ﬁ0+€V1 ﬂ"‘%()‘f’ﬁ‘/l(p,),

where € is a measure of the strength of the perturbation.

When pluggin in this hamiltonian into the discrete path integral (2.10)
and expanding the exponential in powers of €, one finds

K (r,tp;r' t;) =
i ] o [ L f
M—oc0 27h)P M 2mh)P

P {% D o (B = 2m) = 7Ho (P Fni i+ mﬂ]} (2.20)

m=0

—17’6
ngo vy E Vi pm,rm] :

Note that this formula also represents an expansion in terms of Feynman
diagrams, where the k-th term in the sum yields those diagrams where the
system is evolved under the unperturbed Hamiltonian k4 1 times with one
scattering event due to the perturbation occurs between each evolution.

On the other hand, the semiclassical perturbation theory is achieved
by evaluating the integrals in (2.20) in a stationary phase approximation.
Since the stationary points are determined by the exponent only, the per-
turbation has no effect on the classical trajectory, i.e. the sum will still be
over the unperturbed trajectories.

After taking the limit M — oo, one obtains the van-Vleck-Gutzwiller
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propagator in semiclassical perturbation theory,

1

K (50 (r,tf;r',ti) = Z

Yo:r/—r (27Tih)

ty :
O 1 [ —ie
% Z a7 dtV; (/ﬂ"yo (1), Ty ()
k=0 t;

Note that for a classical trajectory the relation p = ur holds, such that the
perturbation is evaluated at the classical momentum and position and is
finally integrated over time.

Finally, the expansion in powers of ¢ can be undone, such that the
semiclassical perturbation theory is finally given by

1

K(sc) (I‘, tf; I‘/, ti) =

Yo:r'—=r (27T1h) 2

where the subscript 0 at the trajectory ~ indicates that it is the trajectory
of the unperturbed classical system. Moreover, R,, is the action of the
unperturbed trajectory for € = 0.

Within the semiclassical perturbation theory the classical trajectories
are kept unchanged, while each term of the propagator is multiplied by
an additional phase, which is given by the perturbation evaluated along
the classical trajectory. Note that classically the momentum p and the
time derivative of the position 1 are related by p = ur and therefore the
perturbation is evaluated at the momentum and position of the classical
trajectory.

Now consider for a moment the derivative of the action of an exact clas-
sical trajectory of the perturbed system. This derivative can be computed
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as

ty

0 0 )

&R% = e /dt [p% Ty, — He (p%,r%)] =
ti

tr
opy. . or, ~ 0H.Or,, O0H, Op-,
/ dt{ ge TP 5 T de opy, oe V1 (PwoT) o

t;

Using Hamilton’s equations of motion, the two terms containing the deriva-
tive of the momentum with respect to e cancel, such that after a partial
integration of the term p - Or/J¢, one gets

ty ty
0 or., 1 or OH, dr
—R, = i — [ dt|p, - =X € 0| - / dtV;
e e {Pwe Oe :|ti / [P’ye De + 8r% De } J 1 (P’year'ye)

ty

= - /dt‘/l (p'}/e’r'}/e)’

t;

where in the last step again Hamilton’s equations of motion have been used
as well as the fact that the intial and final positions are fixed and therefore
independent of e.

If the perturbation is small enough the trajectories are only slightly
deformed by the perturbation, such that there is a one-to-one corresponding
between perturbed and unperturbed trajectories. Therefore, the phase in
(2.21) is the expansion of the classical action up to linear order in €, while
in the prefactor, only the constant term in the expansion in € is kept.






CHAPTER 3 -

From Single- to Many-Body
Physics: Second
quantization and many-body
states

3.1 Second Quantization and Fock states

In this section the basic concepts of second quantization will be reviewed
very briefly, while a more detailed description can be found e.g. in [227].

The basic idea of second quantization is to describe a system of many
identical and indistinguishable particles by utilizing the solutions of the
corresponding single-particle system. This is possible by noticing that
the many-body Hilbert space can only be constructed from single-particle
states.

It turns out to be useful to introduce the occupation number n;, which
is the number of particles, occupying the (normalized) single-particle state
[. For Bosons, these numbers can be any integer from zero to infinity, while
for Fermions — due to the Pauli principle — they are either 0 or 1. Here
it should be noted that the spatial single-particle state and the spin state
together form the single-particle state, such that a spin up and spin down
particle in the same spatial (or orbital) single-particle state are regarded as
particles occupying two different single-particle states (see Fig. 3.2). With
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v

(a) |1,0,0,0,0) (b) 11,2,1,4,3) (¢) 1,0,1,1,0,0,0,0,0,1)

Figure 3.1: Hlustration of the definitions of Fock states for a quantum well
with five bound states for (a) one spin-less particle, (b) eleven spin-less
particles and (c) four spin-1/2 particles.

IRVAVAVAVAVS
IVaVaVatavg!

Figure 3.2: A spin-up and spin-down particle in the same spatial (or orbital)
single-particle state are regarded as particles occupying two different single-
particle states.

¢/ \6¢/ \ &/ \o¢/\ &

these occupation numbers, each many-body state with given symmetry
under exchange of particles (symmetric for Bosons and antisymmetric for
Fermions), can be represented by a Fock state (see also Fig. 3.1)

|1’l> = |n1,n2, .. > .

Fock states are orthonormal,

<n ! n'> = H 5"1:”2 = On,n’

l

> ) (n|=1.

The space spanned by these Fock states (including the so called vacuum
state |0) = |0,0...)), is called Fock space.

and complete,
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9 00 —> 0006
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(a) \1,2,1,3,3) (b) \1,2,1,4,3)

Figure 3.3: Applying the creation operator d:rl to the bosonic state in (a)

results in the state shown in (b), while with the help of the annihilation
operator a,, one can go from left to right.

Since n; is the number of particles in state [, one can easily find the
subspace of fixed total number of particles N. This is the space spanned
by all Fock states |n) which satisfy

an = N.
l

Within the procedure of second quantization, one also defines creation
and annihilation operators. Since their properties and actions on the Fock
states depends on whether the described particles are Bosons or Fermions,
from now on these two cases are discussed separately.

3.1.1 Bosonic creation and annihilation operators

The bosonic creation and annihilation operators will be denoted by &IT

and a;, respectively, throughout the entire thesis. The creation operator &IT

increases the number of particles in the single-particle state [ by one (see
Fig. 3.3),

&“nl,...,nl,...):\/nl+1]n1,...,nl+1,...>.

Analoguously, the annihilation operator a; is defined as the operator
decreasing the number of particles in the single-particle state I,

ani,...,ny,...)=+/ni|ny,...,ng—1,...).



34

SECOND QUANTIZATION AND MANY-BODY STATES

This definition of the annihilation operators also implies that applying
a; to a Fock states with n; = 0 yields zero,

&l ]nl, e ,nl_l,O,an, .. > =0.

These definitions also require that the commutation relations for cre-
ation and annihilation operators to read

laf.al] =0 (3.1a)
[ay,ap]_ = (3.1b)
|:&l’ d;,} B = 5175/, (3.10)

where

is the commutator of the operators A and B.
It is important to notice that any Fock state |n) = |ni,ng,...) can be
derived by applying the creation operator dJ{ nq times, no times the creation

operator &;, etc., to the vacuum,

mma ) = e (a])™ (a5)"--10)

m! TZQ! s
From the definitions of the creation and annihilation operators, it is easy
to see that a Fock state is an eigenstate to the number operator n; = d;&l
with eigenvalue ng,
ﬁl]nl,...,nl,...> :nl\nl,...,nl,...).
Since the eigenvalue of 7 is the occupation number of the [-th single-

particle eigenstate, n; is refered to as the [-th number operator. Moreover,
this allows to define the total number operator

N:Zm.
l
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v
a}
a
/\/_\ 4 /\/\
—0 -0 —O4- O
) —v— ) —v——
(a) [1,0,1,1,0,0,0,0,0,0) (b) 11,0,1,1,0,0,0,0,0,1)

Figure 3.4: Applying the creation operator él | to the fermionic state in (a)
results in the state shown in (b), while with the help of the annihilation
operator G, one can go from left to right.

In the following chapters, the shorthand notations

at = (a{,ag, N ) (3.22)
ar

a=| a2 (3.2b)
N1

n=| n2 (3.2¢)

will also be used.

3.1.2  Fermionic creation and annihilation operators

The fermionic creation and annihilation operators é; and ¢; are defined
similarly as the bosonic ones. However, one has to keep in mind that due
to the Pauli principle, a particle can not be created in a state, which is
already occupied, such that

-1

o o
¢ g, ym—1,0,mq, .. = (D)= iy, g, Linggg, ) (3.3a)
=0

ot
¢ g, g, Lingg, )
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as well as
¢rlnty .o oyni—1,0,mp41,...) =0, (3.4a)
-1
. 2oy
¢rnty .o oym—, Linggg, o) = (=1)Y=t  |ng,...,ni—1,0,m41,...), (3.4b)

where the additional signs in (3.3a) and (3.4b) account for the antisymme-
try of Fermions under exchange of particles.

Accordingly, the fermionic creation and annihilation operators obey cer-
tain anticommutation relations, rather than commutatoin relations. These
are

[c},é},] =0,
[Cl7él’]+ — 07
[017@;] =0y,

The connection between a fermionic Fock state and the vacuum state
therefore reads

In,ng,.. ) = - (eg)” (a{)”l 10), (3.5)

where now it is crucial to apply the creation operators in the correct order,
since exchanging two creation operators gives an additional minus sign.
This additional minus sign is also the reason, why there has to be an
additional sign in equations (3.3a) and (3.4b).

In the same way as for Bosons, a number operator can be defined for
Fermions too,

= éle.

The number operator has eigenvalues 0 and 1, with the eigenvectors

beeing the Fock states,

N, ... ,ng, ..y =ngng, .o ng, .,



3.1. SECOND QUANTIZATION AND FOCK STATES

37

and allows to define the total number operator
N=Y .
l
For the fermionic operators the shorthand notations

¢t = (eh.é..)

C1
e=1| &
1
h=1| 2

will also be used in the following chapters.

3.1.8 Hamiltonian and observables in second quantization

The whole theory of second quantization would be worthless, if many-
body Hamiltonians and observables could not be expressed in terms of
creation and annihilation operators. Here, general observables will be con-
sidered since the Hamiltonian is just a special kind of observable, namely
the energy of the system.

In many-body systems, operators are classified by the number of parti-
cles they couple. A n-body operator in second quantization is an operator
of the form

) — E ot AP q
On - Oll,---ﬂn,jl,---,]na’il e aina]1 e a]n’ (36)
Ulyeesin,J15eedn

where in this section, &;r- and a; denote either fermionic or bosonic creation
and annihilation operators for the j-th single-particle states. Here, the
tensor elements O;, . ;. j ... j, are given by

i)

Oilv--'vin7j17"'7jn = <7’n o <Zl .77Z> . (37)

Eq. (3.6) can be interpreted as removing n particles — each one from the
single-particle states ji, ..., 7, —and put it to ¢1,...,j, with an amplitude
given by (3.7). Finally, one has to sum over all possible of such processes.

O
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An n-body observable is then a linear hermitian combination of such
n-body operators and in general an observable may be given by the linear
combination of n-body observables with different values of n, e.g. a very
important Hamiltonian especially in the theory of ultra-cold atoms, is the
Hamiltonian for a 1-dimensional Bose-Hubbard chain with nearest neighbor
hopping and two-body on-site interactions,

H= Zelal a; — Z (ma;alﬂ +K aH_lal) Zal ay ;0. (3.8)

=1

This Hamiltonian models for instance atoms in a chain of L magneto-
optical traps, where the energy of the [-th trap is ¢, the particles tunnel
from one trap to the adjacent one with probability x and the two body
interaction stems from s-wave scattering among particles within the same
trap. In order to arive at the Hamiltonian (3.8), the chosen basis for the
single-particle state are the Wannier functions of the individual traps.
One should also notice that for a non-interacting many-body system,
the many-body Hamiltonian in the eigenbasis of the single-particle Hamil-

tonian is given by
- e .
H=3 EBjaja; =3 Ejn;.
J J

Moreover, in second quantization, the total number of particles is no longer
an extrinsic parameter, but an observable

N=>
J

which is conserved for closed systems.

3.2 Bosonic Many-Body States

Due to the fact that bosonic operators for different single-particle states
commute it is enough to consider only single-state systems in this section.

3.2.1 Quadrature States

In this section, we follow to some extend the consideration of quadrature
eigenstates given in section 3.3.3 of [228].
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The quadrature states are defined as the eigenstates of the quadrature
operator,

z(p) |z), =z(p) |2),
& (p) = b [aexp (i) + al exp (—ip)]

where b and ¢ are for now arbitrary, but real parameters.
This definition can also be used, in order to express the annihilation
and creation operators in terms of quadrature operators,

a; = expé;lgo) { (o) + iz (cp — g)] (3.9a)
al = eXPZSSD) [m () — id (cp - g)} . (3.9b)

Moreover, it is straight forward to compute the commutation relation of
the quadrature operators,

(2 (), (¢')] = 2ib?sin (¢ — ¢') . (3.10)

Since the quadrature operators are obviously hermitian, the eigenvalues
x are real. For the sake of generality, a dependence of the eigenvalue
on the quadrature phase ¢ has been included. However, by making use
of the commutation relations (3.1) it can be shown that for an arbitrary
quadrature phase ¢, the quadrature operator is related to the one with
¢ =0 by

Z (p) = exp (—igo&Td) Z (0) exp (igo&T&) .
which plugged into the eigenvalue equation for ¢ = 0 yields
z|z),_g =2 (0)x|x),_o = exp (igode) Z (@) exp ( ipata ) ) o0
and therefore
2 (¢) exp (—wa ) )y = TEXP (—wa ) ) g

which shows that the eigenvalue x (¢) = x does not depend on the quadra-
ture phase, and the quadrature eigenstate for non-zero phase is connected
to the one with ¢ = 0 by

), = exp <—1<pa a) |Z) oo - (3.11)
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This observation allows to compute properties for non-zero quadrature
phases easily out of the quadrature eigenstates for ¢ = 0.

In order to shorten the notation, from now on the quadrature operators
with zero quadrature phase will be denoted by ¢, the corresponding eigen-
states by |q), as well as their eigenvalues by ¢. Likewise, the quadrature
operators for ¢ = —7 /2 will be denoted by p as well as their eigenstates by
|p) and their eigenvalues by p.

The expansion of the quadrature eigenstates |¢) in Fock states can be
found by considering

Tinla) = tnldl) = V¥ Tin+1]a) + Vi —1]q).

The normlized solution to this recurrence relation is given by [229]

= (i)
019 = T (7).

where H,, denotes the n-th Hermite polynomial.
Using (3.11), one immediately sees that for arbitrary ¢,

exp <—x—22 — ingp) z
(), = 2n‘:! ——H, <ﬂb> (3.12)

In the semiclassical treatment of the propagator, we will have to eval-
uate integrals involving the overlap between quadrature and Fock states,
which are very hard to compute. If the occupation number n is large, how-
ever, one may use the asymptotic form of this overlap, which is - for ¢ =0
- given by the WKB-approximation [6],

cos [F (g,n) + E] , (3.13)

(nlq) ~ 2
T 402 (n + ) - ¢? 4

where F'(q,n) is the generating function for the canonical transformation
from (q,p) to (n,0) with ¢ = 2by/n + %COS@ and p = 2by/n + %Sinﬁ and
is given by

1 1
F(q,n):i 4?2 (n+=) —q%— | n+ = | arccos S
4v? : 2 20\/n + %
2
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It is worth to notice that the generating function can also be written as an
integral along a classical path,

q
1 / 1 22
F(q,n):b/da: ’I’L+§—@,
q0

where gy = 2by/n + 1/2. As a generating function of a canonical transfor-
mation, the derivatives of F(¢q,n) satisfy

2
oF(gn) 1 [ 1 ¢ _ Ipl
g b 2 4 212
F
W——arccos T =9
n 2by/n + 3

Note that, by this definition of 8, the phase is only defined between 0 and
m, and therefore |p| = p.

Having found the overlap (3.12) and using the properties of the Her-
mite polynomials, one can also find the overlap between two quadrature
eigenstates as well as the resolution of unity,

. 21x’7(12+:p’2) cos(p—¢’)
exp |i — -
4b? sin(p—¢’)

x|z, = for ' (3.14a
e et S

<p<$ } x/>§0 =6 (z—2), (3.14b)

/ dz [z), (z] =1, (3.14c¢)

and in particular for ¢’ = ¢ — /2,

1 i
/ — /
(p(x K >¢>—§ = T exp <2b2xx ) . (3.15)

Thus, for fixed ¢, the quadrature eigenstates |z) o form a continuous, but
complete and orthogonal basis of the Fock space.
In the following chapters,

¢_£<m

2

A 1 . i
o Seld o) = gz (- ix) e <‘21,2m“> . (3.16b)

a

1 :
x/>@ = e (2 +iz) exp (—ﬁxw’) ) (3.16a)
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will also be used. Eq. (3.16) follows immediately from the representation of
the creation and annihilation operators in terms of quadrature operators,
Eq. (3.9).

Using the resolution of unity, Eq. (3.14c), as well as Eq. (3.16), it is
straight forward to compute,

. 1 0
s0<a: a :10/>90 = <2b$ - b@:ﬂ) 6 (z—a) (3.17a)
1 0
At I O N o
SD<a: a a:>g0— <2bx bax/>6(aﬁ ') (3.17b)

3.2.2 Coherent States

Coherent states are defined as the eigenstates of the anihilation opera-
tor,

alp) =|o).
Since the annihilation operators are non-hermitian, the eigenvalues ¢ are
in general complex. One can show that these states are given by

) = oxp (510 +a%0) o).

where |0) is the bosonic vacuum state. With this definition it is easy to see
that the overlap of a coherent state with a Fock state is given by

(nl ) = exp (~3 108 -

Note that the coherent states are defined such that they are normalized
to one,

(plo) =1.

However, coherent states are not orthogonal
1 1 2 N
(6]¢) = exp [—2 o = 16"+ o ﬂ

but they satisfy the closure relation

/déRgZ)/d o) ( (3.18)
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Therefore, the coherent states form an overcomplete set.
Applying a creation operator to a coherent state yields

o o
At Y I
it10) = (55 +5 ) 100
Finally, the overlap of a coherent state with a quadrature eigenstate is
given by

1 1 1 ¥ —i ! ¥ —i
<¢|x>¢:mexp[_2¢|2_<2bx—¢e so) + 5 (9 sv)2].
(3.19)

3.3 Fermionic Many-Body States

Since Fermionic operators do not commute, the vector notation for the
fermionic many-body states will be readopted.

3.3.1 Coherent States

In the same way as for bosons, one can define coherent states for
Fermions [64, 230],
alg) =alc)-
However, since the occupation numbers for fermions are only zero or one,

the (’s cannot be ordinary complex numbers. In fact, they must be (com-
plex) Grassmann variables, which are anticommuting numbers,

¢¢'=-¢¢

This anticommutativity has some drastic consequences. For one, multiply-
ing a Grassmann number with itself gives zero, and therefore the Taylor
series of each function truncates after the first order,

F(©) = f(0) + f(0)¢,

where [’ denotes the first derivative of f. The derivative with respect to a
Grassmann variable yields then just the first Taylor coefficient,

9 /
ac (€) = f(0)
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and integration is the same as differentiation,

/dg_o,
/dgg: 1.

It is important to notice that ¢ and (* are independent variables, such that

CC* # 0 and
/ d¢der =0,

[acacc=o,
/dCdC*C* . (3.20)

/dgdg*g*g =1.

With this, the discussion of Fermionic coherent states can be continued.
First of all, one can check that the definition of the coherent states as
eigenstates of the annihilation operators is fulfilled by

L
¢) = exp (—;Zcm) [ (1- cLzaTL_,)] 0),
=1

with |0) being the Fermionic vacuum state and L the number of single-
particle states. Note that the order of the product is the same as in the
definition of the Germionic Fock states, (3.5). Again, the coherent states
have been chosen such that they are normalized to one,

€lg)=1.

Many properties of the Fermionic coherent states can be written formally
in the same way as those of the bosonic ones. However, one always has to
take care of the correct ordering of Grassmann variables, since exchanging
two of them yields an additional minus sign.

L

[1

-1
=0
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One of the important properties is the overlap between two coherent
states and the overlap of a coherent state with a Fock state,

(€le)=em (3¢ €= 3¢ ¢ e,
1 L—1
16 = e (¢ ¢) TT
1=0
Moreover, the resolution of unity is given by

[0 e- (3.21)

where [d2E¢ = d¢,d¢E--- [d¢, dCE.

For the sake of completeness, we also state the action of a creation
operator on a coherent state:

ey (9 L
cl‘c>_<8<l+2Cl)‘C>'

3.3.2 Klauder coherent states

In [231], Klauder introduced a different kind of fermionic coherent states
(we will call them Klauder coherent states), which are described by complex
numbers rather than Grassmann variables. However, these states are no
eigenstates of the annihilation operator. Generalizing them to many single-
particle states, they are defined as

[b) = [Ll_[_l <m+ bL—léEl>] 10)-

=0

It follows that the Klauder coherent states satisfy the closure relation

2 L o0 o0
<> /dLa%/dL%b
™

where O(x) is Heaviside’s step function

0 if <0
1 if z>0°

L
[[ea- |bl|)] b) (b] =1, (3.22)
=1

O(z) =
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Moreover, if |b, — )| is very small for every | € {1,...,L}, the overlap
between the two coherent states |b) and |b’) is up to linear order in the
differences

1 * * * 2
(b| D) :exp{_2 b (b—b) — (b* — b -b’]}+0((b—b’) ).
(3.23)
The overlap of a Klauder coherent state with a Fock state is given by

(n|b) = H\/l—}b b"l

Since these states are no eigenstates of the annihilation operator, for the
later derivation of the path integral, one needs to compute expressions like
(bl [b'), (b|a] a, [b') and (b|a] af ay,a,, [b'). Assuming that only con-
tinuous paths contribute significantly to the path integral, one can restrict
oneself to those matrix elements where the difference of b and b’ is very
small. For Iy = Iy and [y = I3 but [; # [y these are to leading order in
b — b’ given by

(b [b) =bi b} (b |b), (3.242)

(bl af a, [b) =bf b}, (b|b)’ \/ ‘b ’\/

max(l1,l2)— (324b)

X 11 (1 —2b*D)),

l:min(h ,lg)+1
(bla] af a,ay, [b') =0} bj,bj,b;, (b|b'). (3.24¢)

These results will be of particular importance in section 5.1.
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The Many-Body van-Vleck-
Gutzwiller-Propagator in
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CHAPTER

Bosons

4.1 The semiclassical coherent state propagator

Using coherent states one can easily derive a path integral representa-
tion of the propagator for a system given by a second quantized Hamilto-
nian. A stationary phase approximation to this path integral then yields
the semiclassical approximation. One should notice that the semiclassical
limit in this case is achieved by N — oo, where N is the total number of
particles in the system, rather than A — 0. In other words, the effective h
is given by heg = 1/N.

These steps have been performed e.g. in [66] and provide a semiclassical
propagator in coherent state representation given by

. tf
K (60, 6st1,) = (60 Texp | — [ atii(o) | 169)

ti

) . 2R, <¢(f)*? d)(z‘)) , ty dtazH(cl) (W (1), (1);t)
- 27: h / 0D op)”

(‘(z,(f)’? +|p

1
2

where the sum runs over all classical trajectories v given by the equations

49
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of motion

Op(t)  OHE ((t), p(t);t)

in = — , (4.2a)
ot 0 (t)
L 0P(t) _ OH D ($(t), 9 (t);t)
—ih—5 = = 000 , (4.2b)

wit the boundary conditions 9 (t;) = ¢ and P(ty) = »". In order
to fulfill these boundary conditions, 1(¢) and +)(t) have to be considered
to be independent variables, such that, in general, they are not hermitian
conjugate of each other.

The classical Hamiltonian H () (¥(t),%(t); t) is given by the mean field
Hamiltonian corresponding to the quantum one and is obtained by replac-
ing each creation operator le by () and each annihilation operator a, by
Yi(t). Moreover, the classical action is given by

Ry (90,0055, 15) =
/ {2 { P - (%gi) (t)| - H (¢(t)7¢(t);t)} (4.3)
—% [(ts) - (tr) + (i) - ()]

The fact that one has to let go of ¥(t) = 1(¢)', is called the complexi-
fication of the classical limit. Having complex trajectories in turn means
that the action R, itself becomes complex. However, in order to apply the
standard approximations in semiclassics like diagonal approximation [18],
Sieber-Richter pairs [28] as well as the higher order loops [30-38], which
allow for analytical and intuitive predictions and descriptions of universal
quantum interference effects like coherent backscattering [232], weak lo-
calization [233] or Anderson localization [58], it is important to have real
actions thus allowing that an ensemble average leads to large oscillations
due to the phase given by the action difference of pairs of trajectories.

At this point it should be noted that there have also been attempts
to approximate the complex trajectories in the semiclassical coherent state
propagator by real ones [67, 76, 77]. Moreover, the power of the coher-
ent state representation lies in the initial value representation, given by
the Herman-Kluk propagator [70], which allows to propagate initial wave
packets semiclassically.
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On the other hand, a van-Vleck-Gutzwiller like propagator with a real
action would allow to use the now well established methods of quantum
chaos to predict and explain universal interference effects now in the many-
body domain. Moreover, since coherent states are superpositions of number
eigenstates with different numbers of particles, they cannot be prepared
in an experiment [234]. Therefore it would be of paramount importance
for the semiclassical program, to have a semiclassical propagator in Fock
state representation. To my knowledge, up to now, nobody succeeded
in performing a basis transformation of the semiclassical propagator from
coherent state to Fock state representation.

4.2 The Quadrature Path Integral
Representation

A direct computation of a semiclassical propagator in Fock state rep-
resentation is not possible, since for a path integral representation, one
has to be able to find a continuous eigenbasis for some operator, in which
the hamiltonian can be expressed. Noticing that the complexification of
the trajectories in the coherent state representation is neccessary, since the
coherent states themselves are complex, one may want to use a eigenbasis
of a hermitian combination of creation and annihilation operators, such
that there eigenvalues are real. Such a combination are for instance the
quadrature operators introduced in section 3.2.1.

In quadrature representation, the exact quantum mechanical propaga-
tor is given by the matrix element

K (a0, qPstp.8) = @D K (5.8 [a?). (4.4)
with |q(*//)) beeing quadrature eigenstates with ¢ = 0 and
. tf
K (ts,t;) = Texp —;L/dtf](t) (4.5)

t

is the quantum mechanical evolution operator for a many-body Hamilto-
nian of the type (3.8). In the following, the exact form of the Hamiltonian
will not be an issue.

Next, we follow the steps in section 2.1 to derive a path integral repre-
sentation of the many-body propagator in terms of quadratures. However,
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here, instead of position and momentum eigenstates, one has to use quadra-
ture eigenstates with with two different phases ¢ and ¢/, respectively, to
express the inserted unit operators. For the sake of simplicity, only the
case where ¢ = 0 and ¢’ = —7/2 will be considered. To keep the analogy
with the path integral representation in configuration space, the quadra-
ture eigenstates with the phase equal to zero will be denoted by ¢’s, while
the latter ones will be denoted by p’s.

In order to evaluate the resulting matrix elements at intermediate times,
one has to take care of the ordering of the operators, appearing in the
Hamiltonian. In case of normal ordering (all creation operators left to the
annihilation operators) it may be helpful to first introduce unit operators in
terms of coherent states, which are integrated out again after evaluating the
matrix elements and overlaps. It is also possible, to express all creation and
annihilation operators by a linear combination of quadrature operators § =
%(0) and p = 2(—n/2) and then commute all operators ¢ to the left of all
operators p. This intermediate insertion of coherent states or commutation
of quadrature operators in the end leads to a renormalization of the single-
particle Hamiltonian as well an additional phase, given by the zero point
energy of the (empty) system.

Eventually, one arrives at the path integral representation [12, 13]
K (q(f)yq(i);tf,u) =
1
m 4k (1).../ L (M—l)/ L (1).../ L (M)

exp {i % [p(m) (q(m) - q(m—l)) _ Tl (¢(m)*,,¢,(m); ti + mT)

— 2b2 h
(4.6)
where 7 = (t; — ;) /M and ™ = (Y +ip(™)) /(2b).
Moreover the classical Hamiltonian is defined by
1 i, (plew [5A0)] |a)
H (4p*, 4p; t) = lim — In : (4.7)
=0 T (pla)

which obviously depends only on %) and *, rather than separately on q
and p due to Eq. (3.16). Consider for example a general Bose-Hubbard
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Hamiltonian with two-body interactions,

L
1 oAt oA
Z lllzallab + 5 Z ‘/l11213l4a;1a2.2al3al47 (48)

l1,l2 l1,l2,l3,l4=1
where the coefficients must satisfy
0) _ (OF
Hll’ - Hl’l
_ *
‘/lll2l314 — Viylslaly

in order for the Hamiltonian to be hermitian. Moreover, due to the com-
mutation relations of the creation and annihilation operators, one is free to
choose the interaction coefficients such that

Vistotsts = Vistitats = Viitolats = Vislilals-

In the case of normal ordering, for such a Hamiltonian, one finds the clas-
sical limit in quadrature representation to be given by (see App. A.1 for
details of the derivation)

V(" ) =
L 0 1
Z Hl(ll)2 (wl*lwb - 251112)
ll,l2:1 (49)
1 & 1 1
+ 5 Z ‘/l1l31214 <¢l*1/¢)12 - 26l1l2> <¢f3¢l4 - 2513l4) .
l1,l2,l3l4=1

This example specifically shows that the classical Hamiltonian is not de-
termined by just replacing a, — v, and &}L — 3. In fact, for the general
Bose-Hubbard Hamiltonian, Eq. (4.8), the replacement rule would be

i 1
ajal’ — Yy — 5511/-

Moreover, note that the classical Hamiltonian also contain constant terms,
which give rise to a constant phase in the propagator. Such phases have
been found on the level of the semiclassical propagator, when using coherent
states as the basis [65-67, 69, 235-238], where they have been denoted as
the Solari-Kochetov extra-phase. It should also be noted that the classical
Hamiltonian depends on the chosen ordering of the propagator. Finally,
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Figure 4.1: Graphical representation of a trajectory involved in the semi-
classical propagator in quadrature representation.

the boundary conditions of the path integral are given by q(® = q® as
well as qM) = q().

It is worth to note that for a Hamiltonian which can be written in
terms of combinations dzrdl, only, (4.6) is independent of the choice of the
quadrature states, as long as the phase difference between the ¢’s and p’s is
—m/2, i.e. when chosing § = #(¢) and p = (¢ — 7/2), the resulting path
integral representation is independent on the choice of ¢. This can be seen
from the expressions of the creation and annihilation operators in terms
of quadrature operators, Eq. (3.9), as well as the commutation relations
of the quadratures (3.10) and the overlap of quadrature eigenstates with
phase difference /2, (3.15). Therefore, the following results are valid for
any phase ¢ chosen for the quadrature eigenstates q.

4.3 The Semiclassical Propagator in Quadrature
Representation

4.8.1 Propagator between quadratures with the same phase

Starting from equation (4.6), the semiclassical propagator in quadrature
representation is derived, following the steps in section 2.2 by a stationary
phase approximation to the path integral. This yields the many-body van-
Vleck-Gutzwiller propagator in quadrature representation, given by

, 1 2R (q(f) q@;t t-)

K (f) . i) = gl ) K frli
(a9 a%tpts) = 30 fdet oo

y;q(”—}q(f)

X exp [%Rﬂ, <q(f),q(i);tf,ti>].
(4.10)

The trajectories, which can graphically be represented as in Fig. 4.1 are
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given by the equations of motion

5 O%(t) _ OH'D (3" (1), (1);1)
ot O ‘

(4.11)

Furthermore, in (4.10), q(¢) and p(t) are the real and imaginary parts of

1 (t), respectively, i.e. ¥ (t) = (q(t) +ip(t)) /(2b), where q(t) and p(t) are
both real functions of time. Finally, the boundary conditions are

R (1) = 5y,
(4.12)

R (tr) = L0

D=1
Since the boundary conditions in quadrature representation fix the real
parts of 4(¢;) and 1) (ts) only, the overdetermination problem, which arises
in the coherent state representation is solved. The trajectories don’t have

to be complexified, a key advantage of this formulation.
The action along the trajectory can be read from (4.6):

ty
: h
Ry (a,aD;tp, 1) = /dt [QbQP(t) ~a(t) = HD (4p*(1),9(1); 1)
t;
(4.13)

In the same way as for the single-particle case, the derivatives of the action
with respect to the boundary conditions can be calculated by using the
equations of motion and yield

OR, (@, aDstst) By "
0 = gt ()
Ogy (4.14)
OR, (q),qDsts,t;)  h
Y f _ (1) (t )
0 ~ o2l W
dq

Furthermore for a time-independent hamiltonian, the time derivative of the
action is given by
R, (4, qW; s, ;)

atf S

where E, = H) (¢*(t;),4(t;)) is the energy of the trajectory.
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4.8.2  Propagator between quadratures with different phases

Having the propagator in quadrature representation, where the phases
of the initial and final quadrature states are the same also allows to derive
the semiclassical propagator in a mixed basis, for which the initial and
final quadrature phases are different. However, since (4.10) is valid for any
choice of the quadrature phase (provided, the final one is the same as the
initial one), here only the case of a vanishing initial quadrature phase is
considered.

The propagator between quadrature states with different phases can be
related to the one between two quadrature states with the same phases by
inserting a unity operator in terms of quadrature eigenstates,

ty
i

Texp |~y [at @) | ja®)

ti

K®) (X(f)7 triq®, t,-) _ <x(f)
®

_ / dg® ¢<X(f) a9 K (a9, 17401

Inserting the overlap of two quadrature eigenstates (3.14a) and the semi-
classical propagator (4.10) allows to evaluate the integral in stationary
phase approximation. The stationary phase condition reads

1
sin

[xm — q¥ cos w} +p™ () =0,
which selects those trajectories satisfying
x() = 2bR [w) (t7) exp (igo)} .
After expanding the exponential up to second order in q(f) around this

stationary point and computing this integral, the resulting semiclassical
propagator between two quadratures with different phase is given by

K (Xm, triq®, ti) —

1 O°R; i Ly (4.15)
; \/ det o) aqax P (hRV N 2> ’




4.3. THE PROPAGATOR IN QUADRATURE REPRESENTATION

57

where the sum runs over all classical trajectories satisfying the equations
of motion (4.11) as well as the boundary conditions

L G
R () = g5 (4.16)
Rt (1) exp (i0)] = 57!

with the classical action is given by
R (x(f),q(i);tf,ti> =

)R (1) — (% 4 [Rap (1)) cos (i)

h
4b? sin ()

ty

/dt[ (1) - Rp(t) — HD (7 (), p(2);1)]

t;

With this result, by transforming from the initial quadrature with zero
phase to a quadrature state with phase ¢, one could also check again that
the result for the propagator between two quadrature states with the same
phase is independent of . By evaluating the integration involoved in this
transformation in stationary phase approximation, the boundary conditions
for the resulting trajectories & are found to be

x U1 = 20R [ (ty/5) exp (i)] ,

while the action is given by

ty
Ry = 2h / at {S [ exp (i) - R [exp ()] — HD (7 (), w (1)) }
t;
The general form is again the same as in (4.10) and also the equations of
motion are not changed. Due to the invariance of the classical hamiltonian

with respect to the transformation ¥ — 1 exp (i) for any [, one can also
substitute ¥ by ¢ = v exp (ip) and recovers (4.10).

4.8.8  An initial value representation using quandratures

The semiclassical propagator as a shooting problem, i.e. given by a sum
over trajectories fixed by an initial and final conditions such as Eq. (4.12),
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has proofed very successful to describe interference effects [19-25, 31, 32,
34-37, 39-41, 43, 47-54]. However, especially when considering a specific
system without wanting to impose a disorder average, it is a very hard task,
to find all these trajectories.

Although there are in principle methods to do this root search nu-
merically [239-246] based on the Newton-Raphson root search method
[246, 247], it might be advantageous to have an initial value representa-
tion of the propagator, i.e. a representation along the lines of Herman
and Kluk [70], where the initial value of () is completely fixed and then
evolved under the classical equations of motion, which is finally iterated
over different initial conditions.

To find such an initial value representation, consider an arbitrary initial
state |¢;) which is evolved quantum mechanically in time, such that the
final state is given by

0 (ty)) = K (tg,t;) |v)
[t oo o) ] .10] ) 0 )

In the second line this final state has been written in a form, such that the
semiclassical propagator in quadrature representation, Eq. (4.10), can be
inserted directly. Using furthermore Eq. (4.14) in order to transform the
semiclassical prefactor into a derivative of the initial imaginary part of the
mean field wave function, p(?) (¢;) with respect to the final real part, q{/),
yields

[ (tr)) =

/ dlgh / L |q

a0 ) S e g

fyq(")ﬁq(f)
X exp [;LR7 (q(f), q'?; tf,ti)} .

Finally, the sum over classical trajectories can be transformed into an in-
tegral over the initial imaginary part according to

3 / a4p5 [q (4. p®:t5) — o0)]

q(") —)q(f

dq (q, pW;ty)

det ap0)

)

with q (q(i), p®:¢ f) being the real part of the classical time evolution of
the initial state g9 + ip(®. The integration over q'f) can now be carried
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out easily due to the Dirac delta and yields the initial value representation
in quadrature representation,

. . 1 9q(ty) ,
I YN YD) 1 { g
¢ (7)) /d q /d p \/det 4irb? op() <q

X exp [%R (q(i),q(f); tf,tz)] .

i) la(ty))
(4.17)

The square root depends only on the derivative of the final real part of
the mean field trajectory with respect to the initial imaginary part and
is therefore much easier to compute than the determinant arising in the
Herman-Kluk propagator [70]. However, to be honest, Eq. (4.17), has a
numerical disadvantage when compared to the Herman-Kluk propagator.
This lies in the fact that the integration over p® runs over the whole RZ,
without any weight function, which prevent an efficient computation of the
integral by monte carlo methods [247].

4.4 The Semiclassical Propagator in Fock State
Representation

4.4.1 The propagator

For ultra-cold atoms, the experimental preparation of a quadrature
eigenstate is not possible, since these states are a superposition of all possi-
ble Fock states and therefore of states with different total particle numbers
N [234]. Therefore it is important to have a propagator in Fock state rep-
resentation. A direct derivation of a path integral representation in Fock
state representation, however is not possible, since at intermediate times,
one would need a resolution of unity given by an integral, rather than a
sum.

To avoid this problem, one can use the semiclassical propagator in
quadrature representation and project it to Fock states via

_ / algh / aklq® <n(f)‘q(f)> K<q(f),q(i);t f,tl-) <q<z’>

n®).
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The integrals can easily be evaluated within the stationary phase approxi-
mation, after the overlap of the quadrature eigenstates with Fock states is
approximated by its asymptotic formula, (3.13). However, there is a subtle
detail, which complicates the evaluation. This is due to the U(1)-gauge
invariance, i.e. the fact that if () solves the equations of motion, ¥ (t)e'
also does, implying that the global phase does not play any role, but only
the phase differences of the components of 1 matter. This also reflects
itself in the classical Hamiltonian, where the phases itself do not enter,
but the phase differences do. Obviously, 6 is a cyclic variable, implying an
additional constant of motion. This constant of motion, on the other hand
is obvious: the total number of particles N.

The presence of the gauge freedom implies that there is a continuous
family of trajectories, for which [¢;(#;)|? is the same, and since the station-
ary approximation breaks down in the presence of such continuous families
of trajectories, the integral over the global phase 6 has to be done exactly,
leaving only 2L — 1 integrals to be done in stationary phase approxima-
tion. After evaluating these integrals (see appendix A.3 for details), the
propagator in Fock state representation is found to be given by

; 1 9*Ry (n() n®;t;.t;)
(f) n@. ) — / gl ) yUfs Ui
K (n o ’tf’tz) Z det (—271’177,) On(Hon@
'y;n(l)—)n(f)
i i
X exp {th (n(f),n( )§ti7tf>] ONG NG
(4.18)
where
L .
N® :an(l)’

=1

L

is the total number of particles at initial and final time, respectively. The
trajectories, which are schematically depicted in Fig. 4.2, here are deter-
mined by the equations of motion (4.11) as well as the boundary conditions

o1
[ (t0)? = nf? + 3,
1 (4.19)

() =i+ 2
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Figure 4.2: Illustration of the classical trajectories. While at initial and
final time, the occupation number have to be integer, this needs not be
true at intermediate times. The total number of particles N = )" _ [14/(%) 2,
however, stays constant along the classical trajectories.

where one of the initial phases, say the initial phase of the ¢ = 1-component,
of ¢ has to be fixed to a certain value. Due to the gauge invariance, the
trajectories and the action do not depend on the value of this phase. Finally,
the prime at the determinant in Eq. (4.18) indicates that the derivative has
to be taken only with respect to the subspace resulting from skipping the
component, for which the initial phase has been fixed. This is a consequence
of the conservation of the total number of particles.

The action in (4.18) is given by

ty

R<n<f>,n<i>;tf,ti> = / dt [he(t)-r‘l(t)fH(d) (* (1), ()], (4.20)

~
<!

where 6;(t) and n;(t) are the real variables given by the phase and the
modulus of ¢;(t), i.e.

dult) = \ /() + 5 v (1(1)).

The integral has again to be calculated along the classical trajectory. Simi-
lar to the derivative of the action in quadrature representation with respect
to ¢ and g\, the derivatives of the action in Fock state representation
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with respect to n( and n/) are

8R7 (n(f), n(i); ti, tf)

@ = —h6" (t:),
om, (4.21)
OR, (n(f)’ n(?); tity) — 190 (tf)
0 Lo
on,

4.4.2  The (approzimate) semi-group property

An important property of the propagator is the semi-group property,
Eq. (2.8). It can be shown that the van-Vleck-Gutzwiller propagator satis-
fies it when integrals are evaluated in stationary phase approximation [15].
Therefore, one might expect that the semi-group property holds for the
semiclassical Propagator in Fock basis as well, within a stationary phase
approximation.

However, in Fock space, the right hand side of the semi-group property
is given by a sum over Fock states, rather than an integral,

K (00, 00:t7.8) = 37K (00 mity.to) & (mn®sto.t,)

(4.22)
such that the stationary phase approximation is not directly applicable.
Here, the superscript (N) to the sum indicates that it runs only over those
occupations with the total number of particles being equal to N. This
restriction is possible, since the propagator is non-zero only if the initial
and final total number of particles are the same.

In order to be able to apply a stationary phase approximation, one first
of all has to transform the summation over the intermediate occupations m
into an integration. This is usually done by Poisson summation. However,
here the additional condition ), mq = N does not allow a direct applica-
tion of the Poisson sum formula. Instead, one can introduce an integration
by hand, e.g. by replacing the sum over Fock states according to

D N NS 0 -+ =
meNL

oo L

> e /de‘H5 (my — k) 0 (Nk - N@'))

mGNL71 0 =2
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The sum over occupations on the right hand side, is now restricted to the
single-particle states 2, ..., L. In the same way, k' is defined as the vector
resulting from k by removing its first entry. Moreover,

L
Nm: E mj.
=1

is the total number of particles of the Fock state |m).

Still, the Dirac delta does not allow for a stationary phase approxima-
tion, and thus one has to get rid of it. This is possible by applying the
Poisson summation,

o
o0

> sm)= 3" [ dmfim)exp (2mimj).

m=0 Jj=—00 0

to the sum over occupations. The evaluation of the resulting integral over
m is then straight forward and yields, after insertion of the semiclassical
propagator, Eq. (4.18), for the right hand side of the semi-group property

N —_ N®
ON G NG Z / k—)exp (2mij - k)

L—1
o (2ih)
2R i
det/ 21 sdet! 1 YR, +Rr L.
<2 \/ Okon( an(z)akeXp{h[ i ’*}}
'yn(l)—>k
~":k—n()

The ki-integration of course can be carried out exactly, while the remain-
ing L — 1 k-integrals will be evaluated in stationary phase approximation.
Before doing so, it is convenient to replace the trajectory 4’ by v* with the
initial phase of the first component 6, 1(to) = 60,,1(t0), i.e. by a trajectory
which initial phase of the first component is the same as the final one of ~.
This replacement can be done by simply multiplying ., (t) with a global
and time-independent phase. The stationarity condition for the integration
over k; with [ € {2,..., L} then reads

—0q+ 1(to) + 0+,4(t0) + 275, = 0.

Here it is important to notice that 6.« ;(ty) € [—m, 7], while in principle
9%1(t0) € R. Thus the term 27j; corrects the discrepancy between the final
phase of the trajectory v and the initial one of the trajectory ~*, i.e. if
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Figure 4.3: The stationary phase approximation selects those pairs of tra-
jectories, which are analytical continuations of each other.

we would replace 0.+ ;(to) by 0+ ;(to) + 27j; the stationary phase condition
would just say that the initial phase of the second trajectory has to be the
same as the final phase of the first trajectory, such that the second one
is just the analytic continuation of the first one (see Fig. 4.3). Moreover
this replacement would change the action of the second trajectory by an
additional term of 27 jl(nl(f ) k;), finally yielding for the sum of the actions

at the stationary point
Ry + Ry +27j-K = Ry +2mj -0,

where the prime again indicates that the first entry of the vector is removed
and v + v* is defined as the trajectory resulting from continuing + by ~*.

The last term is now an integer multiple of 27 and therefore does not
play any role for the propagator. Hence the stationary phase condition
selects all those pairs of trajectories v and ~+* which are match each other
to form a trajectory with duration ¢y —¢; and connecting the initial to the
final occupations. Together with the sum over all possible j the double sum
over trajectories is therefore just a sum over the trajectories which start
at n( at time ¢; and end at n/) at time ¢ ¢ and the phase contributed by
each trajectory is its action.

Thus, the only quantity, which still has to be determined, in order to
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check the semi-group property is the functional determinant,

82R * 82R

!/ ~y !/ 2l

aon® e snoon
02 (R« +Ry+27jK’)

det 2 51

det

To this end, consider the derivative of the stationary phase condition with
respect to nl(z) forle{2,...,L},

<M—%4m+0%mﬂﬂﬂ)_8%@@+8Lﬂ%mﬁ+%ﬁﬂ ok’

dn®’ on()’ ok’ on()’
=0.
Therefore,
; 9?Rox / %R 96’ (t5) 96", (to) /
det’ ionm 9et gnioe _ _det K onty _ 004:(ty)
92(R.x + R +27j K’ 00 (to) on(’ (@)’
det (2, ak72 ) det 3;@/ oK On

Thus, also the functional determinant is the same as the one of the full
semiclassical propagator, which finally proofs the validity of the semi-group
property, Eq. (4.22), for the semiclassical propagator in Fock basis within
a stationary phase approximation.






CHAPTER 5 -

Fermions

As in the bosonic case, the quantity of interest in this chapter is first of
all a semiclassical approximation to the propagator for Fermionic fields in
Fock state representation,

. tf
K (0 n®:t7,t) = (0| Texp | / Aa ()| n®)

t;

where the entries of n(¥/f) are either zero or one. For later reference, we

define l(li)7 e lg\if)(i) to label those single-particle states which are initially
occupied, and l&f ), . ,l%?f) those single-particle states, which are finally

occupied, i.e.

. ; (4) (@)
nl(z): 1 1fl€{l1 7"'7ZN(2‘)} 7
0 else
: (f ()
nz(f): 1 1fl€{l1 ""’lN(f)}
0 else

Note that here the L single-particle states are defined to also include the
spin component o € {1,]}. The definition of the labels lgi/f), ey lxg) is
also illustrated graphically in Fig. 5.1

The main complication for Fermions is that quadrature eigenstates with
real eigenvalues can not be defined, since the occupation numbers can only

67
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Figure 5.1: Definition of the labels lgi/f), ceey lg\i/(f;) as the initially and finally
occupied single-particle states. Note that here, the ordering of the single-
particle states has been chosen such that the spin-up states come first with
the spatial states in ascending order and after that the spin-down states in
descending order.

be zero or one. Therefore, one needs to find a different approach compared
to the bosonic case in order to find a semiclassical approximation to the
propagator.

Finally, here for the sake of simplicity, only Hamiltonians of the form

L
H = Z (hll/é;él/ + Ul,l’ég‘ézr/él/él> .
=1

will be considered.

5.1 The Propagator using Klauder’s Coherent
State Representation

5.1.1 The Path Integral

Klauder’s intention with his fermionic coherent state analogue, as re-
viewed in §3.3.2, was to determine a path integral for the fermionic propa-
gator based on complex variables [231]. However, in his work he considered
only one single-particle state and considered the propagator in the Klauder-
coherent state basis, rather than the Fock basis.

This section aims to generalize his idea to L single-particle states, and
to perform a semiclassical approximation to the resulting path integral.
However, as will be demonstrated later on, this semiclassical limit rises
severe problems.

Being interested in the path integral representation of the propagator
in Fock basis, one needs the representation of the initial and final Fock
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state in Klauder coherent states,

1 2m (%)

L l—n
i 1 i i i i
,n<>>_7TL/dLJ(>/dL9(> H( J<>> z b() b))
0 0 =1
with bgi) = Jl(i) exp <i€l(i)). In view of the semiclassical approximation,

and problems that would arise there otherwise, for the final Fock state the
integration over the amplitudes of b({#) will be performed exactly, such that
the representation

I 2T
<n<f>\:<21> /dLe exp( Zn(f)H )b(f)
T

0

with b(f) = n( )exp <19( )> will be used. This is because if the same rep-
resentation is used for the final Fock state as for the initial one and all
integrals would be performed in stationary phase approximation, the re-
sulting semiclassical approximation diverges.

In a way, this mixed way of representing the initial and final Fock states,
is in accordance with the derivation of the semiclassical propagator in con-
figuration space, where there is one integration more over the momenta
than over the positions.

With this, the propagator in fermionic Fock space can be written as

ty
K (0 0y, 1) = (a0 Texp | / At (1) | ) =

ti

2 1 27 ty

d=o\) L (i L i
/ T /d J()/d 0% (b T exp —h/dtH() Ib®)
0 0 0 t;

1—n(® O

Jl(i) 2 exp [i (nl(i)Ol(i) — nl(f)Hl(f))].

AT

In order to derive a path integral representation, one now follows the steps
presented in section 2.1, but now the unit operators are inserted in terms
of Klauder coherent states, Eq. (3.22). Here, in order to evaluating the
resulting overlaps and matrix elements it is convenient to assume that the
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paths contributing to the path integral are continuous [248], such that
Eqns. (3.23) and (3.24) can be applied. This yields for the path integral

1 2WdL0(O) ; dLQ( ) QWdLG(M“)
oo L 7(0) o L 7(M)
lim 5L /d J / I /d J / I / 7

0 0 0 0

— b(m) }

L 1)

(T 1) 5 () e () )
. M

X exp !—1;; Z H (b(m+1 ]

m=0
with the boundary condition

bl(M—H) _ JZ(M+1) exp(iHJ(-MH))

and the classical Hamiltonian

HE (b7 b0; 4, ) = (B0 H (1) 60

is evaluated using Eq. (3.24) neglecting the differences between b(™) and
b(m—&-l).

By substituting Hl(m) — Hl(m) + 9%0), the initial phase of the first single-
particle state can be integrated out exactly yielding a factor 2md (),
while the remaining integrals can be performed in a stationary phase ap-
proximation.

5.1.2 Stationary phase approximation

However, it turns out that the resulting semiclassical propagator ob-
tained using Klauder’s representation shows severe problems, which make
it inapplicable. Therefore, here only the result of the stationary phase ap-
proximation will be presented, in order to discus the problems. Due to this
inapplicability, the results will not be not discussed furthermore.
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Readers interested in details of the stationary phase approximation are
referred to section 5.2.2, where a semiclassical approximation, which is
pretty similar to the one using Klauder’s coherent states, will be discussed
in detail.

First of all, the stationarity conditions in the continuous limit 7 — 0
read

5 Ob(t) _ OH@ (bi(t),b(t);1)
o T obt(t)

as well as
[bi(t:)[* = ",

Together with the boundary condition
bt =y
already fixed by the path integral. The stationary phase condition selects

mean then field trajectories connecting the initial to the final occupations.
Note that the additional factors

(=) )

have not been included in the stationarity analysis and are equal to unity,
when evaluated at the stationary point.

Here, we already observe a first severe problem: In order to derive the
classical limit from the path integral, the off-diagonal terms of the classical
Hamilontian are obtained by replacement

ey — b;bl,\/(l _ }blf) (1 _ |bl/|2>.

Then, inserting the initial condition |b;| = nl(i) immediately shows that the
off-diagonal terms vanish. Therefore, the resulting semiclassical propagator
can in general not provide reasonable results, as the classical limit has the

physical Fock states as fixed points.

Let us nevertheless assume that this problem can somehow be lifted,
and continue with the semiclassical approximation. After a rather lengthy
calculation, performing all limits one can perform, one ends up with the
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semiclassical propagator

K (n(f),n(i);tf,ti) =

1 0°R i
. (M+3/2)L gl -
= (; o et (—2nih) ongn P (hRAY)
y:nl*)—n

. L .
i i ?H(D
=1 t;

Here, we finally observe another severe problem, which is the factor

lim 2(M+3/2)L
M—o0 ’

which actually is infinite. Thus, even if we could lift the above problem
that the off-diagonal terms in this approach vanish, the final result would
be infinite. This does have sence, however, since the sum over classical
trajectories vanishes. Nevertheless, since the Fock states are fixed points
of the classical motion, Klauder’s coherent states seem not to be appli-
cable for deriving a semiclassical propagator for Fermions in Fock state
representation.

5.2 The Semiclassical Propagator in Fermionic
Fock States

5.2.1  The complex Path Integral for the Propagator in Fock state
Representation

It seems then that there is no choice but to use coherent states in
order to evaluate the propagator. The semiclassical approximation for the
Grassmann path integral however, would lead to classical Grassmannian
equations of motion, which would not be of great help. Therefore, one
may want to somehow replace the integrals over Grassmann variables by
ones over complex variables. The procedure introduced here may somehow
remind to a supersymmetric approach, where the fermions are replaced by
their bosonic supersymmetric partners.

To carry on this program after using Trotter’s formula between two
consecutive exponentials not only one unit operator but two are inserted
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in terms of fermionic coherent states, Eq. (3.21),

ty
K (0D n®:t.1) = (| T exp —;L/dtﬁ(t) n(®) =

ti

lim [ d2Lc© / 2Ly (©) .. / Q2L (M) / (125, (M) <n(f) ’X(M)

M —o0
M-1
i e

m=0

Note that the overlap (x("™|¢ (m)> can be placed anywhere, since it contains
only terms of even number of Grassmann numbers.
Here, the short hand notation d?¢ = d¢d¢* as well as 7 = (t; — t;)/M

and H(™) = H (t; + m7) have been introduced. Since
<C(m+1> ‘ exp [_i £ /h} (x(m)> (™ |¢ ™))

always contains an even number of Grassmann variables, and therefore
commutes with every other Grassmann variable, one does not have to pay
attention of the ordering of the product in the second to last line.

As shown in Appendix B, it then turns out that since each function of
Grassmann variables has a Taylor series truncating after linear order, the
Grassmann integrals can be carried out exactly after inserting integrals of
the form

2w
/d@/d2¢exp (— 62 + preld — ije) —2r%5;,  and
0

[ [ @uexp (<10~ uf + ') & (0 =155

for j,j" € No.

It is important to notice that there is a certain arbitrariness in the way
these integrals are inserted. When demanding that the action appearing
in the path integral has the same form as in the bosonic case (but of
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Figure 5.2: For indistinguishable particles, these two processes can not be
told apart. However, the right one results from the left one by exchanging
the two particles, which for fermions requires an additional minus sign

course with a different Hamiltonian), this arbitrariness affects the boundary
terms and the classical Hamiltonian only. Here, the choice is such that the
classical Hamiltonian reads

D (p*, s ty) =
}:f%ﬁuz o+ E: UM it pitso 560
ai 1
a#p
L N max(«,[3)—1
+ 3 nundsesp (—pada—pits) [ (-2mion).
a,B8=1 l=min(a,8)+1

aFp
(5.2)

In Eq. (5.2), the fermionic character is included in the last term, which
discribes the hopping from one site « to another one 8 # «,

aguadw exp (— gy o — 11503)

max(a,B)—1
I a-240).
I=min(a,B)+1

Here, the last factor, which is a product over all sites between « and £,
accounts for the anticommutativity, which yields an additional minus sign
for each occupied state between the ones, for which the hopping occurs
(see Fig. 5.2). This additional minus sign is exactly the one included in the
definition of the creation (3.3) and annihilation operators (3.4). Moreover,
the exponential factor suppresses those hopping events for which the final
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occupation number is larger than one accounting effectively for the Pauli
exclusion principle. Furthermore, in the classical limit occupations larger
than one are not strictly forbidden. Instead, they are just penalized. How-
ever, in Eq. (5.1), only the physical Fock states with occupations 0 or 1 are
used, and therefore, only those trajectories with physical initial and final
occupations will matter, as will become more clearly, when the semiclas-
sical limit is considered. Yet, at intermediate times, the occupations may
still be larger than one.

The boundary conditions are chosen such that the path integral is given
by

K (n(f),n(i);tf,ti) =

Jim_ QWdN(i)e(z’)/dQLgZ)(l)”‘/dZLd)(M—l)/dZN(f)qb(M) ]ﬁ)¢(f)
- : i :
exp { T; [qb(m) (00 = g) T (g0 ,¢<m—1>;tm_1)]}
- . N o
X(2 )N(z) N H(M-1)L xp _1;9] ’

(5.3)

with d)l(o) = nl(i) exp (i@l(i)). This path integral can also be written in a

more common form as,

K (n(f),n(i);tf,ti) =

21 ) (4) N
dN( 9( Nt d2N(f) f)
/ (2 )N(l) Z 61(1) / N(f) H d) (f)
0
ty

[Plewen 5 [at[n36)-60) + B (@', ol0):0)]

t;
y exp{2 (Nu) ‘¢(f)‘2> }

where we defined J(t) to be the vector containing the amplitudes of the
field, J;(t) = |#(t)|* and the path integral runs over all paths ¢(t) with
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the boundary conditions
oi(t;) = nl(i) exp (ié’p)
ou(ti) = 9"

Note that (5.3) results from

K (n(f),n(i);tf,ti> =

N N @)
AV g0 [ g2 ) 11 5) 11 s 1
9 (9| ZNOND
j=1 j=1

ly

[t [-nace)- o) - 5 (@), 5000

i

by integrating out ]qbl(zl)) 2 exactly. These mixed boundary conditions have

[ Plet)es

S|~

~+
o)

o[- (60 +[o"

been chosen such thatjfor a diagonal non-interacting Hamiltonian, the semi-
classical approximation coincides with the exact propagator and therefore
can be understood as a choice for the regularization of the path integral. In-
cluding the integration over the amplitudes at initial time in the stationary
point, would yield an additional factor given by Stirling’s approximation to
1!~ /27 /e, while performing the integrals over the final amplitudes also
exactly would contribute the inverse of this factor.

5.2.2  Semiclassical Approximation

For the evaluation of the integrals in (5.3) it seems to be best to sub-

)

stitute the real and imaginary part of gbl(m by the square of its amplitude

Jl(m) and its phase Gl(m) relative to Gl(li):

o™ =™ exp [i (6™ — o)) ]

This is so because after this substitution, the Hamiltonian is independent
of 01((?), such that we can integrate out this phase exactly, yielding a factor
1
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2md @) (), which accounts for the conservation of the total number of
particles N = N = N()_ After this integration the value of 9(( )> has to

be fixed, e.g. to zero. For simplicity, in the following we will also deﬁne

6" =0 vie {1 L\,
o) =0 We{1,..-7L}\{l§f)=~~vlz(§<)i>}'

The remaining details of the stationary phase approximation to the path
integral will be left to Appendix C, while here we just discuss the resulting
semiclassical propagator.

First of all, after performing the continuous limit, M — co < 7 — 0,
the stationary phase conditions select the trajectories given by the equa-
tions of motion

. IHD (*, it
iheg = a(j* ¢ ) (5.4)
as well as the boundary conditions
6 (8)” =ni” (5.5)
61 (t0)I* =ni” (5.6)

and ¢l§i) (t;) = 1. Therefore, the semiclassical propagator will again be
given by a sum over Gross-Pitaevskii-like trajectories + joining the initial
and final occupations. The phase of each contribution in this sum is given
by the classical action along the trajectory -y
ty
R, = [at [no(0) - 30—~ 1 (¢ (1) 4(0):0)]. (5.7
t;
where ¢;(t) = /J;(t) exp (0;(t)).
In the following, matrices, which will be denoted as P, P, P(i),
Péf), PO, P, 75[()i), ﬁéf), QYW and Q) will be used. P® and P
are defined as the N x L-matrices, which removes those entries of an L-

dimensional vector v, which correspond to initially and finally occupied
single-particle state, respectively,

VGl )
1

. U,/ f)
pilhy = | " _ (5.8)

U,/
N
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Figure 5.3: Illustration of the definitions of P, P®) and Q1) in Eqns. (5.8),
(5.9) and (5.10). The blue boxes mark the initially occupied single-particle
states.

In particular, P® and P¢) map the vectors n(® of initial and nl/) of final
occupations, respectively, to the N-dimensional vector, which entries are

all equal to one,
1
P/ /) —

1
while P and PY) are their complements defined by

U1

Vs _y
/)y —

UG/ f
NERER]

vL

i.e. the (L — N) x L-matrices defined such that it selects from a vector v
those entries, which correspond to initially and finally empty sites, respec-
tively, which yields for the special cases v = n(d and v = nl/)

0
PN — | IL_N
0

Then, P[()i) results from P@ and Péf) from P) by removing the first line,
while 75[()1) results from P(® and 75((]f ) from P by adding the first line of
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PO respectively PU) to PO, respectively PY), and the L x L-matrices
Q" and Q) are given by

. p(i/f)
an_ (P
@ = ( PLs) ) (5.10)
That means, they are the (orthogonal) matrices, which move all entries of

n(/f) equal to zero to the first L — N positions and those, which are one
to the last N positions,

0
; L-N
QU/Fnlil) — (1) . (5.11)
: N
1

The definitions of P@, PO and Q¥ are also illustrated graphically in
Fig. 5.3.
With these definitions, the semiclassical propagator is given by

K <n(f),n(i);tf,tl-) = Z exp (;_LR,Y> Kﬁgg,
+n) —n()

where the amplitude K r(;i can be shown to read (see Appendix C.1)

ty
; 2 y(cl) ( p*
X%exp L /dtTl" O°H (¢ (t)2 ¢(t)7t)X(t) ,
V2T 2h / é(1)
(5.12)
where X (t) satisfies
T (0 (0)
X(ti) =@ exp {Zidiag <Péi)9(i))} Q (5.13a)
s 92 r7(cl) : 92 y(cl) : 2 ry(cl) : 2 7 (cl)
i0°H i0°H i O0°H i 0°H X. (5.13b)

“hoop?  hogop .  heogdg T ogt
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To solve this differential equation for X (t), consider a small perturbation
of the trajectory v in an initial variable T/Vl(z) (WI(I) can be e.g. Hl(z), Jl(z),

. A
<Z>§Z) or qﬁl(z) ). The perturbed trajectory 4/, described by ¢’ and ¢'*, which
must be considered as independent variables, can be expanded up to first
order in the perturbation and is thus written as

o () = (t) + pra(HW,”
¢l/*,(t) :d)l’*(t) + O'Z/Z(t)I/Vl(i)

The matrices p(t) and o(t) then satisfy the linearized equations of motion

i 02H( i 020
) = - —— _—— t
i 021 i 02H

:ﬁiad)Q p(t) + e o(t).

Therefore —p(t)o~1(t) satisfies the same equation of motion as X (t), which
means that we only have to find the variables I/Vl(i) such that o(¢;) is in-
vertible and at the same time X (¢;) = —p(t;)o~1(¢;). Since ¢;(t) and ¢;*(t)
are independent variables, this is obtained by the choice Wl§i> = 0;53) for

j=2,...,N and W, = ¢*(t;) for 1 ¢ {i§,.. .1}, ice.
o(P ") o(PB)
__qut | A7) afo)

X =-e (PP w)  o(r o)
a(,ﬁ(()i)qb@)) 8(Péi)0(i)
o(PY¢° ) o(PYe w) \
9 73(i)¢(i)* 8(79“)9(“ 0

. BEP;‘J”W(@% 8(Pég)¢*<t>) @

8<75é¢)¢(i)> 8<p(()i)9(i))

Finally, the reduced propagator can be further simplified (see Appendix
C.2) and the propagator can be written as

K <n(f)7n(i);tf,ti> = Y ABexp (%R7> . (5.14)

'y;n<7:) —)n(f)



5.2. THE SEMICLASSICAL PROPAGATOR IN FOCK STATES

81

with

1 PR,

Ay = [det 5 — 5 (P((]f)n( f)) 9 (Péi)n(i)> .

and B, given by

B, =
HOoo i PHE | i < (D) ()
Vet QN QD exp o WD (91 — 6 )
. a<75<f>¢*(tf),J;{f>)> 8<'ﬁ(f)¢*(tf),Jl(§ff))> o(Pa ) ~1 o (PL30)
et (PO ) a(P5ew) ( o(P{e) ) (P (t:))

(5.15)

As usual, using the equations of motion, the derivatives of the action with
respect to the initial and final occupation numbers can be shown to satisfy

OR,

_ _1p0)
oty — 0
IRy 50
s

This explains also the form of .A,. The typical form of the functional
determinant would be the second derivative of the action with respect to
all initial and final occupation numbers. However, here the derivatives
are only with respect to the non-zero entries of n(® and n'). This is due
to the fact that the integrals over the phases which belong to unoccupied
7
;
integration is necessary, since these phases are arbitrary (but fixed) and
therefore independent of the initial and final occupation numbers. This
exact integration also is the origin of the additional factor B, .

Apart from this the overall form of the semiclassical propagator is the
same as in the Bosonic case, (4.18), namely it is given by a sum over classical
trajectories, where each trajectory is weighted with the determinant of
the second derivatives of the action and contributes a phase given by its
the classical action. The classcial limit, however is obviously different in
both cases, which is a consequence of the antisymmetry and the resulting
Pauli principle for fermions. Moreover, the boundary conditions are slightly
different: While for Fermions, they are given by the initial occupation
numbers, for Bosons they have to be increased by 1/2.

sites, as well as the one over 6,” have been performed exactly. This exact
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CHAPTER 6 .

Non-Interacting Systems

6.1 The Transition Probability for Quadratures

6.1.1 The exact propagator in quadrature representation

For a non-interacting bosonic many-body system, the classical Hamil-
tonian in quadrature representation is quadratic,

L
HD (phoapit) = 3ty (6.1)

LU=1

Therefore, the exponential in the path integral (4.6) is also quadratic. This
in turn means that expanding the exponential up to second order in the
variables which are integrated over, yields again an exact expression, and
the stationary phase approximation is exact.

Hence, for the derivation of the exact propagator in quadrature repre-
sentation, one can start from (4.15).

In this case, the equations of motion can be written as

ihy = Hyp,

where H is the matrix which entries are given by h; ;. The solution of
the equations of motion is given by the (unitary) classical time evolution
operator

U (t,t") = exp (—%H (t— t’))

85
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=

Figure 6.1: Schematic picture of a waveguide array consisting of six waveg-
uides. The energy of a photon is the same in every waveguide as is the
hopping amplitude between two neighboring waveguides. The blue arrows
symbolize the entering photons.

applied to ¥ (t;), which has to be determined according to the boundary
conditions (4.16) and is given by

¥ () = o {qm —i(00) " [x0) — 0g)] } ,

where U (F/1) are the real/imaginary part of U =U (ty,t;) exp (ip). Within
this chapter, U will also be denoted the effective classical propagator.

After a lengthy but otherwise straightforward calculation, the action
for this path is found to read

oy om @)
().

I q(Z) U
B=m ( x( ) _ [(U(I))T]_l o® (Um)‘l

such that finally the exact propagator can be written as
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K (X(f) g ti) _
(Um) )

G - (ow) 1 0
P ( it ) _ [(ﬁmﬂl o (o (I)) ( it )
\/det [ 4771b2U T]

Having the propagator in the simple form Eq. (6.2), immediately allows
to obtain certain conclusions about the propagation of photons in an wave-
guide array as the one shown in Fig. 6.1, if the state of the electromagnetic
field is both prepared and measured in a quadrature state.

(6.2)

6.1.2 Propagation between quadratures with the same phase

The result Eq. (6.2) depends on the individual system only via the
classical propagator U(t), which can be computed most efficiently by diag-
onalizing the matrix H corresponding to the classical Hamiltonian. Let us
denote the unitary matrix, which diagonalizes H, by O, such that

OTHO = diag (M),

where A is the vector with entries given by the eigenvalues of H, and
diag (v) is the diagonal matrix with entries given by those of the vector v.
Then the classical propagator can be written as

Ut) = Oexp [—;Ldiag A) t} o,

Here, for real H, i.e. for real hopping parameters hjy in Eq. (6.1), some-
thing important happens. For a real symmetric matrix, O is a real orthogo-
nal matrix, which also implies that it diagonalizes not only H and U(t), but
also the real and imaginary parts of the classical propagator individually,

R[U(1)] = O cos <)7; ) or (6.3)

S [U(t)] = Osin <)7; ) or. (6.4)
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Since the determinant of an orthogonal matrix is always equal to +1, one
sees immediately from Eq. (6.4) that the determinant of U() = & [U] is
zero for all times, if at least one eigenvalue of H is zero, and therefore
the propagator seems to diverge. But, the normalization of the propagator
demands that it will actually become a Dirac delta. Indeed, in this case
Eq. (6.2) can also be written in the form

K® (X(f)7 trq; ti)

eXp{‘sz? [q(o _ ((j(R))_lX(f)] (0(1))_1 () {qu) _ (ﬁ(R))_lx(f)]}

1
« \/ det [—47rib2U (U(I)ﬂ exp Ulﬂxm e (U(m) -

which in the case where the determinant of the imaginary part of the ef-
fective classical propagator vanishes yields

K (x0), 173901, det 0100 ’ t;ﬂR)é {qu)_ (ﬁ(R))_lx(f)]_
€

1
X(f)] ,

For the case of a (linear) waveguide-array with constant nearest neighbor
hopping and all the onsite-energies being equal to one another, i.e. for a
classical Hamiltonian given by the matrix

e —J
-J € —J
H = , (6.5)
—-J € =J
—J €

it is particularly easy to find the condition on the parameters J and ¢, for
which one of the eigenvalues vanishes. For such a matrix, the eigenvalues
are given by

km
= 2 — =1,...,L
AL =€+ JCOS<L+1>, k R S

where L is the number of waveguides. This gives the condition that the
on-site energies are given by

k
e = —2J cos (L—i—ﬁl> (6.6)
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Figure 6.2: The determinant of the imaginary part of the effective classical
propagator as a function of time for a linear chain of six wave guides with
nearest neighbor hopping J = 0.5 and on-site energies (a), (¢) e = 0 and
(b), (d) € = 0.7 for different phase differences ¢.

for a k € {1,...,L}. For an odd number of waveguides, one possible
solution would be € = 0.

On the other hand, even if the condition Eq. (6.6) is not fulfilled, the
determinant of the imaginary part of the classical propagator vanishes for
certain times, which corresponds to the existence of caustics, and therefore
again the propagator is given by a Dirac delta.

6.1.3 Propagation between quadratures with different phase

The last observation still holds when the phase difference between the
quadrature bases used to measure the initial and final state are different.
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Considering again the classical Hamiltonian, Eq. (6.5), yields that

L
~ 1
det UU) = ll_Ilsin [s@ 7 (6 + 2J cos Lli 1) t] ; (6.7)
which holds as the condition on the time for a caustic
. (nm+¢)h
mt €+ 2.J cos LZ—L

with n € N. Thus, the phase ¢ shifts the times, at which the caustic
happens. This can be seen, when looking at the zeros of det U@ in Fig. 6.2.
It may also happen that for a certain value of ¢ several of these zeros
collapse as for example for ¢ = 0 and ¢ = 0 as in Fig. 6.2(a).

For ¢ = 0 it is straightforward to check that the determinant of the
effective classical propagator is symmetric in ¢ around 7, which is also
demonstrated in the left columns of Figs. 6.3, 6.4 and 6.5. This symmetry,
however no longer holds for € # 0 (see right columns of Figs. 6.3, 6.4 and
6.5). However, when changing ¢ to ¢ + 7, the determinant, Eq. (6.7),
clearly changes only by an additional sign given by (—1)%.

The general dependence on ¢ and ¢, however, is not so easy to summa-
rize. Fig. 6.2 shows the dime dependence of the determinant for different
values of ¢ for a chain consisting of six wave guides with nearest neighbour
coupling J = 0.5, only. As expected, it is a highly oscillatory function of
time, where the height and position of each peak — especially for € # 0 — is
strongly affected by ¢. To get a better impression on how det U@ changes
with ¢, in Figs. 6.3, 6.4 and 6.5, the dependence on ¢ is plotted for different
propagation times.

Depending on the propagation time, in some cases det U as a function
of ¢ shows two peaks, which are more pronounced than the others, as in
Figs. 6.3(a), 6.3(b), 6.3(c), 6.3(d), 6.4(e) and 6.4(f). In other cases, it shows
several peaks of almost the same heights as in Figs. 6.3(e), 6.3(f), 6.5(c)
and 6.5(d).

6.2 The Transition Probability in Coherent
States

The exact propagator for a non-interacting system in coherent state
representation can be found by relating it - by inserting unit operators in
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Figure 6.3: The determinant of the imaginary part of the effective classical
propagator as a function of the phase difference ¢ of the quadratures for
a linear chain of six wave guides with nearest neighbor hopping J = 0.5
and on-site energies (a), (c), (e) e =0 and (b), (d), (f) e = 0.7 for different

propagation times t.
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propagation times t.
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terms of quadratures - to the propagator in quadrature representation (6.2)

for ¢ = 0. The resulting integral consists of gaussian integrals only and is

therefore easily computed to find

2 1] ,
B DA C)

-3l

, 1 2 . )
K (¢, 156%,1) = exp <—2 o) + U (1. t) </><”> .

Computing the modulus square of the propagator now yields for the tran-
sition probability between two coherent states

2

P <¢(f), ¢(z’)> - ‘K <¢(f)7tf; ¢<i),ti)
=exp [— ‘Cb(f)’? - “Ib(i)

"4 oR (gb(f)*U (tg,ti) ¢(i))] .
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Obviously, in contrast to the transition probability between quadratures,
the transition probability between coherent states is not constant but de-
pends strongly on the chosen initial and final coherent state.

In particular, it is strongly enhanced when

¢\ = Uty 1) ¢,

namely at the classcial solution.



CHAPTER 1 .

Many-Body Coherent
Backscattering

7.1 Chaotic Regime

The object of interest in this section is the transition probability from
an initial Fock state n® to a final one n(/),

2

9

P (n(f),tf;n(i),ti) = ’(n(f)\ f((tf,ti) |n(i)>‘2 = ‘K (n(f),tf;n(i),ti>

i.e. the probability to measure the Fock state n(/) at time tr, if the system
was prepared in the Fock state n() at the initial time t;. Here K (t,1;) =

T exp [—i ftif dtH (t)/ h} is the quantum mechanical propagator.

Inserting the semiclassical propagator (4.18), yields for the transition
probability a double sum over trajectories,

P (n(f),tf;n(i),ti> =

PR, e[ (R Ry)] ()
/ g h i
2 \/det e \/det aDon®  (aap)El

v, 'y n(l)—)n( )

In general, one can not say much about the contributions of the double
sums. However, under disorder average, i.e. an average over the on-site
energies ¢, = hy;, due to the scaling of the action with the total number

95
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Figure 7.1: In the diagonal approximation, only identical pairs of trajecto-
ries are taken into account

of particles, the action difference in the exponential gives rise to strong
oscillations. Most contributions to the double sum cancel out on disorder
average, unless the two actions for trajectories v and +' are correlated.

7.1.1 Diagonal approrimation

The most obvious pairs of trajectories, which are correlated, are the
identical ones, i.e. v =+ (see Fig. 7.1). For those pairs, the action differ-
ence is obviously zero and the transition probability in diagonal approxi-
mation reduces to

P(da)( ()tf, (),t-> — 27rL IZ‘ n(f)

where 0 (t;) is the vector containing the initial phases for the trajectory =.

By inserting an integration over the initial phases together with a Dirac
delta, ensuring that only those phases contribute which match the ones
given by the trajectories and using the properties of the delta function, one
can prove the sum rule

Ty O Y
0

= (2m) ! p( (n(f),t f n(i),ti) 7

(7.2)

with 4(n®; 0 ;ty) being the classical time evolution of the initial state
¥ with components

@le(i) =/ nl(i) +1/2 exp(iﬁl(i)).

Therefore, the diagonal approximation yields the classical transition prob-
ability
p(da) (nm, tsn, ti) — p() (nm, tsn®), ti) _
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Figure 7.2: Trajectory pairs responsible for coherent backscattering

7.1.2  Coherent backscattering contribution

An other class of correlated pairs of trajectories are those shown in
Fig. 7.2, namely v/ = T+, where T denotes time reversal. For Bose-
Hubbard systems, time reversal is achieved by complex conjugation, such
that the time reversal of a solution ¢ (¢t + t;) of the equations of motion is
¢ (ty —t)*. Of course, these pairs exist only if the Hamiltonian itself is time
reversal symmetric, which for a Bose-Hubbard system corresponds to a real
Hamiltonian. It turns out that a Bose-Hubbard chain with nearest neighbor
hopping only is always time reversal symmetric, since it can be transformed
into a real one by multiplying each component of the wave function with
a certain time-independent phase. In the same way, for certain combina-
tions of the phases of the hopping parameter in a Bose-Hubbard ring, the
Hamiltonian can be transformed into a real one.

Having identified the time reversed of a trajectory =, it is straightfor-
ward to check that the actions of both trajectories are the same,

Rry=R,.

However, in (7.1) pairing v with its time reversed is possible only, if n) =
n(). Therefore, one first has to replace v and +/ by nearby trajectories 7
and 4/, which both start and end at n(®) = (n(i) + n(f)) /2. In the course
of this replacement, one also has to expand the actions in n(?) and n® up
to linear order around n(®,

R, = Ry~ Ry~ Ry +1 (87 (t) — 67 (1)) - (n) = n@)
—h (19ﬁ (t;) — 67 (t2)> : (n(i) - n(o)).
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Figure 7.3: Emergence of the coherent backscattering for a Bose-Hubbard
chain with five sites from numerical calculations. The initial occupation
was chosen to be (3,2,3,4,2). The red crosses are the classical transition
probability, while the black diamonds are the quantum ones. The evolution
times are (a) t = 1.5h/J, (b) t = 2.5h/J, (c) t =5h/J, (d) t = 10h/J, (e)
t = 20n/J, (f) t = 50h/J, where J is the hopping parameter. Figure by
courtesy of Julien Dujardin, Arturo Argiielles and Peter Schlagheck.

In the prefactor one can simply replace the second derivative of the action
of the original trajectory by the corresponding one of the new trajectory.

If 4" is the time reversed of 7, the initial and final phases of 4/ are
related to those of 4 by

~/

0 (t;) =— 09 (t;)
09 (t;) = — 09 (1)),

which, after applying the sum rule (7.2), yields for the coherent backscat-
tering contribution to the transition probability
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plebs) (n(f),tf;n(i),tf> —

(Q(ST)IEIl 7dL—19<i> exp {i {9(1‘) 1o (nu), 00, ¢ f)} . (nm _ n@) }
i
0

- @ 9.+ N7 _ 1 _ L@
x}l&“zﬁl(n ,0 ,tf>’ —i—n },

where drgr is one, if the system is time reversal invariant and zero other-
wise.

For a classically chaotic system, within a disorder average one can re-
place the final phases 8(n(, 0 ¢ #) by identically, independent, in [0, 27]
uniformly distributed random variables, such that for P(eb%) one can per-
form an average over the final phases yielding a factor d,,¢) (5. Thus, the
averaged coherent backscattering contribution to the transition probability
is given by

plebs) (n(f),tf;n(i),tz‘) = 67ROy pon P (n(f),tf;n(i)7tz'> :

Here, the bar denotes an averaged quantity.

As long as time reversal symmetry is the only discrete symmetry of
the system, pairing a trajectory with itself or its time reverse, are the
only two generic possibilities to get a contribution with vanishing action
difference. All further possible pairs of trajectories give contributions which
are suppressed by a factor of 1/N compared to the two latter. In the
semiclassical limit, the averaged transition probability is then given by

P (l’l(f),tﬁn(i),ti) = (1 + 5TRI5n(f),n(i)) P <n(f)7tf;n(i)’ti> , (7:3)

i.e. the quantum transition probability is enhanced for nf) = n® com-
pared to the classical one by a factor of two due to the constructive inter-
ference between time-reversed paths.

However, only paths which are not self-retracing may contribute to the
coherent backscattering peak, because the time reverse of a self-retracing
path is again the path itself and therefore this pairing would already be
included in the diagonal approximation. For short times, one can expect
that all trajectories coming back to the initial occupations are all self-
retracing and therefore a certain minimal time is required to observe co-
herent backscattering (see supplementary material of [249]). This behavior
as well as the existence of coherent backscattering itself is shown in Fig. 7.3.
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Figure 7.4: Dependence of the coherent backscattering peak on the phase
¢ of the hopping parameter J for a Bose-Hubbard ring consisting of six
sites (see inset of (a)). The initial occupations were chosen to be (a)
(3,3,2,3,4,2) and (1,1,2,2,1,0). Figure by courtesy of Julien Dujardin,
Arturo Argiielles and Peter Schlagheck.

Fig. 7.4 shows that the peak indeed vanishes, when time reversal in-
variance is broken, which clearly identifies the source of the peak to be
coherent backscattering. The fact that for certain phases ¢ (apart from
27) of the hopping parameter the coherent backscattering peak reappears
is due to the effective reestablishment of time reversal invariance (see [249]).
Moreover, Fig. 7.4 shows that — although the semiclassical theory is strictly
speaking valid for large occupations only, coherent backscattering can be
observed already for very small particle number.
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Figure 7.5: Loop diagrams arising in the calculation of the transition prob-
ability up to second order. For the one-leg-loops (Diagrams (b), (d), (g))
only one of the two possibilities to shift an end into the encounter is shown.
Note that for the case of one 2-encounter, there is no no-leg-loop, since these
are already included in the coherent backscattering.

7.1.8 Loop contributions

The result above is expected to be just the leading order result of a
semiclassical expansion in action differences. Typically, sub-leading con-
tributions arise due to loop diagrams as those shown in Fig. 7.5, which
essentially renormalize the background [21, 33-35, 37, 250, 251].

These loop diagrams consist of encounter regions, where the trajectories
come close to themselves or their time-reverse, and so called links, which
connect the encounter regions. Within these links, the two trajectories v
and 7/ follow each other or the time-reverse of the other, while within the
encounter region both trajectories connect different links. The action dif-
ference of the two trajectories then stems solely from the encounter region.

The loop diagrams can be divided into three classes, which are deter-
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mined into three groups of loop contributions. The first of which are the
two leg loops shown in Figs. 7.5(a), 7.5(c) and 7.5(f) for which both the
starting and ending point of the trajectory lies outside the encounter re-
gions. For one-leg-loop diagrams, such as Figs. 7.5(b), 7.5(d) and 7.5(g),
either the starting or the ending point lies within an encounter region, while
for no-leg-loops (see Figs. 7.5(e) and 7.5(h)) both the starting and ending
point lies in the encounter region.

Two leg loops

According to Appendix F, the contribution from two leg loops, i.e. from
those trajectories for which both the start and the end lie outside of the
encounter regions, is given by

pe (n(f)7 tpin®), ti) _

8n(Z

S o fai-nio-ve,

—C

0
: [ - Sonthid )
/ JLD(ONene),,

—C

exp (iNs - u),
O!Qg Nemﬂté&i)c e :

(7.4)

where v is the vector which entries v, are the numbers of o-encounters and
N (v) is the number of encounter structures with characteristic v, i.e. with
v, o-encounters. The total number of links between encounters for two
leg loops, O +1 =) ov, + 1, as well as the total number of encounters,
Nene =), Vo are uniquely defined by this characteristic.

Moreover, the boundary ¢ of the integration over stable and unstable
coordinates, s and u, respectively, is an arbitrary classical bound large
compared to 1/N, but small enough to allow linearization of the partner
trajectory +' around ~.

The reduced phase space volume Qy (E) for constant total number of
particles N and energy E is defined as

Qy(E) = /d%wa (01)0 (N an + )6[H<w*,w>E1.

In principle, in Eq. (7.4), the reduced phase space volume has to be eval-
uated at the energy of the trajectory . However, on disorder average,
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the exact Dirac delta in the energy can be approximated by some broad-
ened delta function with an averaged mean energy, such that the resulting
reduced phase space volume can be assumed to be independent of the tra-
jectory.

Finally, the encounter time tg%)c, which is the time the trajectory needs,
in order to traverse the a-th encounter once, is the sum of two contributions,

4~
—~
Q
Nl
I

tga) + t&a)’

1 c
(@) o~ = mi
ty T In ‘g(a,j)’ ,
k
1 c
@)~ Zmin | In
“ A ~(,5)
)

with A\ being the largest Lyapunov exponent. Just as in F, the minimum
here and in the following runs for fixed « over both, the dimensional and
sequential, indexes k € {1,...,L —2} and j € {2,...,04}.

It has been shown in [32], how to evaluate the integrals in Eq. (7.4) in
general: Neglecting higher order as well as on average highly oscillatory
terms, the only contributing term is found by using only the term in the
expansion of the power in the numerator, which contains every té?l)c exactly
once.

Finally, after substituting
vy =sjui/c?, o5 =clu

the integrals, which then run over the domains —1 < z; <l and 1 <o; <
1/|z;| yield after again identifying the sum over classical trajectories with
the classical transition probability yields [32]

pl (n(f)’ tpin®, ti) -

O_Nenc (L_2)(O_Nenc)
PN N (v) oot (v




104

MANY-BODY COHERENT BACKSCATTERING

One leg loop

The vanishing of one link, in this case does not require further links
to vanish, such that also one leg loop contributions have to be taken into
account [45, 252, 253]. Following F.2, the contributions of one leg loops
can be calculated from

pm (nm’ ty;n®, ti) _

1
e det’ Vg, O
L— Z 01 1
(2m) 1’“1(1)_)“(” 3n(f)8n
ty— Zoatenc
/d(L—Q)(O—NenC)s/d(L—Z)(O—Nem)u / dto (7.5)
—c 0 0
min ln
to t3 |SJ"
EV i exp (iNs - u)
0-1 2 —QO NE"CHt
0 0 0 enc

where now the encounter time is reduced and given by té})c =t —|—t&1). Note
that, although strictly speaking Eq. (7.5) determines the contributions for
those one leg loops, where the starting point lies inside an encounter, the
contribution from trajectories with an ending point lying inside an en-
counter is exactly the same. Thus, when finally the higher order contribu-
tions to the transition probability are computed, P has to be multiplied
by a factor of two.

The integrations over the link times t¢2,...,fto as well as those over
the stable and unstable coordinates of the N.,. — 1 encounters, which do
not contain the starting point, are exactly the same as above, such that
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performing these integrals yields [253]:

p() (n(f),tf; n(i),ti) =

(L—=2)(0O—01—Nene+1) &
PO Y i () T [,
v o1

—C

min % In L O—Nune
; g (tf — 1 — 01t§1)c>
/d(L_2)(°1_1)u / dt’ o cos (Ns - u)
(O - Nenc) !907Nenctgn)c
—c 0
X H (—
a>1
(7.6)

Performing the integrals is somewhat simpler than in Refs. [45, 46, 252—
254], since there are no additional exponentials containing the encounter
time. In fact, the integrals in Eq. (7.6) are a special case of those in the
mentioned work.

Redoing the steps in Ref. [253] — that is substituting z; = sju;/c?, o; =
c/uj, ) =¢ +1In (¢/|u]) /A with integration domains —1 < z; < 1, 0 <

1) < Inmin (1/]z;]) /A, 1 < 05 < exp (x\t(en)(;), replacing after integration

(1)

over o tere by ~ exp (at,(m,;) la=0 and neglecting terms oscillating under

disorder average — determines the contribution of one leg loops with the
starting point of the trajectory inside an encounter to read [253]

p(i (n(f) 500, ti) —

(L-2)(O-Noney (tr = )7V TT (—0a)
ple) ZZ” o 2m a>1
o1 1 N (O - Nenc) ! QO?NE’”C

Again, it should be stressed that the end point lying inside an encounter
yields exactly the same contribution, and therefore this contribution has
to be multiplied by a factor of two, when calculating the full transition
probability.

It is easy to verify that when restricting oneself to the leading order
loop contributions,i.e. to the case of only one 2-encounter, two-leg-loops
and one-leg-loops cancel exactly. For higher order contributions, there is
yet another possibility, which has to be taken into account, namely, the case
that both, the ending and the starting point lie inside different encounters.
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No leg loop

The calculation of these contributions, however is completely analo-
gously to the one of one leg loops, only with the fact that now also tp has
to be replaced by an integral over ¢”, which is the duration, the trajectory
needs to get from the reduced Poincaré section of surface to the end point.

Redoing essentially the same steps as in the one leg loop case yields[253]

p(Oll)( ()tf, (¢) 7 )_ pleh) Z Z Nol,onc (v) <§\7;

V. 01,0Nene

>(L—2)(O—Nenc)

(t7 =t 1 (~0a)

(O = Nene) 1 Q0 Newe

X

where Ny, oy, (V) is the number of structures with characteristic v start-
ing with an oj-encounter and ending with an oy,,.-encounter.
Overall loop contribution
Summing up all these contributions yields
pe) | p) | pon) _
(L-2)(O-Nene) (t = )77V [T (—00)

2
P(cl) < [e]
ZV: <N> (O — Nepe) 1 QO Nene (7.7)
v -2y 4y A )
Ol ON OlONen(‘ ’

where the factor Ney. in the second term stems from the sum ) oy Vor - It
has been shown in [254] that this sum is identically zero. Yet, for the sake
of completeness, this cancellation is demonstrated explicitely here.

The main task is to express the very last term in such a way that it also
depends on N (v). Usually, a trajectory with certain encounter structure
is obtained by considering it as arising from a periodic orbit by cutting
one link. In this case, the link, which is cut has to connect an oy, - to
an oj-encounter. On the other hand, a trajectory, which has its starting
and ending point inside different encounters, can be considered to be gen-
erated by cutting a periodic orbit inside an (01 + op,,. — 1)-encounter.
The latter periodic orbit, in turn, can be obtained by merging the o;-
and the oy, -encounter of the original one. This way, the characteristic
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v[01:0Nene =01+ 0Nene =1 of the new periodic orbit is determined from the orig-
inal one by reducing v,, and v,,_ by one, while increasing vo, 4oy -1 by
one. Furthermore, obviously the total number of links for the new periodic
orbit is reduced by one compared to the original one.

Then, for the new periodic orbit, there are in total

(01 + ON—enc — 1)(v01+0N5nc—1 + 1)

encounter stretches, which can be cut in order to obtain again one of the
considered trajectories. However, for computing the number of encounter
structures with the same characteristic A'(v), there is an additional factor
given by the total number of links due to the freedom to choose the link
that should be cut. This freedom is absent here, such that this procedure
yields the equality [254]

/\/’01,01\/671c (v) =

(01 + ONene — 1) (Uol+oN5nc_1 + 1)
0-1

N <V[Ol 1ONene 7011 O0Nenc 71} )
)

where the term 1/(O — 1) cancels out the O — 1 possibilities to cut a link
of a periodic orbit with characteristic v[01-0Nene—01+0Nen.—1,

Plugging in this result into Eq. (7.7) and writing it explicitly as a power
series in 1/N yields

P(le) + P(lll) + P(Oll) _

oo o (L-2)m (t _ t')m
(cl) 2 f—ti _
POS(R) e Y Tlee

m= v:O—Nene=m «

(01 + oNepe — 1) (U01+0N -1+ 1)
enc enc N( [0170N5n3_>01+ONenc_1]>
: [ 2 (0~ T or0n,, "

01;,0Nenc

PN (v) - 20 <v>] ,

where the sum over characteristics runs over those with O — N, = m.
Now, since vIo1:0Nene 01+0Nenc 1] als0 satisfies O — Ny, = m, for the
last term, the sum over v can easily be transformed into a sum over

v/ — V[01,0N6n6—>01+01\75nc—1] .

Then the factor (o1 +on,,, — 1) /(010n,,,.) replaces the factor ojon,,. in
the product by o' = 01 + on,,. — 1. Moreover, the sums over o; and
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ON,,. affect only the term vy, 1oy .1 +1 =] _; and — as already

01+0N nc
mentioned — the total number of links is for v[°1:9Nenc=01+0Nene—1] reduced
by one, such that

p) 4 pa) | pon) _

o\ ETm (1 g™
w3 (%) S,N > -

m=1 v:O—Nepe=m o

x |V (v) - 222 Nene

r—11-

The double sum in the last term can also be easily evaluated by substituting
the sum over o’ by one over j = o+ 0 — 1,

IR ST SR DL

0>2 j>o0 j>3 0=2 Jjz3
= 0 (j —2) =0 — 2Nepe.
j>2

This finally shows, as that the loop contributions for the transition proba-
bility indeed cancel,

p) + pa) + pOm — .

7.2 Weak Coupling Regime

The unperturbed quantum Hamiltonian here is given by the Bose-
Hubbard Model with zero hopping amplitude, which describes a Mott-
insulator [118, 119],

L
ﬁo = Z (qal al + = Z Vl/al al,al/al> (78)

l’l

Obviously, any Fock state |n (@) ) is an eigenstate of this Hamiltonian with
eigenenergy

o =D [(q T2 ”> n? + 5 > V) )] |

=1 '=1
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such that the time evolution of an initial Fock state is given by

6(0) = K0) 1) = exp (4 Byt ) In®).

The purpose of this section is, however, to describe the evolution of an ini-
tial Fock state under a Hamiltonian, determined by perturbing the Hamil-
tonian Eq. (7.8) by small hopping terms,

with Jll’ = J;;l.

This could in principle be done by treating the hopping term in semi-
classical perturbation theory. However, as already discussed in section 2.3,
within this framework, the perturbation does not alter the classical tra-
jectories. Therefore, one can not start from the propagator in Fock state,
since the unperturbed trajectories are diagonal in Fock space, i.e. they join
the initial Fock state n(? only to the same final one n) = n(®. On the
other hand, as soon as hopping is introduced, the propagator is non-zero
also for n(f) £ n(®_ Therefore, it is necessary to start with the propagator
in quadrature representation, apply the semiclassical perturbation theory,
and only then perform the basis transformation to Fock states. This lifts
the problem of the diagonality in Fock space, since the quadrature eigen-
states are a superposition of Fock states.

7.2.1 The propagator in quadrature representation for diagonal
Hamiltonians

It turns out that the propagator in quadrature representation for the
unperturbed Hamiltonian can be computed exactly by a stationary phase
approximation if Hubbard-Stratonovich transformation (see Appendix G)
is applied to the path integral. The Hubbard-Stratonovich transformation
replaces the interactions by an additional time dependent field o (¢), which
mimics the potential acting on one particle by the interaction with all the
others. The propagator is thus after the Hubbard-Stratonovich transfor-
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mation given by the path integral

tf

o [dte(t)Vlo(t) ,
. Dlo(t)]e™ Ko (¥, qW;t
K (q(f),q(’);tf) _ JPle®) { f), (7.10)

i
[Dlo@)e s 7

where V is the matrix with elements Vj;, the denominator ensures the
correct normalization of the o-path integral and

K, (q(f)’ q®:t f) -

a(ty)=qH

. tf
Dlao). p(0exp { ¢ [ | 1p0)-4(0) ~ Ho (90,9050
a(0)=q(® 0

is the effective propagator under the external potential described by the
field o(t). Note that in Eq. (7.10) there are no boundary conditions im-
posed on o(t). Again, ¥(t) = q(t) +ip(t). Moreover, the effective Hamil-
tonian is given by

- 1
Ho (00 60:0) = Y la— 0] (j0f - 1) (70

=1

Using the semiclassical approximation Eq. (4.10) for the effective propaga-
tor yields

K, <q(f)’q(i);t f) —

1 92R,(q),q;ty) : |
- - () ).
\/d‘at Comh) aqDogd P [th (a",q 7tf):|, (7.12)

where the sum over classical trajectories has already been omitted in view
of the fact that for the classical Hamiltonian Eq. (7.11), there is only one
trajectory joining the initial and final quadratures. This very trajectory is
denoted by v and is determined by the solution of the classical equations
of motion

L OY(t
it ‘gt( ) e — (B () (7.13)
under the boundary conditions
1 1
— —q® — — g
Rp(0) 554 and QbﬁRd)(tf) q'’’. (7.14)
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It is easy to find the thus defined trajectory 4 and computing its action
which is after a straight forward calculation (see Appendix D for details)
given by

L L 7.15)
h ) (@) @2, ()2 h (
- -9 Al+=-N"4
4b2 Sln Al Z |: QZ ql + ql + ql COS A + 2 ; 1
with
ty
1

h/mh—m@y

t;

A=

Having determined the classical action, the propagator can be easily deter-
mined to be

K&(q“ﬁq@;w)::

2ql(f)ql( ) <ql( ) + ql(f) > cos A;

L
M/t exp{ - cla
= 4b2i7 sin A, P 4b2 sin A; 9 M

(7.16)

The hopping term Eq. (7.9) can now be included in semiclassical perturba-
tion theory following section 2.3, i.e. a phase given by the classical analogue
of the hopping integrated along the trajectory is added to the propagator.
The classical analogue of an operator here is obtained by first expressing
the creation and annihilation operators &lT and a;, by quadrature operators
q; and p;, commuting all the p;’s to the left of all ¢;’s and then replacing the
operators by real variables. For the operator Eq. (7.9), this prescription
yields as classical analogue

J(p(t),a(t)) = 4b2 Z Ju (qu(t) —ipi(t)) (qu (t) + ipr (1))
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With this classical hopping, the effective propagator can be apprximated
in semiclassical perturbation theory by

) .. —
Ko (q »ad atf)
i i)2 2
2q g (ql() e >COSAZ

L b .
- 3 2 A
H 4b217r sin A; R T 4b? sin A; + 2

=1

where q(t) and p(¢) have to be evualuated along the trajectory.

The exponential of the effective propagator Eq. (7.17) is still a quadratic
function of q¥ and qf), which allows to perform the integrations for the
basis transform to Fock states exactly. It should be noted that the basis
transform does not affect the integration over the Hubbard-Stratonovich
field o (t), such that it is enough to transform the effective propagator.
However, it turns out that the integrals are easiest, when first transforming
to coherent states.

The basis transformation is rather cumbersome, which is why it is left
for the Appendix D.2. The resulting effective propagator in Fock states
turns out to be

K, (n(f),n(i);tf) = Z Z 52 R ()

KOS kWl g0 ZK(L)—n(f) iz
=1
i) L k)
~ exp <—inl(f)Al) H < th(;H)) ,
[ '=1
U#l
(7.18)
where
ty ot
i
Jl(#,) = —Jy /dt exp | /dt' e — e —oy(t') + o (t)]
t; t;

is the effective hopping.
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The interpretaion of Eq. (7.18) is quite simple. The sum over the vec-
tors kW, ...k runs over all possible combinations of hopping events,
where /il(ll) is for [ # I’ the number of hopping events from [ to I’, while K‘,l(l)
is the number of particles, which stay at the same site during the whole
time evolution. Note that these combinations also include those processes,

where one particle hops from [ to [” and another one from " to I’. The

multinomial coefficient (Zl((fli) together with the square root containing the
factorials of the initial and final occupations thereby account for the indis-
tinguishability. Furthermore, each hopping event is weighted by its hopping
probability Jl(ﬁﬁ) and the phase factor yields just the phase evolution due
to the non-perturbed (Mott isolating) Hamiltonian. Finally, the Kronecker
delta ensures that only those combinations of hopping events are taken into
account, which connect the initial and final occupations correctly.

Inserting this expression for the effective propagator, Eq. (7.18), into
Eq. (7.10) enables one to evaluate the integration over the auxiliary field
o (t) in stationary phase approximation. Since the exponent is quadratic in
the auxiliary field, the stationary phase approximation is exact. In order
to perform the integration, it is helpful to rewrite

w0t
3 / S 0)
AU j=1
ty L fi;,l) fil(l/)
_ /dtZol(t)Z Yo (tl({? - t) o (fz(sz) - t)
0 =1 U#£l | j=1 Jj=1
tr
= /dtzaz(t)@z(t)
0 =1

Then, the stationary phase condition reads

Z‘/El’ O'l/ —l—nl( ) — @l(t) = O
I'=1

The integration over the oscillations around the stationary point is straight
forward and just cancels the prefactor stemming from the Hubbard-Stra-
tonovich transformation. Evaluating the exponent at the stationary point
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finally yields after some simple transformations

K (n<f>,n<i>;t f> -
ty RO

> oy (a1,

L
— E / s l
K}(l):i /{lu):ngf) K,(L):i /@l(m:ng) 0 B =1 =i E
=1 =1

L ()
1 v
Laova) o] T1 _7J”/
I'=1
I'#1
; L ’fl(//) ’{l(/l/) (

o o S Wi Vi Vo Vo 35 i (150

VIALUT AL j=14'=1

O (z )

. l/ l”
i .
xexp =+ | (a—en)t) = D (Vi = Vi ”th
(7.19)

where Jj; has been defined as J; = ih.
It is important to note that the constraints on the sums and the Kro-
necker deltas in Eq. (7.19) imply that the propagator is non-zero only if

0 _ zl:ng) _ Zl:ngp _
a=1 a=1

This can easily be seen by considering the sum over all Hl(l ). For each
contribution, the constraints on the sums require that

L L L L ,
_ ZZ k) =3 k. (7.20)
=110=1 I=1101'=1

On the other hand, due to the Kronecker deltas, the contribution of the
sums is non-zero, only if the I-sum on the right hand side of Eq. (7.20) is
(1)

equal to ng’ and therefore

L
N =3 ) = NO
=1
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Moreover, the result for the propagator Eq. (7.19) can be interpreted fairly
easily. K,l(l/) denotes the number of hopping events from site [ to site I’ and
one has to sum over all possible combinations of hopping events, which
leave on one hand the number of particles within each site larger or equal
to zero and on the other hand lead to the correct final state. The first
condition is ensured by the Kronecker deltas, while the second one fulfilled
due to the constrictions on the sums. Each hopping event contributes an
additional factor of —iJl(;ﬂ) /h and is weighted by the combinatorial factors
accounting for the interchangeability of particles. The additional phase
factor then accounts for the free propagation between two hopping events.

Finally, it is instructive to consider the case without hopping, J;» = 0.
Then obviously the only non-vanishing contribution to the sums is

L) _ 0, 1#£1
: ) 1=v
However the Kronecker deltas then require that
(4) ¢ (1) O] (f)
ngt = Z Ky "=k =ny
r=1

and therefore in the diagonal case, i.e. if Jyr = 0 the propagator reads

K (0@ n®:¢,) = T — é (”*%il Viemy )>"lm
( ;Y f) = (11 0,0 () | € ;
=1
(7.21)
which is equal to the exact quantum mechanical propagator for this case.
Finally, it is worth to notice that in the case that all particles interact
equally no matter in which site they are, i.e. for Vjy = V| the interaction
enters only via a phase factor exp (—in(f )'nH¢ ¢/ h) and thus do not affect
the motion of the particles.

7.2.2  Transition probability for weak hopping

From the propagator, Eq. (7.19), the transition probability from an
intial to a final Fock state can be computed by simply taking its modulus
square. For the case of a non-disordered ring of five magnetooptical traps
with all on-site interactions 0, on-site interaction strength Vi = 2d0;» and
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Figure 7.6: Comparison between the semiclassical weak coupling result
for the transition probability up to fourth order in the hopping strength
J = 0.05 (red) and the numerically obtained quantum mechanical one
(blue) for zero on-site energies and on-site interactions V = 2.

a nearest-neighbor hopping strength J = 0.05, the result obtained from
Eq. (7.19) as a function of time is compared with numerical ones in Fig. 7.6
for an initial state n() = (2,4,3,2,3) and selected final ones. Note that in
the semiclassical calculations only terms up to fourth order in the hopping

(@)

strength are considered, i.e. the sums over the hopping events k;’ are

restricted to those, which satisfy ), Y /sl(,l ) < 4. It is obvious to see that this
approximation holds differently good agreement for different final states.
The best agreement seems to be for states which differ from the inital one
by just one hopping event.

Finally, in Fig. 7.7 the transition probability obtained from the weak
coupling limit, Eq. (7.19), is compared with the numerically obtained exact
one for J = 0.5 and all other parameters being the same as above, i.e. in a
regime, where a priori the weak coupling limit can not be assumed to hold.
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Figure 7.7: Comparison between the semiclassical weak coupling result
for the transition probability up to fourth order in the hopping strength
J = 0.5 (red) and the numerically obtained quantum mechanical one (blue)
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for zero on-site energies and on-site interactions V = 2.

However, for small enough propagation times, one still gets reasonable good
agreement, although the approximation is much worse for n(f) = n(® than
for all other final states. This suggests that the weak coupling limit at the

same time also provides the small time limit.






CHAPTER 8 -

Many-Body Transport

8.1 Formulation of many-body transport

In condensed matter physics there is another effect, called weak localiza-
tion [19], which has the same origin as coherent backscattering [232]. Weak
localization is the enhancement of the resistance an open cavity offers to
article current due to constructive interference of time-reversed paths.

As it has been shown in Chapter 7 coherent backscattering is present in
ultra-cold atom systems, too. The question naturally arises, whether weak
localization can also be observed. In order to answer this question, in this
chapter a typical transport setup, such as the one depicted in Fig. 8.1 will
be considered, where interactions are turned off within the semi-infinite

Source
by

Scattering

000000000 ° -
region

=0
Ao
Figure 8.1: Schematic picture of the transport system with two leads.

119
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Figure 8.2: Discretization of the system for semiclassical and numerical
treatment

leads A = {A1, A, ...}. The source X, in which all the particles are located
initially, and from which the particles are coupled either to a lead or to the
scattering region Zp, can for instance be realized by using an atom laser
[255-261]. Finally, the interactions are assumed to be turned on within the
scattering region =, such that its classical limit, Eq. (4.7), is chaotic.

The semiclassical propagators derived in Chapter 4 require a discrete
basis set of single-particle states. To this end, it is convenient to consider a
discretization of the system as the one shown in Fig. 8.2, such that each site
is described by one single-particle state. This discretization corresponds to
an infinite network of magneto-optical traps coupled to each other with
nearest neighbor hopping amplitudes 72/(2mA?) [262], where m is the
mass of the atoms and A the lattice spacing, which eventually should be
sent to zero.

After this discretization, the second quantized Hamiltonian can be writ-
ten as

=03+ HW 1 alcas +alota,, (8.1)

where H® is the Hamiltonian of the isolated extended scattering system
=, which consists of the scattering system =y and the Source 3. Moreover,
the vector notation Eq. (3.2) for creation and annihilation operators for
the extended scattering region a= and the leads a) has been used and C
is the matrix containing the hopping amphtudes coupling the leads and
the extended scattering system. Finally, H® is the Hamiltonian of the
isolated leads. For non-interacting leads it is given by

Z Z Hl(l], a; ay —a}L\H( Ja ap,

j=111'=1

where N, is the number of leads, and the matrices HU) are hermitian,
which in turn implies that H®) is also a hermitian matrix.

In order to get a stationary scattering state, there are two limits that
have to be performed simultaneously. The first one is that the number of
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particles IV goes to infinity. Since initially all particles are located in the
source, the initial state can therefore be approximated to be the vacuum
state within the scattering region and the leads and a coherent state (%)
with its modulus being given by the total number of particles }w(i) }2 =N,

in the source,
i) = 10} [0}, [#?)

The second limit is that the coupling between the source and the leads or
the scattering region has to go to zero, such that the product of this coupling
with the total number of particles stays constant. Under these conditions,
one expects that in the long time limit single-particle observables, which
can be written as a linear hermitian combination of

-

O = <z ‘ KT (tp,t) afap K (tf,t:)

z> (8.2)

are independent of the final time ¢y when the measurement takes place.

8.2 Exact treatment of the leads

Eq. (8.2) explicitly contains the propagator of the full system, which
in the limit of large total number of particles can safely be replaced by its
semiclassical approximation. Since the initial state is a Fock state within
the leads and the scattering region, it is tempting to use the semiclassical
propagator in Fock basis,

K (N(f),N(i);n(f)7n(i);tf’ti) _ <N<f>,n<f> ’K (ts.t:)

N n(z‘)>

ty
:<N<f>,n<f> Tosp |1 / dtH (1) N(i),n(i)>,

t;

where 7 is the time ordering operator. Here, capital letters refer to single-
particle states of the leads, while small ones to those within the scattering
region, i.e.

IN,n) = [N), n)=.

However, as discussed in section 4.4.1, the semiclassical treatment is
valid for large occupation numbers, only, while here, for almost all sites,
the initial occupations are zero. Therefore, one can not use the Fock state
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representation directly, but has to use a different basis at first and per-
form the transformation to Fock states later on. Moreover, the techniques
developed in semiclassics in the past decades [18, 28, 30-38], which have
been adjusted to the Fock space approach in Appendix F, require that the
semiclassical propagator is given by a real action, which rules out the usage
of coherent states, too. This leaves only the quadrature representation,

K (Q,QM;a",a;ty,1;) =
ty

<Q(f)7q(f) T exp —%/dtﬁ[(t) Q<i>7q<z’)>,

t;

Furthermore, the loop contributions require an ergodic system [28, 33, 38].
Thus it is desirable to treat the leads exactly, such that finally one can
restrict oneself to an (effective) closed system, which may depend on some
external parameters dictated by the state in the leads. Therefore, the first
aim in the derivation of the semiclassical approximation of the propagator
has to be to split off the leads. This is possible by first of all introducing
the propagator for the (isolated) leads,

ty
KW (tg i) =T exp —% /dtfl(A) (t)
t;

and then formally introducing the effective propagator for the scattering
region K(5) (¢, ;) such that the full propagator can be written as

Due to this decomposition, the final result for the semiclassical propagator
in quadrature representation will also be given by a product of the prop-
agator of the leads and an effective propagator of the scattering region.
This program is akin to the “trace over the leads” approach in one-particle
systems. Since interactions are assumed to be switched off within the leads,
the semiclassical approximation for the propagator of the leads is not an
approximation but exact and has been derived in section 6.1.1 as

KW (Q<f>7tf;Q<i>,ti> = A<Q(f)) RN ‘Q(i>>A -

./ QW yOtpe _pe~t Q)
YT Q0 )\ _poTt popet )\ Q¥

det /202 (1 = UT (t5,4;) U (¢, t;))
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with the abbreviations U™ = RU (t,t;) and U®) = QU (t4,1;) for the real
and imaginary part of the classical propagator of the isolated leads,

OU”/ t,t;)
2 Z Hll” ) Upn (1)
l//

U (t;,t:) =1.

Note that since the leads are assumed to be decoupled, i.e. they have no di-
rect link to one another, U (¢, t;) is a block diagonal matrix, with each block
corresponding to one lead. Moreover, for a semi-infinite one-dimensional
lattice of non-interacting, an analytic formula for these classical propaga-
tors has been derived in Ref. [263].

After several technical steps (see Appendix E), the semiclassical prop-
agator in quadrature representation is finally found to read

K (Qu),q(f),tf; Q(i),q(i),t,) =

KW (Q(f) tr: Q) ti) 3 dot L PR,
T _ (—2inh) 9qDaq®  (8:3)
~v:q() —=q(f)

i
X exp [th (q(f),tf;q(f),ti>],

where the sum runs over all classical trajectories v joining q to q/).
These trajectories are determined by the equations of motion

. y 1 i —1 1 in]- i
ihp(t) = —o, CT O U (1) UY QY 4+ T ) UT (1, ) U QY

LOHS (" (1) (1):1) %CT (*) / AU (t,¢) C (¢) ¢ (t)
ty

OP* (1)

7

+%CT U (t,t;) U(i)lfdt’% (U (tr,t) O () ()]

(8.4)
and the boundary conditions

1
R (t7) = %ql(”.
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Here, H®) (4* (t) , (t) ;t) is the classical Hamiltonian of the effective ex-
tended scattering system, which is determined according to Eq. (4.7)

It is important to notice that the trajectories parametrically depend on
the initial and final quadrature eigenstates of the leads as well as on the
evolution of the (isolated) classical trajectories within the leads, which is
determined by the classical propagator of the leads U (¢, t;).

The first and the last term of the equations of motion can be interpreted
very easily. The first term, which is given by the derivative of the Hamil-
tonian simply describes the motion within the scattering region, while the
last one accounts for particles leaving the scattering region at time ' < ¢,
which are back reflected into the scattering region.

In order to get a better understanding of the remaining terms of the clas-
sical equations of motion, a short analysis of the classical evolution within
the isolated leads bears a helping hand. More precisely, determining the
corresponding initial state Q) 4 iP, satisfying R [U (tf,t:) (Q(i) + iP)] =
QW) yields

p—yi! (UmQ(i) _ Q(f)) ’

which allows to express the second line of the equations of motion in terms
of this initial state only, namely as

ks NSO
2bC’T(t)U(t,tZ)(Q +1P).

Also, one recognizes that the second term in the equations of motion has a
similar form as the P-dependent part. Indeed, as will become clear later,
the actual initial state within the leads is not the one of the isolated leads,
but also depends on the trajectory v and is given by

ty
Q¥ +ilP+ Zfi’U@)l/dt% [U (tg,t) C (t) 1 (t)]

t;

Therefore, the second term in the equations of motion accounts exactly for
this correction of the initial state.
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Finally, the classical action of the trajectory is given by

Rw( (f) w;qﬁhtg =

QU S [0t (1, O ()] — 2QUUOTS[U (17,0) € (1) (1)
tf t

+/dt{;% [¢* ) ctut (tf,t)} U(i)_l/dt’% [UT (t',t:)C(t) (t’)}

+2%p (t)-a(t) —HE (@ () () :1) }

where

q(t) = 26%p (1),
p(t) =203 (1).
Later on, also the derivatives of the action with respect to the intial and

final quadrature will be needed. Using the equations of motion, these can
be shown to satisfy

om0 tpd0) 1
g0 — P

ORy (4, tyia" i) (ty)
oq) ~ P

8.3 Calculating Observables

8.3.1 A semiclassical formula for expectation values of single-particle
observables

The semiclassical propagator Eq. (8.3) is the key ingredient to determine
expectation values of linear hermitian combinations of Eq. (8.2). In order
to plug in Eq. (8.3), first of all one has to introduce unit operators in terms
of quadrature eigenstates, Eq. (3.14¢) to the left and to the right of each
propagator.

Applying furthermore Eq. (3.16) yields — after a partial integration —
derivatives of the semiclassical propagator for the effective extended scat-
tering system. Typically, derivatives of the semiclassical prefactors can be
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neglected compared to those of the phase [15]. Therefore, one is allowed to
let the derivative act on the exponential only, which finally yields

O”,_/dL / /dL' /H d@, /H Q" /HdQl(z)

ZGA leA leA

1 .
eXP{ 1w [Q 2% 1 QW +q(—) +q(—2) ]} E<q(1) ’¢(’)>2

% <¢(z’> q<2>> KW* (Q Q®. tf7tz> KW (Q7Q(1)§tf;tz‘)

3

O’Ry
det det
Z Z \/ ¢ dqH) 8q\/ 0q(2 )Bq

y:qM—=q 7’:q<2)—>q

X exp [ ] [ () (tf) w (tf) - ;5”'}
(8.5)

where (/ 7) are the solutions of the equations of motion corresponding
to the trajectory v and 7/, respectively. Here, v depends parametrically on
QW and Q, while v depends on Q® and Q. For the leads and the scat-
tering region, the overlaps between quadrature eigenstate and the vacuum
have already been evaluated according to Eq. (3.12).

Applying furthermore Eq. (3.19) for the overlap between a coherent
state and a quadrature eigenstate to the source, shows that the main con-
tributions to the integrals in (8.5) stem mainly from those regions wit
qM ~ q@ and QW ~ Q®@. This allows to replace the trajectories v and ~/
by (nearby) trajectories 4 and 4/, respectively, which both start at 2bq®) =
(q(l) + q(2)) /2 and depend parametrically on 20Q0) = (Q(2) + Q(l)) /2
instead of Q) and Q® themselves. At the same time, in accordance with
semiclassical perturbation theory one has to expand the corresponding ac-
tions R, and R, in the exponential up to first order in qV, ¢@, QW and



127

CALCULATING OBSERVABLES

Q@) respectively, i.e
Ry (4t 1) ~ By (120
(@0 -20) (09)”" fas o

)

R (q, tf,q(Z),ti) ~ Ry <q, tr;2bq 0) t)
i -1
_— (0o® () S (
- (Q 2Q ) ( ) /dt\s [U(tf,t)C(t)w
t;
while in the semiclassical prefactor, q) and q(? are simply replaced by
@ by

After that, one can substitute the integrations over g and Q
integrals over q® and QO, respectively and perform the integrals over

l

2bq®).
)
2) and Q®, giving
1 P,
Ol’: LE/ /Hdl/dLH /dL:q
(mb) leA leA 7,7 :2bq()—q
opO(t) | o) [ e,
0)2 2
exp{—2Q<> —22 O - 3 () @) (36)
leEQ le5o
_9p(0 ) ) _9
Z ( )+pz (t:) ¢l
€x
1
++ (R — Ry) }

ty
/ dsS (U(tf, s)C(s)z,b(ﬂ(s))

where
0) — = (4)
P 2bP + hU
t;

and the integration over Q has been transformed into one over

p_ (U(w)*l <2bU<r>Q<0) Q)
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Note that with the definition of q(?), the initial condition for the trajectories
reads

R (t;) = q(o).

8.3.2  Diagonal approximation: Rederiving the Truncated Wigner
Approzimation

Most of the trajectories 4 are uncorrelated, such that when performing
a disorder average most terms in the double sum in (8.6) strongly oscillate
and tend to cancel each other. The only contributions that survive this av-
erage are those trajectory pairs that are correlated. The most obvious and
easiest possibility to get pairs of correlated trajectories is again to choose
identical ones, ¥ = 4/. This procedure is called diagonal approximation
and yields

da
Oz(w )=
AP [ di=q0 Ip (t;
/HdQl’(’))/ H l / q / =q Z detpa()
I"eA e 3:2bq(0) —»q 1
2 ~ z
exp | —2Q0% —2p(0) —2 %" M”) ) 22 (w D) - o
SEn) lex
ik _ 1
[wﬁ>@ﬂwﬁkw>—2&4.

(8.7)

Just as in the case of the coherent backscattering in section 7.1, using the
properties of the Dirac delta one can easily verify the sum rule

D) = [a=OF ),

where F' is an arbitrary functional of 4 (t), and 1 () is the time evolution
of ¥ (t;) = q© + ip® according to the equations of motion (8.4) with
Q" =20Q and QW) = 2UQO — P

Finally, transforming the integration over P to one over P(9) yields the

@) (¢+.
op\7 () P
dq

L= 1
/ DY (20)F=

7:2bq(0) —q
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truncated Wigner result

da
Ol(l’ =

J e [ 11 df;? / f/;q)fi [ («m (tfm,(tf)—aw)

el el

ESE ""es ‘|

with ” = ¢\” +ip”.
It is important to notice that in the variables Q(® and P, the equa-
tions of motion read

iha () =W + CT)U(t, 1) (Q(O) + iP(0)>

) t
_;LCT(t)/dt’U(t,t’)C(t')¢(t/)-

t;

These equations of motion can also be obtained from the standard mean
field equations corresponding to the exact quantum Hamiltonian Eq. (8.1),
and are therefore exactly the same as the ones obtained in the Truncated
Wigner approach [263].

However, in the same way as for the transition probabilities between
Fock states, the Truncated Wigner approximation only yields the leading
order - and therefore classical - contribution to single-particle observables
in a transport setup as the one described here, while the loop contributions
yield the quantum corrections.

8.3.3 Interference effects: Sieber-Richter Pairs and One-Leg-Loops

The first order corrections stem from two- and one-leg-loops with one
two-encounter. In order to compute them, one first of all needs to find out,
whether and for which ranges of the parameters Q. P, ¢ and q these
trajectory pairs exist. To this end, recall the structure of a Sieber-Richter
pair. Suppose, the trajectory 7 leaves the encounter region after its first
traversal at time 77 and enters it again at T5. Then, the fact that within
the encounter, the trajectory has to be close to its time reverse requires
that 9 (Th) ~ 1/)("7)* (T3). Moreover, its partner trajectory 5’ can be
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Figure 8.3: A sketch of (the two-dimensional projection) of a Sieber-Richter
pair

apprximated as

P (1) for t; <t < Ty —tene
(1) for T) —tene <t<Th
P =~ { YD (Ty+ Ty —t) for TV<t<T (8.8)
(1) for T <t <Th+tene
P (1) for To+ tene <t <tg

where t.,. is the time, the trajectories spend inside the encounter region.
The second and third line account for the difference of the trajectories ¥
and 4’ within the encounter region. Note that this parametrization also
includes one-leg-loops by choosing either 17 = t; +t or To = ty — t, with
t € [0, tenc)-

By plugging (8.8) into the equations of motion (8.4) and checking their
validity for ¢ € [t;, T1 — tenc] and t € [Ty + tenel, on finds that 4 and 4’ have
to satisfy

To+tenc To+tenc
AU (47,0 C O = [t (e, Ol o),
Th—tenc Tr—tenc
Indeed, using the equations of motion in the (isolated leads), as well as
partial integrations, one can show that
T Ts
[t e cowe) - [ atw e cwe,
T T

is of the same order as the integrals over the encounter durations, and can
therefore be canceled by them.
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Next, one has to check, whether 'gb('?)*(T 5+ T7 —t) solves the equations
of motion of zpﬁl)(t) for Ty <t < T5. This requires that the Hamiltonians
H® and H® as well as the coupling C' are real and time independent.
Moreover, a further condition is found, which can be written as

CTU (t—t,) [U* (Ty +T1 — 2t;) (Q<0> - iP<0>) - (Q(0> + iP(O)ﬂ -
. T2
—%CTU (t —t;) {U* (Ty + T — 2t;) /dt’U (t' — ;) Cp"(#)
t;
T T1—tenc
+ / dt'U* (¢ —t;) CpO (¥ + / dt'U* (' — t;) Czp(”(t’)},

T1—tenc ti

which actually just says that when following the classical trajectory in
the extended scattering region once in each direction and subtracting the
change in the number of particles in the extended scattering region, the
result has to be minus the value obtained by following the classical trajec-
tory in the leads once in each direction and subtracting the change in the
number of particles in the leads.

Here, as in the diagonal approximation,

t
PO — zibP + % <U(i))71 /fdt% (U (ts,1) 0¢<7>(t)) .

ti

Since this has to be valid for any ¢ € [T7, 7], one can omit the coupling
matrix and multiply the whole expression with UT(¢t —t;), yielding

U (Ty + 71 = 2t:) (QO = iP©) —in (Q® +iP®) =

Tl —tenc Tl
dtU™ (t — t;) Cp(t) + / dtU™ (t — t;) Cp 0 (t)
ti Tl —tenc (89)
T

+/dtU* (Ty + Ty —t — t;) Cp (1)

ti

On the other hand, 1,0(7) at time 75 has to be almost the time reverse of
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itself at time 77, such that

7 () + 97 (1) =
OH® (¢(w) (T1)) OH®) (1/,(7) (Tg))

8¢(7)* (T1) aw(v) (T»)

+ CT{U (Ty —t;) <Q<0> + 1P<°>) U (Ty — t;) (Q(0> - iP(O))

Ty Ts
1

h/dtU (Ty — t) Cp I (t) — 711/

ti ti

AtU* (T — t) Cyp™) (t)*}

(8.10)
has to be very small.
Inserting (8.9) in (8.10) finally yields
. 5!
o7 @)+ b7 @)= -0 [ aw @ [v o -9 )]
Ty —tenc
OH® <¢(w) (T1)) OH®) <¢(v) (TQ))
* o () (1)
(8.11)

Therefore, there is actually no condition on the parameters QO P, q©
and q. Instead, loop contributions will be present for any of these param-
eters.

This, however, means that one can perform the same steps of section
7.1.3, from which follows that the loop contributions all vanish. Therefore,
the Truncated Wigner result presented in [262] is not only the classical
limit, but actually exact within the semiclassical limit.

This is also in accordance with the fact that, for an infinite optical lat-
tice with two energetical bariers between the scattering region and the leads
but otherwise no disorder, the truncated Wigner approach showed very
good agreement with the quantum mechanical calculation [263]. This agree-
ment also shows that the integrations over initial conditions in Eq. (8.5) are
already enough to justify the restriction to correlated pairs of trajectories,
and a disorder average is not required.



CHAPTER 9 -

The fidelity for interacting
bosonic many-body systems

9.1 The Fidelity Amplitude

The concept of fidelity has been introduced first by Peres to study the
stability and irreversibility of th motion of a quantum system [264]. There
are actually two different equivalent pictures of the procedure. The first
one is the one shown in Fig. 9.1 for the case of ultra-cold atoms in an optical
lattice. In this picture, an initial quantum state is propagated forward until
time ¢, then propagated backwards in time under a perturbed Hamiltonian
and finally the overlap of the final state with the initial one is measured.

e_%ﬁt
o/ \eo/ \e/ \®0o/ \ @ — > o9/ \ e ° e/ \»o
i 7y’
e%H t
° o/ \®o/ \® -— oo/ \o o o/ \®o

Figure 9.1: The procedure of the fidelity measurement considered here.
The initial Fock state is evolved forward in time and after that backward in
time under a Hamiltonian, for which one of the on-site energies is slightly
perturbed. Finally the overlap between the initial and the final state is
measured.
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The second picture is to evolve one and the same initial quantum state in
time under two different Hamiltonians, which differ in a small perturbation
and measuring the overlap between the two evolved states. In both cases,
the fidelity amplitude is given by

m(t) = <n

KT K () ‘ n> :

with K (t) being the propagator of the unperturbed many-body Hamilto-
nian H, and K'(t) evolving the state according to the perturbed one, H'.
Here a perturbation of one on-site energy, only, is considered i.e.

fir/ = IA{—I—AeTAu.

Inserting the semiclassical propagator in Fock state representation, (4.18),
and treating Ae in semiclassical perturbation theory, the fidelity becomes

i 1
m(t) ~ E (V) E A AL exp % (RA, - R, — 2Aet)
m oy

Y/ m—m
. t 2
—l—%Ae / at’ [0t ]

0

The last term in the first exponential stems from the constant terms in the
classical limit of the Bose-Hubbard Hamitlonian, Eq. (4.9). Moreover, the
superscript (N) at the sum indicates that it runs over those Fock states
with the total number of particles equal to the one of the initial state n.
Note that the Hamiltonian enters the action with a negative sign and thus
the sign of the term in the second exponential is positive.

9.1.1 Disordered system
In a disordered system, one can again restrict oneself to the diagonal

approximation 7 = v and the coherent back-scattering contribution stem-
ming from pairing time-reverse trajectories 7' = T,

Z(N)< Z |A,|? exp ;Ae/dt’ {Wl(t/)\Q _ ﬂ >(1+5nm).
0

y:n—m
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Here, the term dny, originates again from the pairing of time reverse tra-
jectories. When performing the disorder average, one can assume that the
perturbation will not be always the same, but rather uniformly distributed
within a certain range, which here will be chosen to be [¢/2, —¢/2].
Moreover, if the classical limit is chaotic the integral in the exponent in
(9.1) can be interpreted as a sum over random variables. Hence, due to the
central limit theorem it can be replaced by a gaussian distributed variable

X. Then, the mean
/ 1
- < [ @wlu)r? - 2}> — not (9.2)
0

and the variance

n 2
((x - (x))?) = < [ at flutor - 5] > SXP=ok (93)
0

are proportional to the time ¢. This behavior is expected due to the expo-
nential decay of correlations in chaotic systems [265].

Furthermore, the mean can be easily estimated: thermalization [266—
269] states that each site is on average equally occupied. The subtracted
1/2 then cancels with the additional 1/2 introduced by the boundary condi-
tions (4.19) and therefore the mean is given by the average particle density

multiplied by the time,

N
X) = ngt = —t.
< > no I

Estimating o2, however, is a much more difficult task and has not been
possible up to now. However, one can expect that

t—t’
o _< /dt/ 7| (t) \wlt+r)\>—not—n§t—i

is independent on the time t.
Evaluating the integrals over X and Ae arising due to the averaging
are then straightforward and yield

(m(t)) ~ \/?j, exp <—27f2t) Ro (6" }ngno NG ) (9.4)
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where
O(x) = 2/dz exp (—2z%)
NS
0

is the error function. Moreover, in (9.4), the result of the transition prob-
ability has been used in order to replace

3y < 3 |,47|2> (1+0nm) = 1.

y:n—m

Using the asymptotic formula for the error function [270] then gives for the
large time asymptotics, i.e. for ¢t > L

\/€202+4h*nt /o2

(D)) ~ h [47’1 2nolisin (%95t) — eo? cos (49<t) exp <_620'2 t>

€

t 2ot + 4n(2)h2

9.1.2 Short Time Behavior

On the other hand, as suggested by the results obtained in section 7.2,
for short times the trajectory almost does not feel the disorder, but the
particles stay at their individual sites and only the phase evolves, such that

1 i iAe 2h sin (%)

2

which yields when expanding up to second order in time the well known
quadratic initial decay [264]

€ny 2 t2
m(o) =1 (20) . 07
(m(®) % (9.7)
The main observation here is that the decay becomes stronger when increas-
ing the number of particles in the affected site. To the author’s knowledge
this is the first time that for a many-body system a prediction about the
dependence of the fidelity on the number of particles has been made.
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Figure 9.2: Trajectory pairs giving rise to the background contribution.

9.2 The Loschmidt echo

Following [25], the average Loschmidt echo, which is the average of
the modulus of the fidelity, M(t) = <|m(t)\2> can be written in the semi-

classical limit as a sum of two contributions. However, here due to the
discreteness of the basis, a third background contribution arises such that

M(t) I~ Minc(t) + Mcoh(t) + Mbg- (98)
In order to avoid confusion, the first term will be denoted as the incoherent
and the second one as the coherent contribution. This notation will become
clear in the following.

9.2.1 Background contribution

The Loschmidt echo M (t) in semiclassical perturbation theory is given

Z (N)< Z _AWAW,AA/*.A,Y*/ exp {h (R'y ~ Ry — Ry + Ry

)

~y* ¥ :n—m’
9.9)

2 */
_ ‘wl("/ ) (t/)

+Ae /t at’ D%W) (t')
0
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Here, the trajectories with and without an asterisk originate from the time
evolution of m*(t) and m(t), respectively. Moreover, a prime indicates
that the trajectory corresponds to backward propagation. Here it becomes
obvious that, apart from the usual (extended) diagonal pairing 4*) = fy( )
and ~(*)/ T’y( ), one can also pair crosswise like in Fig. 9.2, i.e. v*
(T)y and v* = (7')7 in order to get vanishing action differences. However,
this pairing requires that m’ = m. For a continuous basis, this would be
a set of zero measure, and therefore these contributions did not arise in
first quantized approaches [25, 45, 46]. However, in this case the basis is
discrete, and thus this contribution should be taken into account.

One immediately sees that for this kind of pairing also the contribution
arising due to the perturbation to the phase cancels and therefore the
background contribution is given by

Mbg<t>:z<m< 5 |A7|2w><1+anm>2
Y

m Y :n—m

2 (9.10)
= Z [ Cl) (m,n;t) (1+ 5nm)} ,

where in the second step the sum rule Eq. (7.2) has been used in order to
relate the background contribution with the classical transition probability
P Since the disorder averaged classical transition probability becomes
constant for large enough times ¢ the background contribution can also be
assumed to be time independent.

9.2.2  Incoherent contribution

Coming back to the usual pairing v = v or v/ = T~ and ~*/ =
A or A = T (see Fig. 9.3), the incoherent contribution is given by
con51der1ng those pairs of trajectories v* and «* which generically are far
away in phase space from v and ~' and therefore explore different regions
in phase space. Therefore, the evolution of this part of m*(t) is incoherent
to the one of m(t) and hence the denotation as incoherent contribution.

Since the trajectories for m*(t) and m(t) are far away from each other,
the diagonal approximation as well as the averaging over the time integral
of |1h(t)|* can be performed independently for m*(t) and m(t). Following
the above steps and again taking also into account the time reverse pairing,
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Figure 9.3: Trajectory pair determining the incoherent contribution.

this yields

Minc(t) = Z ™) < Z : |A'v|2 }‘AV’

2> (1 + 5n,m) (1 + 5n,m’)
m.m’ y:n—m
' ~:n—m’ (911)

m h €0
T (2),
\/Zea 2h Vi
where the star at the double sum over trajectories indicates that only those

pairs are taken into account, which explore different regions in phase space.
By introducing

620'2t
r=—5t,
4h?
as well as
" 2
MO = S < > AP Ay > (14 nm) (14 Onmmr)
m,m’ y:n—m
~y:n—m’

Eq. (9.11) can be written in the compact form
Mipe(t) = MO F(a),

with

F(z)=2,/=® (V). (9.12)
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F(x)

0 5 10 15 20
X

Figure 9.4: Comparison of the function F(x), Eq. (9.12), (black) with its

asymptotics [y/7/x — exp(—x)/x]/2 (red) and \/7/x/2 (blue).

For large times, one can again use the asymptotic form of the error function
[270], in order to get

1 T 1 1 /=

F(z)~ 5 { P mexp(—x)] ~ o\ o (9.13)

In Fig. 9.4 both approximations are compared with the exact expression

for F(z) showing that even the crude approximation F(z) ~ \/m/z/2 is
almost indistinguishable from the exact function F'(x) already for x ~ 4.

9.2.3 Coherent contribution

Computing the coherent contribution is somewhat more elaborate, since
if all four trajectories are correlated (see Fig. 9.5) one can not perform the
averages over the time integrals in the second exponential in (9.9) inde-
pendently. Instead, the difference should be computed by utilizing the
linearized equations of motion around e.g. +'.

It should also be noted that both time integrals are invariant under
time-reversal. Thus in the following, it is enough to consider the pairing
v =~ and v = v* with v* ~ v but v* # 7. The contributions of time
reverse pairing can then be easily incorporated at the end of the analysis.
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Figure 9.5: The coherent contribution is given by sets of four trajectories,
which all stay close together during the whole time evolution.

The evolution determined by the linearized equations of motion are for
long enough times exponentially with the Lyapunov exponent A. Since the
initial occupations of v and v* are the same, but the final one have to be
m and m’, respectively, one finds [25]

ol

_ ‘%7*) ()

|~ (= / at'exp [A (1~ 1)

m; —m,

A

After integrating over Ae again, the coherent contribution reads

Meop (t) = Z<N>< > yA7|4>(1+6nm+6nmf)

m7m/ y:n—m

[1 —exp(—At)].

(9.14)
2\Mhsin { 55 [1 — exp (—=\)] (my —m))}

e[1 — exp (=Xt)] (my — mj)

)

where as usual the Kronecker deltas stem from pairing of time reverse
paths.

For long enough times, the number of trajectories joining n with m
typically increases exponentially, while at the same time, |Av|2 decreases
exponentially with a rate given by the Lyapunov exponent. Thus,

< ) |A7|4> ~ F(t)exp (=t). (9.15)

y:n—m

where f(t) is some algebraic function of time. Finally, for long times in
Eq. (9.14) one can approximate

1 —exp(—=At) = 1,
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such that

2\h sin (55 Amy
Meon(t) ~ Tf(t) exp (—At) Z (Z\fnl)’
Aml

where the sum now runs only over the differences between the final oc-
cupations. Note that only differences up to a certain bound A + M4z,
which is assumed to be +1, should be taken into account in order to ensure
that all four trajectories stay close enough to each other, such that their
contribution survives the averaging.

9.3 Discussion and comparison with numerical
data

9.5.1 Fidelity

The fact that the fidelity is given by an Error function with a complex
argument, immediately leads to oscillations in the fidelity similar to those
obtained in a Bose-Hubbard trimer, ¢.e. a three-site Bose-Hubbard system,
without disorder [271]. However, the average fidelity even has exact zeros,
given by those times, at which the Error function in Eq. (9.4) gets purely
imaginary.

The semiclassical theory contains two parameters, which can be de-
termined by fitting it to numerical data, namely the average occupation
no of the [-th site and the variance o introduced in Eq. (9.3). To this
end, the fidelity has been computed for a Bose-Hubbard ring consisting
of five sites with nearest neighbor hopping strength J = 0.5, interaction
strength U = 4J and disorder strength W = 10J for a perturbation
strength ¢ = 0.04J. In these numerical calculations the initial state has
been chosen to be |2,4, 3,2, 3) having in total N = 14 particles and the av-
erage runs over 24000 disorder realizations'. In addition, for every disorder
realization, the site which is perturbed is chosen randomly.

As discussed in section section 9.1.1, the average occupation can be
expected to be given approximately by the number of particles divided
by the number of single-particle states, which in the chosen case would
be ng = 2.8. Actually the mean value in Eq. (9.2) has been computed
numerically by Julien Dujardin in Liége predicting a value of ng = 2.77.

1 Numerical data by courtesy of Peter Schlagheck
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Re[{m(t))]
Re[{m(t))]

0 %#
N :
-0.2 ; ; ; ; ; . ; ; ; ; S
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t [A/2J] t [A/2J]]

(a) (b)

Figure 9.6: (a) Comparison of the numerical data (black) for the real part
of the fidelity amplitude with the fitted semiclassical prediction (red line)
as well as the corresponding long time asymptotics (blue dotted line). (b)
Comparison of the numerical data (black) for the real part of the fidelity
amplitude with the fitted semiclassical prediction (red line) and the short
time formula Eq. (9.6) (blue dashed line).

The values obtained from fitting the semiclassical theory to the numerical
data are

ng ~ 2.85, (9.16a)
o~ 8.92, (9.16b)

where the value obtained for ng is still in good agreement with the above
estimate.

Fig. 9.6 shows that the semiclassical theory with the values given in
Eq. (9.16) agrees very well with the numerical data for e = 0.04.J.

It is worth to notice that both, the numerical data and the semiclassical
theory, show the initial quadratic decay predicted by (9.7). Yet, in order to
emphasize that the numerical data indeed initially has a quadratic behavior,
Fig. 9.6(b) shows the numerical data in comparison with Eq. (9.6) for small
times. Again, the agreement of both curves is very good. Note, however,
that since in the numerical study the site which has been perturbed has
been chosen randomly for each disorder realization, for a comparison one
has to replace n; by ng in Eqns. (9.6,9.7).

It is obvious that the approximation Eq. (9.7) has to break down, before
the first zero occurs. This is because this zero is related to the oscillations,
which of course can not be covered by the quadratic approximation.



144

THE FIDELITY FOR INTERACTING BOSONIC SYSTEMS

Re[{m(1))]
Re[{m(t))]

T0 20 40 60 80 100
t[h/2]]

(b)

095
09 ¢
085
08 t
0.75 |
0.7 |
-0. : : : : ‘ 0.65 : : : : “

0 100 200 300 400 500 0 20 40 60 80 100
t [A/2J] t[h/2]]

(c) (d)

Re[{m(t))]
Re[{m(t))]

Figure 9.7: (a),(b) Comparison of the numerical data (black) for the real
part of the fidelity amplitude with the fitted semiclassical prediction (red
line) for e = 0.01J. (c),(d) Comparison of the numerical data (black) for the
real part of the fidelity amplitude with the fitted semiclassical prediction
(red line) for e = 0.02J and the short time formula, Eq. (9.6) (blue dashed
line).

Moreover, Fig. 9.6(a) also compares the numerical results with the long
time behavior, Eq. (9.5). The cosine and sine in Eq. (9.5) indicate that
the long time asymptotics may hold already before the fidelity becomes
zero for the first time, since these terms are responsible for the oscillations.
Indeed, the comparison in Fig. 9.6(a) holds good agreement already before
the first zero occurs.

Finally, Fig. 9.7 shows a comparison of the semiclassical theory with
the numerical data for perturbation strengths ¢ = 0.01J and ¢ = 0.02J. In
these figures for the semiclassical curves the parameters obtained from the
fitting for € = 0.04J have been used. However, in the numerical data, the
average now runs over 200 disorder realizations only, which might explain



9.3. DISCUSSION

145

the stronger deviations compared to the plots shown in Fig. 9.6. Yet, the
agreement between numerics and semiclassics is still very good.

As a matter of fact, Eq. (9.5) suggests that in principle, there might
be two regimes, due to the decomposition into two terms, where each term
decreases exponentially, however with different rates. For small pertur-
bations, the second exponential decreases much slower and therefore this
contribution will dominate. Thus, for small perturbation, the exponential
decrease is determined by the perturbation strength.

For larger perturbation strengths however, the first term may eventually
dominate and yield a decrease independent of the perturbation strength.
Such a perturbation independent regime has been observed previously for
the Loschmidt echo [25], but not yet for the fidelity. However, the pertur-
bation independent regime for the decay of the Loschmidt echo typically
decreases with a decay rate given by the Lyapunov exponent [25] — and is
therefore called Lyapunov regime —, whereas here the decay rate is deter-
mined solely by the average occupation.

The perturbation strength, at which the first exponential starts to dom-
inate can be estimated to be

N 2noh

€c R ——.
o2

However, it remains the question, whether the above approach is still valid
in this regime, since the perturbation strength already has to be pretty
large, such that maybe the semiclassical perturbation theory is no longer
justified.

9.3.2 Loschmidt echo

The average Loschmidt echo also decreases quadratically for small times
[272]. However, this quadratic decay can not be determined from the pre-
sented semiclassical approach. After this initial quadratic decay, there is a
competition between the coherent and incoherent contribution, which de-
termines its further decay. However, due to the asymptotic form, Eq. (9.13),
the decay of the incoherent part Eq. (9.11) is algebraic, while the coherent
part, Eq. (9.14), decays exponentially. Thus, in the scenario considered
here, the incoherent contribution will always win for large enough times.
This also explains the absence of the Lyapunov regime in the numerical
calculations [272].
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Finally, for even larger times, when the coherent and incoherent con-
tributions are negligibly small, the Loschmidt echo enters the saturation
regime determined by the background contribution Eq. (9.10), which is
independent of time.

Assuming that in Eq. (9.15), f(t) ~ ¢, the Loschmidt echo Eq. (9.8)
can be written as

eAm;
sin [1—exp (—)\t)]}
5 { YA
M(t) =t exp (—At) bam, eAmy [1 — exp (—At)]
Azml Am P (9.17)

+aﬁg¢ (V) +e

where the fitting parameters

a= Mfffg = Z () < Z * ’Aw|2 "’47/

2> (14 0nm) (14 Onmr) 5

m’m/ ’Yn-}m
v :n—m’
exp (At
bam, = iﬁg) Z(N) < Z |A’Y|4> (1 + dnm + Onm')
m ~y:n—m
C:Mbg:Z(N) < Z "A’Y|2“A’Y' 2>(1+5nm)2
m ¥,y :n—m

have been introduced. Furthermore, o, 5 and A are obtained from fitting
Eq. (9.17) to the numerical data. It is expected, however, that ba,,, ~ b is
roughly the same number for all values of Am; smaller than or equal to an
upper bound my,ax for which the semiclassical perturbation theory remains
valid and ba,,, = 0 for Am; > mpyax.

While the variance o has already been obtained from the fitting of the
semiclassical prediction of the amplitude in section 9.3.1 and is given by
Eq. (9.16b), the remaining parameters are obtained by two different fitting
schemes.

Three-step fitting scheme

Here, it has been assumed that the maximum difference mpyay in the
final occupations for the coherent contribution has to be zero, in order
for the semiclassical perturbation theory to be valid. Moreover, 8 has
been assumed to be zero. The remaining four fitting parameters are then
obtained in two steps: First, for very long time, due to its exponential
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Figure 9.8: Comparison of the numerical (black) and semiclassical (red line)
calculation of the Loschmidt echo for very long times. For the semiclassical
curve, the coherent contribution has been neglected.

behavior the coherent contribution can be assumed to be negligibly small
compared to the remaining two. The coefficients of the remaining two
contributions are then obtained to be

a~ 0.577. (9.18a)
¢ ~ 0.000189, (9.18b)

For long times, this step results in a very good agreement between the
semiclassical theory and numerical calculation as shown in Fig. 9.8. The
remaining two parameters b and A are finally obtained from fitting the
semiclassical theory to the numerical data for intermediate times while
using the parameters obtained in Eqns. (9.16) and (9.18) yielding

b~ 0.652, (9.19a)
A 2 0.00105. (9.19b)

One-step fitting scheme

The second fitting scheme is to fit all parameters at once using as many
numerical points as possible. In this scenario mm.x has been chosen to be
one and S has also been kept as a fitting parameter. Moreover, b; and by
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Fitting parameter | Three-step fitting ‘ One-step fitting ‘

no 2.85 2.87

o 8.92 9.01

a 0.577 0.613

by 0.652 0.611

by — 0.574

c 0.000189 1.92 x 10~ 11
B — —0.0858

A 0.00105 0.000625

Table 9.1: Comparison of the values for the fitting parameters of the
Loschmidt echo obtained by the two different fitting schemes.

have been assumed to be independent fitting parameters, in order to still
allow mpyax = 0, if this yields better results.

The parameters obtained from this fitting by using Eqns. (9.16), (9.18)
and (9.19) as initial guesses are

no ~ 2.87, (9.20a)
o~ 9.01, (9.20b)
a~0.613, (9.20c)
bo ~ 0.611 (9.20d)
by ~ 0.574 (9.20e)
cr~1.92x 1071 (9.20f)
B~ —0.0858 (9.20g)
A = 0.000625, (9.20h)

indicating that mmyax = 1 yields better agreement than mpy.x = 0.

The values for the fitting parameters obtained from the two fitting
schemes are compared in Table 9.1. While some of them are pretty similar,
like for instance the mean occupation ng, the variance o, the obtained
Lyapunov exponent A differs by a factor of roughly 2 and the magnitude of
the background contribution is several orders of magnitude smaller for the
one-step fitting scheme than for the three-step fitting. These discrepancies
however are not yet understood.
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Comparison with numerical results

Fig. 9.9 compares the thus obtained semiclassical predictions with the
numerical results and shows a very good overall agreement (see Fig. 9.9(a)).
As expected, for very long times, both fitting schemes as well as the numer-
ical result agree with the long time asymptotics obtained from neglecting
the coherent contribution. As can be easily seen in Fig. 9.9(c), for shorter
times, the latter of course can not reproduce the correct results. Instead
for t < 2000h/J the three-step fitting scheme gives the best agreement,
while later on the one-step fitting scheme does (see Fig. 9.9(d)).

The shoulder the one-step fitting result shows below ¢ = 1000%/J sug-
gest that the reason for this behavior is a crossover from mpax = 0 to
Mmax = 1. This crossover can also be explained from a simple classical
argument: In the coherent contributions, the two trajectories are assumed
to be close enough to each other in phase space to allow a linearization of
the motion of one of the trajectories around the other one. Then, due to
ergodicity, the phase space distance between them increases exponentially
in time. However, since the initial separation of the trajectories has to be
small enough, there is a certain minimal time required in order for the two
trajectories to end at different occupations. It is only after this minimal
time that the Am; = 1 term has to be included in the coherent contribu-
tion. Including Am; = 2, on the other hand, seems not to be necessary,
because at the time, at which the classical motion would allow for such
large deviations of the trajectories, the coherent contribution is already
negligible.
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Figure 9.9: Comparison of the numerical result (black), the three-step fit-
ting scheme (red line), the one-step fitting scheme (blue dotted line) and
the long time asymptotics obtained from fitting the semiclassical theory
without the coherent contribution to the numerical data for long times

(green dotted line).



Part 1V

Interference Effects in
Fermionic Fock Space

151






CHAPTER 10 .

The Transition Probability
for Fermionic Systems

In section 7.1, it was shown that for a chaotic, bosonic many-body system
which is prepared in the Fock state n(), the probability to measure at
time ¢y the Fock state n(/) is enhanced by a factor of two compared to the
classical (Truncated Wigner) result if n/) = n(®, while for all other n(/)
the classical and quantum probability coincide.

Now that a semiclassical propagator for fermionic systems has been

derived, one can ask, whether there is an analogous effect for fermions. To

address this question, consider a spin—% system with some spin-coupling

(e.g. Rashba spin-orbit interaction). Such a system may be for example
the Fermi-Hubbard model with Rashba spin-orbit interaction «, described

by the Hamiltonian

L
H= Z [ Z (6162[,06[,0 - Jéj,cr&l-l-l,o - J*éL-l,aél,g) + Uéjﬁéj@élviélﬁ
=1 o=l
S CCTRRE P R CRPCRE AR I
(10.1)

Inserting the semiclassical propagator, (5.14), the transition probability is
given by
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P (0. 00:17.1) = || & (17,1) [0

* * i
~ ZA’YB’YA’Y/B’Y/ exXp |:h (R'Y — R’Y’):|

el

With the same arguments as in section 7.1, under disorder average, one can
restrict the double sum over trajectories by one sum over trajectories v and
a second one over partner trajectories 7/, which give rise to generic action
differences Ry — R/, i.e. to action differences, which are independent on
the disorder realization.

10.1 Diagonal approximation

The most obvious partner causing a generic action difference is of course
again 7/ = 7y leading to the diagonal approximation. Obviously, the actions
of v and ' as well as the prefactors B, and B, are equal. The sum rule
(7.2) is valid for fermions, too, and therefore, the diagonal approximation
to the transition probability for fermions is given by what will be called
the classical transition probability,

pleh (nm tpin, ti) _
27

/(myv—l [Péf)n (n@,a(i);tf) - Péf)n(f)] ‘B (n@'),e(i)) ‘2.
T
0

Here, n (n(i),e(i);t is the vector containing the modulus squares of the

time evolution of the initial state with the components
qbl(z = nl(fg exp <191(2) .
Moreover, B <n(i), B(i)> is given by B, defined in Eq. (5.15) for the trajec-

tory « with initial phases 0" and can be considered as a renormalization
of the classical probability due to vacuum fluctuations.
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10.2 Coherent backscattering like contribution

For time reversal symmetric systems, a second possibility to chose the
partner trajectory 7/, is the time reversed trajectory of v, i.e. v/ = T.
In the example stated in Eq. (10.1), time reversal is achieved, if J is real.
However, here one has to be more careful with the time reversal operator
as for bosonic systems, because it depends on the choice of the coupling
«. On the one hand, if @ = 0, which corresponds to having two copies of
one and the same system of spinless fermions, the time reversal operator
is - just as in the bosonic case - identical to complex conjugation, and one
can follow section 7.1.2 to find that the transition probability is twice the
classical one, if n¢/) = n® and equal to the classical one otherwise.

On the other hand in the presence of spin-orbit coupling, i.e. if a # 0,
the time reversal operator is given by

T = —iay(f ,
where oy is the (many-body) y-Pauli matrix acting on spin space, and C
is complex conjugation in site-|+z),|—z) representation. Thus the time
reverse of the trajectory v is achieved by the replacement

( i (ti+1) > R ( —¢1," (ty — 1) ) .
duy (ti +1) Pi” (ty — 1)
In particular this implies that the time reverse of the trajectory - starts

at Xnl) and ends at Xn(, where X is the matrix, which exchanges the
spin-up and spin-down components, while its initial and final phases satisfy

H(T’Yvi) =1 — Hl(,’rf)

Lt
A =g (10.2)
%?%f) — el(lﬂ') ’
o7 = g1,

Similar to the bosonic case, pairing the trajectory v with its time reverse
is only possible, if the final Fock state is the spin reversed of the initial
one. Therefore, one has again to replace the trajectories v by nearby ones,
which connect spin reversed Fock states. However, here the trajectories 7
used to replace v will be chosen somewhat differently than in the bosonic
case, namely to start at n® and end at Xnl), because in this way the
origin of the final result is more transparent.
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Using the relations of the initial and final phases of the time reversed
trajectory with the ones of the original one, Eq. (10.2), leads to the action
difference

R, — Ry~ Rs — Rys + (eﬁf ) eﬁ»i)) : <n<f )~ Xn@) .

Reminding oneself of the derivation of the semiclassical prefactors in section
5.2.2, it is clear that B, is the same for v and its time reverse 7, just as
the second derivative of the action with respect to the initial and final
occupation numbers is. Therefore

plebs) (n(f)’ ts; n®, ti) -

5 PG
TRI Z \B§|2 det OB 6T

o N-T ,
) R 9 (Po(f)Xn(l)>

The next step is to determine the action difference Ry — R75. Since the
Hamiltonian is the same for a trajectory and its time reverse, this action
difference is determined by the kinetic parts only,

Rg—RTazh/dn-O—h/dn-O

2l T~
ty
d
/an hz /dm—am( B 55 (T = 1)
v ti

ty
+ / dt =0, (T —t)] aatn” (T —1t)

t;
~ Y (] - i)
- (10.4)

where T' =ty + ;. Finally, for n) = Xn® | the action difference is given
by

L
Ry~ Rry =mhy_ (nf] = nf) = 7hN = 22N,
=1



10.3. DISCUSSION

157

with N®1) the initial total number of spin-up particles. We find then that
the action difference is equal to Am times an even (odd) number, if the total
number of particles is even (odd). Thus, under disorder average, after av-
eraging over the final phases, the coherent backscattering-like contribution
to the transition probability for spin—% particles becomes

plcbs) (nm, tpin®, ti) -
(_1)N5TR15n%f),nii)(snif)m(Ti)P(Cl) (n(f) sty ti) :
and summing up the two leading order contributions yields

P (n(f),tf; n(i),ti> ~

4 (10.5)
[1 + (_1)N5TRI(Sn(f)7Xn(i):| P(Cl) <n(f), tf; n(l), ti> .
All in all, the average transition probability can be written as
1 GUE
P (n(f), ty; n(i),ti> ~ P (n(f), ty; n(i), ti> 1+ (Sn(f)n(i) GOE

1+ (—1)N5n(f),Xn(i) GSE,

where the notation of Random matrix symmetry classes [273] has been
implied with GUE (gaussian unitary ensemble) denoting systems without
time reversal invariance, GOE (gaussian orthogonal ensemble) time rever-
sal symmetric systems without spin-orbit coupling and GSE (gaussian sym-
plectic ensemble) those with both, time reversal symmetry and spin-orbit
coupling. This result and the pairing of trajectories for each symmetry
class is also summarized in Fig. 10.1.

10.3 Discussion

Eq. (10.5) says that the probability to measure a final Fock state which
is the spin reversed of the initial one is zero if the total number of particles
is odd, while it is twice the classical one if the total number of particles
is even. As already stated above, this holds only if the system is time
reversal symmetric and there is a spin coupling mechanism which allows
the transformation of spin-up to spin-down particles and no further discrete
symmetries exist. Without spin coupling, the result would be given by
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Figure 10.1: Summary of the transition probabilities. The diagonal pairing
(left) is always possible, while the time reverse pairing (center and right)
require time reversal symmetry and a certain final occupation. This final
occupation has to be the same as the initial one for GOE (right) and the
spin-reverse for the GUE (center) case. The three diagrams at the bottom
show schematicaly the expected result of a measurement of the transition
probability for (from left to right) GUE, GSE and GOE. In the GSE case,
the result depends on whether the total number N of particles is even or
odd. If it is even, the probability gets enhanced by a factor of two for the
spin-reverse of the initial state, while for odd N, the same transition is
forbidden.
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(7.3). The fact that for nt/) = An(® i.e. if the final Fock state is the
spin-flipped version of the initial one, the averaged transition probability is
zero and the transition probability itself is by construction a non-negative
quantity, already implies that the transition probability is zero for every
disorder realization. In fact, it can be shown exactly for any quantum
system with a time-reversal operator, which squares to minus one, 72 = —1,
that the transition probability between time reversed states is zero:

(T 6| exp (—Ht> ) = <T2¢ ’ T exp (-%Em) ¢>>*

= ()N <¢ exp (%Ht) T¢>*

= (-1 (Tolexp (= ) o).

Therefore, for odd total number of particles

(Tolexp (= ) o) =

which is a much easier and more general way to show that for an odd
number of half-integer spin systems the transition from an initial state to its
time reverse (spin reverse) state vanishes. However, Eq. (10.5) on one hand
shows that the semiclassical technique introduced here can reproduce the
delicate phase coherences that produce even such an fundamental quantum
mechanical result, although the classical probability for this transition may
be non-zero. On the other hand, it is able to predict the result for an even
number of particles, in which case the above argument tells nothing about
the transition probability.

10.4 Further discrete symmetries

If the spin-orbit coupling strength fulfills further conditions, additional
discrete symmetries may occur. For example, if a* = «, the system is
invariant under replacing all spin-up components by the negative of the
spin-down ones and simultaneously replacing the spin-up by the spin-down
components. If initially nl(l% = ”1(1) for every site [, which is possible only for
an even total number of particles, there are two further possible partners for

each trajectory, while in all the other cases there is one additional possible
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Figure 10.2: Numerical result for the transition probabilities after at
t = 50R/(2J) for N = 8 particles in an 8-site Fermi-Hubbard-system,
Eq. (10.1), with disorder strength W = 2.J, interaction strength U = J,
hopping strength J = 0.5 and spin orbit coupling strength |a| = J/5. The
phase of the spin orbit coupling was chosen to be (from top to bottom)
¢ =0, 7/2,7/4 and 0.62147. The initial state was chosen to be given by
the sequence ud02d02d2, where u and d stand for a spin-up and spin-down
particle, respectively, in the corresponding site, 0 for an empty site and 2 for
a doubly occupied one. The enhancement at the initial and its spin-flipped
state are clearly visible. Figure by courtesy of Peter Schlagheck.

partner, determined by complex conjugating the trajectory and replacing
t by ty +t; —t. Following the above steps for this discrete symmetry, too,
one finds

p (n(f)jf; nm,ti) -
[1 + (=Y 6500 20 + 000 20 On(h xn + 5n<f>,n<i>] (10.6)

<P (n0), 1m0, 1,).

In the same way, if « is completely imaginary, there is a symmetry towards
exchanging spin-up and spin-down components if at the same time one of
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Figure 10.3: Numerical result for the transition probabilities at time
t = 50hn/(2J) for N = 7 particles in an 8-site Fermi-Hubbard-system,
Eq. (10.1), with disorder strength W = 2.J, interaction strength U = J,
hopping strength J = 0.5 and spin orbit coupling strength |a| = J/5. The
phase of the spin orbit coupling was chosen to be (from top to bottom)
¢ =0, 7/2,n/4 and 0.62147. The initial state was chosen to be given by
the sequence ud02d02d2, where u and d stand for a spin-up and spin-down
particle, respectively, in the corresponding site, 0 for an empty site and 2
for a doubly occupied one. The enhancement at the initial state as well
as the vanishing probability for its spin-flipped version are clearly visible.

Figure by courtesy of Peter Schlagheck.
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the two components gets multiplied by —1. This leads again to additional
partner trajectories and finally to Eq. (10.6).

In fact, the result keeps the same for any phase ¢ of the coupling
strength o« = |a|exp (i) as long as it does not become site dependent.
This is because the classical Hamiltonian is invariant under the transfor-

mation " " ,
1 Che
<¢¢>_><¢Te_w>'

As shown in Figs. 10.2 and 10.3, this prediction is nicely confirmed by
numerical calculations obtained by Peter Schlagheck.

In general, each discrete symmetry will give rise to further partner tra-
jectories (and therefore further additive terms in the transition probability),
which require certain conditions on the initial and final Fock state. In the
averaged transition probability, this condition will be reflected in a Kro-
necker delta. Moreover, the phase of this contribution will be determined
by the difference in the kinetic parts of the actions. Since the result has to
be a real number, this phase will either be an integer multiple of 7w or each
symmetry related partner will come in pairs such that each pair adds up
to a real number.
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Many-Body Spin Echo

11.1 The spin-echo setup

Since the prohibition of a transition from an initial Fock state to the
one which is the spin reversed one for an odd number of spin—% particles is
no dynamical effect, and can be proven without any loss of generality by
using 72 = —1, only the transition probability for fermions is a very nice
check of the validity of the semiclassical approach presented here, but not

more.

On the other hand, there is a very famous effect in single-particle sys-
tems based on constructive interference for spin-% particles, namely the
spin (or Hahn) echo [275], which is depicted in Fig. 11.1. In this spin-echo
experiment, spins are first of all aligned in z-direction along a constant
magnetic field (Fig. 11.1a). An intermediately applied radio frequency
field then rotates the spins into z-direction (Fig. 11.1b), such that they
start to precess around the z-axes (Fig. 11.1c). After some time ¢, again a
radio-frequency field is applied, in order to ratate the spins by 180° around
the y-axes (Fig. 11.1d). After letting the spins precess again for time ¢
(Fig. 11.1e), all the spins point again into the same direction (Fig. 11.1f),
independently on the different local magnetic field.

It is expected that due to relaxation processes and spin decoherence,
the echo signal at time 2¢, i.e. the enhancement of the probability of all
spins pointing into the same direction shows a gaussian decay [276-279].
Many-body effects have been included up to now only by means of spin-
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Figure 11.1: Conventional spin echo experiment (cf. [274])

chains [280, 281], while spin-orbit interactions have not been considered at
all.

Here, these last two points will be adressed. The focus of this section
is on an interacting fermionic many-body system with spin-orbit coupling.
However, in contrast to the conventional spin echo experiment [275], time
reversal invariant systems will be considered. To this end, a system de-
scribed for instance by the Hamiltonian Eq. (10.1) is considered, with the
parameters chosen such that the classical limit Eq. (5.2) is chaotic.

It is furthermore assumed that the system is initially prepared in a Fock
state n(”, for which the single-particle states are ordered such that for each
orbital state the spin-down state follows the spin-up state,

In) = |n1,¢,n1,¢, e >nL,T;nL,¢> . (11.1)

This initial Fock state is then evolved for some time #1, after which, for
a number F' of the single-particle states, labeled by Ii,...,lr, the spins
are reversed without measuring the number of particles within this state.
Mathematically, this spin flip can be described by the operator

F
A=1] [(1 - ﬁlj,T) (1 - ﬁw) R RS é}j,@m] . (11.2)
j=1

In order to check that this linear operator indeed gives the correct spin-
flip, one has to apply it to a Fock state |n). Thereby, the j-th factor in
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Figure 11.2: Schematic sketch of the procedure of the spin-echo experiment

the product acts on the [;-th site only. The first term then is zero, if the
l;-th site is occupied, and equal to the unity operator on this site if it is
empty. In the same way, the second term is equal to unity, if the /;-th
site is fully, i.e. doubly, occupied, and zero else. Now, the last two terms
are zero if the corresponding site is fully occupied or empty, while if it
is singly occupied, the spin-up and spin-down component are exchanged.
Therefore, the operator A indeed resembles the desired spin flip. However,
one has to keep in mind that due to the antisymmetric nature of fermions,
this operator will also yield an additional sign, which depends on the Fock
state, it is applied to and the choice of the ordering. Luckily, by the ordering
chosen here, Eq. (11.1), these signs vanish.

The system is then let to evolve again for a time t9 and the resulting
Fock state is measured. For the example of spin-orbit coupled fermionic
ultra-cold atoms in an optical lattice this procedure is depicted in Fig. 11.2.
However, the system does not need to be an ultra-cold atom system, but
can be any fermionic many-body system with spin-orbit interactions. The
only requirements that will be made are the ergodicity of the classical
Hamiltonian system and the invariance under the time reversal operator
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T = —iay(f',

where oy is the Pauli matrix in y-direction and C denotes complex conju-
gation.

11.2 Leading order contributions

The quantity analogous to the spin echo signal is the probability to
measure a certain final Fock state nl), which is given by

Psee (n0),09) = 00D & (82) AR (1) 0],

where K (t (t) is the propagator of the system. Inserting a unity operator in
terms of Fock states between A and K (t1) and inserting the semiclassical
approximation for the propagator, Eq. (5.14), then yields a four-fold sum
over trajectories,

Prbse (n(f)7 n(i))

Q

Z Z Ay By Ay Byy A" By ™ Ay By,

m,m’ 'yl:n(i)ﬁm
vy2:Bm—n(/)
~v3:n(® —m’
'y4:Bm/Hn(f)

(R% + R’m - RW3 - RM) )

X exp [%

where B is the matrix, which exchanges the spin-up and spin-down com-
ponents for those sites, for which the spin is flipped in between,

b1
B:
br,
<1 0> it 1 {0
0 1
b= 0 1
| <1 0> if lE(ll,...,lF)

Under disorder average, one has to find those combinations of trajectories
such that a trajectory contributing with a positive sign to the action differ-
ence in the exponential is paired by one, which contributes with a negative
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Figure 11.3: Leading order contributions to the many-body spin-echo prob-
ability.

sign. Neglecting all loop contributions, which have been introduced very
briefly in section 7.1.3 and are discussed in more detail in Appendix F, this
leaves in total eight possibilities for pairing. However, there are only two
possibilities, for which one of the sums over intermediate occupations m
and m’ survives, and which therefore yield the leading order contribution.
These two possibilities, which will be called incoherent and coherent con-
tribution, are shown in Fig. 11.3. Note that the labeling as incoherent and
coherent contribution refers only to the many-body coherence, which is not
incorporated in the classical limit.

The incoherent contribution, Fig. 11.3(a) is the diagonal approximation
obtained by pairing 71 = 3 and 2 = 74, which is obviously only possible,
if the intermediate occupations are equal, m’ = m, but does not require
any further conditions.

Using the definition of the classical transition probability in section 10.1,
the diagonal approximation yields the classical or incoherent many-body
spin-echo probability

szgsh) (n(f) t1 t2> ZP(CI ( ,m; t2) P (m,n(i);h)

fn >Se (nm, n®:t,, t2) ,

which can be assumed to be approximately constant for all combinations
of n), n® ¢ and to, as long as the initial and final occupations are such
that the particles are sufficiently distributed and t; and t5 are large enough
that the particles have been able to move.

The crosswise pairing shown in Fig. 11.3(b) of v; with the time reverse
of v4 as well as 7o with the time reverse of -3 is possible only if the two
times t1 and to are comparable. Therefore the coherent contribution arises
only for ¢; ~ t3. Moreover, it requires that the final Fock state is the time
reverse version of the initial one, n(f) = Xn®, where X is the matrix,
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which flips all spins,

i)
S =

X = . (11.3)
0 1
10
In other words, the final occupations have to be equal to the initial one

with all spin-up and spin-down particles exchanged. Moreover, according
to Eq. (10.4), the phase accumulated by this pairing is given by

L

R, — Rry, + Ry, — R7y, = hz [mm - nl(l% + nl(? - (Bm)m}
=1

such that, to leading order for ¢; = to, the many-body spin echo probability
is given by

Pﬁfz?s};) (n(f)’ nl;ty,ty = tl) = 0 xn® Pr(:li)se (n(f)’ n); ), 752)

v )
+ e
x(=1) = e )

where the fact that m;+—(Bm);+ = 0forl ¢ {l1,...,lr} as well as that the
difference in the total number of spin-up and spin-down particles is odd, if
and only if the total number of particles is odd has been used. Thus, the
sign of the coherent contribution to the leading order many-body spin-echo
is negative if either the total number of particles is even and the number
of intermediately flipped spins is odd or vice versa, and positive otherwise.

Assuming that, following classical ergodicity, the classical transition
probability is independent of the intermediate state m, one can easily esti-
mate the overall size of the second term by simple combinatorics. For this,
it is convenient to get rid of the N-dependence, which is possible by using

F F
domp =N=Y myp— Y (mup+my).
j=1

=t 1E{01,...lp}

Thus, the second term contributes with a positive sign if the number of par-
ticles whose spins are not flipped is even, and is negative otherwise. Thus,
one only has to count the numbers Ny, and N,qq of possible occupations
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m, for which the number of particles to which the spin-flip is not applied
if even and odd, respectively. These numbers are given by

[
Nodd = kz (2(; :?) (N —221; + 1)’
|
Neven = (2(L2; F)> <N2F 2I<:>’

k=0

1\3‘2
.

(11.4)

N
[ERE

and thus give the coherent contribution for ¢; = to

P’r(nclj;he) (n(f)u n(i);tlu to = tl) = 6n(f),Xn(i) P'r(rflile <n(f)’ n(z)’ t1, tl)

 Weven — Nodd)
N

with N' = Ngpen + Nogq being the number of occupations m with total
number of particles N.

What is left now is the time dependence of the coherent contribution to
the echo signal, i.e. the dependence on the echo time 7 = to—t; if 7 # 0. In
this case the pairing of the trajectories requires to replace the trajectories
~v9 and 4 by trajectories, which evolve for time ¢; instead of t2 and expand
their actions in the exponential up to first order in 7. Using

ot

= —E,

which can be proven using the equations of motion and the fact that the
final occupations of both trajectories have to be the same, yields an addi-
tional phase exp 1IAET/h) for the coherent contribution, where AFE is the
difference between the hopping terms in the energies of 3 and ~;. This
difference solely stems from the different final phases of the two trajecto-
ries, and therefore can be assumed to be on average uniformly distributed
between €. For a chain with nearest neighbor-hopping, £ is given then
by

L—1
& =2k Z Z Ve +1,0 eXP(—nl,o - nl—i—l,a),

=1 o0=1{
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where k is the hopping parameter. This finally yields the leading order
many-body spin-echo probability for small enough 7,

Prpse (n(f),n(i);tl,tQ =1+ T) =
(-/\/'even - Nodd) sin

( On(h an(
N %T nl/) xXnl

1+

mbse

P (n(f),n(i);tl,tl).
(11.5)

Thus as in the conventional spin echo, there is an echo signal, which is
an change of the probability to measure a certain Fock state compared to
all the others, if the second evolution time t9 is of the same order as the
first one ¢;. The time width during which the probability is enhanced, can
be expected to be typically inverse proportional to the total number of
particles through £.

With this result at hand, one can consider the special case that no spins
are flipped, i.e. F' = 0. In this case, B becomes the 2L x 2L unit matrix,
B =15, and it is easy to see that the many body spin echo probability,
Eq. (11.5), recovers for 7 = 0 the result for the transition probability for
GSE, Eq. (10.5). For 7 # 0, on the other hand, this is no longer true. At
first glance, this seems to be a contradiction to the result of Chapter 10,
which yields for long enough times a time independent result. Thus, in the
absence of spin-flips, the coherent contribution should be treated somewhat
differently, in order to obtain the semigroup property.

11.3 No spin-flips: Semigroup property

In order to recover the semigroup property, the crosswise pairing has
to be done in the way depicted in Fig. 11.4, i.e. by pairing 71 = T4 and
~vo = T~y3. Note that in this case, the durations of the paired trajectories
are in general not equal. Thus if ¢; # ta, the pairing v; = T4 should be
understood as chosing the initial conditions of v4 equal to the time reverse
of the final conditions of 7y,

P (0) = X7 (1),

where X is given by Eq. (11.3). This initial condition %) (0) is then
classically evolved up to time t2. The same construction holds for v3. Note
that this procedure is not possible in the case with spin flips, since a spin
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Figure 11.4: Coherent contribution to the many-body spin echo without
spin flips.

flip would move the starting points of ~9 and 74 away from the ending
points of v and ~s3, respectively.

As can be seen from Fig. 11.4, this construction then requires that
the trajectory o is the continuation of v; and 4 the continuation of ~s.
In that way, this pairing coincides with the usual proof of the semigroup
property for the semiclassical propagator by means of a stationary phase
approximation [15, 282, 283], where the stationarity condition selects those
trajectories, where the second is the continuation of the first one.

However, this in turn means that for instance if t; > t9 the trajectory
~1, which is fixed by the occupations n(? and m, already determines m’ =

An)(ty), where nl(v) (t) = ‘wl(y)(t)}. The thus determined m’; on the

other hand, does not have to have integer entries. Therefore in order to
pair in the discussed way, 3 and 74 will have to be replaced by nearby
trajectories with final and initial occupations given by Xn(")(t,). During
this replacement, the action in the phase of the propagator would have
to be expanded up to first order in the difference m’ — An()(t,), which
however cancels, since 97 (0) = 73) (£,).

Finally, this kind of pairing requires that the initial occupation is the
time reverse version of the final one, n/) = Xn®, such that following
section 10.2, the contribution of the crosswise time-reverse pairing is given
by

plcoh) (nm, n®: ¢, t2) -

(- > P (n(f)7 m; tz) P (m, n(i)§t1) O, n(

such that to leading order the transition probability, Eq. (10.5), is ob-
tained, yielding the validity of the semigroup property of the semiclassical
propagator in fermionic Fock sapce.
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Figure 11.5: Time dependence of the the many-body spin echo for the
case of flipping all spins and n) = Xn(®. Insets: Size of the coherent
contribution at to = t; for a six single-particle states with (a) six, (b)
seven, (c) nine and (d) ten particles. as a function of the number F' of
single-particle states, for which the spins are flipped.

11.4 Discussion of the results

With the peace of mind we get since the result Eq. (11.5) does not con-
tradict with the calculations of the transition probability, one can continue
to discuss the results. To this end, let’s start with the second obvious case
of F' = L, in which all the spins are flipped, such that also B = X. Then,
obviously, the coherent contribution has a positive sign for every interme-
diate occupation m no matter whether the total number of particles is even
or odd, and the probability to measure at time 2¢; the spin-reverse of the
initial Fock state is twice the classical one,

Prpse (Il(f), n(i);tl,h =1t + T) =

1 + P(inCOh) (n(f), l’l(i); tl, tl) .

5n(f) ,Tn(®) mbse

sin (%7‘)
£
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One might then expect that the size of the coherent contribution changes
for an odd number of particles monotonous from —Pr(r:gfsh) to +P£§Z;§h),
when increasing the number of single-particle states, for which the spins
are flipped. For an even number of particles, one might expect that it first
decreases monotonously until it reaches a minimum and then increases
again. However, Noyen — Nogq depends highly non-linearly on F'. In fact, it
may jump from positive to negative when changing F' to F'+1 and again to
positive when flipping a further single-particle state as is demonstrated for
the case of six single-particle states by the insets (a) and (b) of Fig. 11.5 for
six and seven particles, respectively. Finally it is worth to note that even
for an even number of particles, it is possible to chose L and F' in such a
way that the coherent contribution becomes negative such as for the case
of six and ten particles in six single-particle states (see insets (a) and (d)
of Fig. 11.5). However, the negative value is often very small, such that it
is questionable whether this reduction can indeed be observed. For some
combinations, it is even possible to get a vanishing coherent contribution,
as shown in insets (b) and (c) of Fig. 11.5.

Another remarkable observation is that the time dependence is given
by an oscillatory function, although again it is not clear, whether the ap-
proximations made in order to obtain this time dependence are still valid
for large enough 7, in order to see these oscillations. However, the fact that
the coherent contribution is only present in a time window, with a width
decreasing when increasing the total number of particles (see Fig. 11.5),
clearly identifies the observed effect as an echo.

11.5 Concluding remarks
11.5.1 Higher order contributions

It is furthermore surprising that to leading order, only the probability
for n() = xn is affected, while all the others stay constant. Thus, in
presence of spin-flips, the many-body spin-echo probability in Eq. (11.5) is
clearly not correctly normalized: when summing over all possible n(), the
result will be different from one. However, the difference between this sum
and 1 is typically small and of the order of the sum over the next-to-leading
order contributions.

Similar issues arised in single particle semiclassics, among them the
normalization of the transmission coefficients of an open cavity. There, the
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Figure 11.6: Next-to-leading order contributions to the many-body spin-
echo probability

loop contributions have been found to solve this problem [21].

These next-to-leading order contributions stem from the six remain-
ing diagrams, where ever two trajectories are the same or time reverse of
each other (see Figs. 11.6(a)-(f)), as well as the two diagrams with a two-
encounter, for which the sum over the intermediate occupations survives,
Figs. 11.6(g),(h).

Concerning the loop contributions, i.e. the latter two, it should be noted
that one-leg- and no-leg-loops (see Appendix F) do not arise here, since —
after replacing v» and 4 by nearby trajectories with propagation time t;
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— all four trajectories are evolved for the same time, which in turn requires
that if one trajectory starts or ends during traversing the encounter the
remaining three also do. However, this case is already included in the
remaining eight diagrams, Figs. 11.3,11.6(a)-(f).

The contributions from the diagonal like diagrams can be easily calcu-
lated in the same way as the incoherent and coherent contribution above,
while the computation of the loop contributions needs a little bit more care,
since now there are two sources of action difference, which are the pairing
of time reverse links on the one hand, and the encounter itself on the other.
Consider for example diagram 11.6(g), where o follows the time reverse of
~3 and 74 the time reverse of v from the initial until the time, where they
enter the encounter, which shall be denoted as t3. The action difference
stemming from these two links is according to Eq. (10.4) given by

L 2 2
w3 [ | = @ = [T )+ (o), ]
=1

The differences between ~4 and 79 within the encounter, however are small,
such that one can neglect the difference in their occupations, when entering
the encounter,

o o =i ol =

Furthermore using the condition on the intermediate occupations required
by this diagram, X Bm’ = m, the action difference originating from the
links is given by

whz [(m),; — (Bm),,

In order to evaluate the contribution of the encounter, one has to keep in
mind that, as discussed above, on the one hand all four links need to have
positive duration, and on the other hand, if one link vanishes, the second
vanishes, too. Thus the density of phase space separations, Eq. (F.12), here
has to be replaced by

tl - tenc

v (57 u) - QNtenc
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which yields for the contribution of Fig. 11.6(g)

mbse (n(f) i, t2) =

Z zZ[ (X—B)m]; ple) (n(f),Bm;tz) pleh) (m, n(i);tl)

m
C C
t te
X/dQL 2 /dQL 2 Mexp(iNs-u).
QNtenc
—C —C

The integral over the stable and unstable components can then be per-
formed following section 7.1.3, and the contribution of Fig. 11.6(h) can be
calculated similarly.
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The next-to-leading order contributions are therefore found to read
(nm’ n®. ¢ t2) _ ple) (nu), Ban®; t2) plel) ( xn® n@, tl)
x (1)
(n(f)7 n®. ¢, tz) _ plel) (n(f)7 xn'h: tQ) plel) ( Bxn) n. tl)
x (=)

P (nu), n®. ¢ t2> _ple (nm, xn'h: t2) ple (Tn(n, n@, t1>

><5n<f> Bn()

(n(f),n(i);thh) _ ple) (nm tz) plel) ( )
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o (_1)E [T =B)nD], | Smg(hT) ) 1
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Pr(fb)se (n(f)> n‘’ity, t2) Z P (el ( , Bm; t2> P(Cl) <m7 n(i); t1>
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N 2Qn

m

which a posteriori justifies, the consideration of the diagrams 11.6(g),(h),
in the next-to leading order. When considering the normalization of the
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many-body spin-echo probability, this assumption becomes even more ev-
ident by noticing that when summing over the final occupations, only the
diagrams 11.6(a),(b) and (g) can be of next-to-leading order and there-
fore of the same order as the coherent contribution. Futhermore, from
these three contributions only the last one has the same time-dependence
as the coherent contribution, and can therefore cancel it. The remaining
two contributions P{*) and P{®) then restore the original value of the

mbse mbse
normalization up to next-to-leading order.

11.5.2  Incomplete spin flips

Since the occupations should not be measured when applying the spin
flip, it may be that it is incomplete, i.e. that the spins are not completely
flipped but brought into a superposition of up and down, such that the
measured object is given by

Pybse (n(f)an(i);t%h) = ’(n(f)| f((tz) (a + ﬁfl) K (t1) |n(i)>’2
= |04|2 P (n(f),n(i);tl + t2) + ]ﬁ\QPmbse (n(f),n(i);tl,t2)

+ 2Raf* <n(f) ‘[}' (ty +t1) ‘ n(i)> <n(f) ‘ K (t2) AK (1) ‘ m(z‘)>*7

with 0 < |a|,|8] < 1 as well as |a + 8|* = 1. Here, P(n) n®;ty 4+ 1;) is
the transition probability from n® to nl/) when evolving the system for
time ¢ +t2 according to Chapter 10, and Py, is the many-body spin-echo
probability computed before in Eq. (11.5). Thus, one only has to determine
the last term which after inserting the semiclassical approximation for the
propagator, Eq. (5.14), is given by a sum over three trajectories,

(n® ’K (ta+ 1) ] n@) (n" ‘K (t2) AK (1) ’ n<i>>* _

> > Y AGALALB BB

m 'yon(’)—>n(f) 'Yln(l)_)m
'yQ:Bm—>n(f)

i
X eXp [h (Ryy — Ry, — RW)] .

Here, =g is propagated for time t1 + t2, while 7, is evolved for time ¢; and
o for time to only. Thus, pairing in such a way that all three trajectories
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have correlated actions is possible, only if 72 is the continuation of v, which
obviously requires that
Bm = m.

However, having the extended trajectory 7, which results from joining v,
and o and pairing 4 = g or 4 = T 7o produces contributions, which survive
the averaging. Then m is again fixed by 9. Moreover, according to section
11.3, the remaining (single) sum over trajectories 7o yields together with
the three semiclassical prefactors the classical transition probability. This
yields for the incomplete many-body spin-echo probability

;nbse (n(f)’ n(i);t2,t1) =
lol” P (n(f)’ nlst; + t2) +1BI° Pbse (n(“,n(i);tl,tQ)

+ 2Ra " [1 4 (—nN 5n(f)7Xn<i)} P (n<f), n®:ty 4+ t1> Ne.x,

(11.6)
where the additional factor
(N)
Z 5Bm,rn
New == —
>l

has been included, in order to account for the fact that only those interme-
diate occupations contribute, which are eigenvectors of the flipping matrix
B. Tt is obvious that for B = Iy, i.e. when no spin is flipped, Ny = 1,
such that when inserting the semiclassical results Eq. (10.5) for the tran-
sition probability and Eq. (11.5) for the many-body spin-echo probability
due to |a+ \2 = 1, the incomplete many-body spin-echo probability is
equal to the transition probability,

Prabse (n(f)7 n(i);t2,t1) = [1 + (- 5n<f>,;gn(i>} P <n(f), nt;t, + t1> ,

which is in accordance with the semigroup property.

Moreover, if the total number of particles is odd and all spins are flipped,
i.e. B = X, the condition Xm = m can never be fulfilled and therefore,
this term vanishes, yielding

bse (n(f) ) n(i); ta, t1) =

la|* P (n(f),n(i);tl + t2> + B Popse (n(f),n(i);tl,h) .
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Assuming that

S P (n(f)’ Bm: tz) plel) (m, n(z‘)) ~ ple) (n(f)’n(i);tQ +t1> ,

for equal propagation times before and after the spin flip, this probability
can be written to leading order as

mbse (n(f)7 n®;t,, t1> —

ple) (n(f)’ n®: 4 + t2> [|04|2 + 1817 + 0 yn (|5\2 - |0<|2>]

Thus, for the case of flipping all spins and an odd number of particles,
the incomplete many-body spin-echo probability interpolates between the
cases § = 0 and 8 = 1. Interestingly, for || = ||, the resulting probability
is equal to the classical one, and therefore all interference effects vanish to
leading order.



CHAPTER ].2 .

Many-Body Spin Fidelity

Reverting all the spins in a many-body system with spin-orbit coupling is
almost the time reversal operation. The fact that it is not exactly time
reversal resembles itself in the non-vanishing probability to get n(/) # n(?)
in the many-body spin echo introduced in Chapter 11.

In analogy to this spin echo, this chapter deals with what will be called
the many-body spin fidelity, which differs from the spin echo by propagating
the system backwards in time after applying the spin flip, i.e. the observable
of interest here is the spin-fidelity defined as

My (t) = | (D & (1) AR (8) )|,

with A given by (11.2). Since the evaluation of the spin fidelity is pretty
similar to the one of the spin echo, it will be kept somewhat shorter here.

After inserting the semiclassical propagator (5.14), the spin-fidelity be-
comes a four fold sum over classical trajectories,

Mp (t) ~ (12.1)

Again, when performing a disorder average for large total number of parti-
cles, the actions in the exponential give rise to large oscillations which will
cancel on average, as long as the trajectories are not pairwise correlated.
Those trajectory pairs, which exhibit at most one 2-encounter are shown
in Figs. 12.1 and 12.2. Their contributions to the spin-fidelity are shown
in Table 12.1 and 12.2.
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XBm' = n®

(k) )

Figure 12.1: First part of diagrams contributing to the spin fidelity,
Eq. (12.1), with at most one 2-encounter.
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Figure 12.2: Second part of diagrams contributing to the spin fidelity,
Eq. (12.1), with at most one 2-encounter.
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Table 12.1: Contributions of the diagrams in Fig. 12.1 to the spin-fidelity.
The upper index of each contributions corresponds to the label of its dia-
gram in Fig. 12.1.



MANY-BODY SPIN FIDELITY 185

(m) 20\ 77 (1) = poe DY) P () n@
M7 (t) = — N e ZP (m,n )P (Xn ,n )
X 0m, BmOn() pn(h)
27 2L-3 1 ) )
MW () = <N> g P (4000 P (0l n)
N
X00(i) B On() Bn(f)
o) 2t 2L—3 (_1)]\7 )
MO = - <N> L (BAnD, 2 P (0l n)
9\ 2L=3 (_ )N . . )
MP () = — <N> ( in 3P (40 n0) P (m, )
XOp(9) 0 On() Bn(f)Om Bm
@ o\ 2?1 :
MFq (t)=— <N> m ZP(CD (Bm, n(f)> P <m, n(z)) 6n(f)7n(i)
2L-3 N
MO () = <§§> ( Qlji PO (xBn® n) P (10 n0)
X0 (£) n0)
2L-3 ( \N ' o
MO () - (%) ( 91]3 pled ( Xn(’),n(f)) pled ( X Bn@,n@)

X 00 (£ n0)

Table 12.2: Contributions of the diagrams in Fig. 12.2 to the spin-fidelity.
The upper index of each contributions corresponds to the label of its dia-
gram in Fig. 12.2.
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Table 12.3: Contributions of the diagrams in Fig. 12.2 to the spin-fidelity.
The upper index of each contributions corresponds to the label of its dia-
gram in Fig. 12.2.

The order of each diagram can be determined by the number of sums

over the intermediate occupations, which survive the averaging. However,
C L—

although a proof of this is missing, it is assumed that (%)2 ’0 N, Where

L
Qy = /d‘%a 016 [N =D el

I=1o=1,

is the phase space volume for fixed total number N of particles, is of the
same order as the sum over occupations,

N 2L-3
<%) Qn ~ Zézml,g,zv' (12.2)
m l,o

Thus, diagram 12.1(q) is for instance of the same order of magnitude as di-
agram 12.1(d). Restricting oneself to leading and next to leading order, the
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many-body spin-fidelity is given by diagrams 12.1(a), (e)-(g) and 12.1(i),
2
Mp(t) ~ Y P {1 + Om,Bm [2 (=)™ 6,9 BatH Fn(h n)

9\ 23 1
+> O B <5n<f>,n(z'> - <N> QN) }

At this point it should be noted that only those encounter diagrams involv-
ing all four trajectories are taken into account since those which involve only
two trajectories have been shown to cancel in section 7.1.3. Moreover, in
the situation considered here, there are no one-leg-loops formed by all four
trajectories, since the fact that the propagation times are the same requires
that if one link vanishes a second one also has to vanish thus forming again
one of the diagrams in Fig. 12.1.

(12.3)

12.1 Unitarity

Before discussing the result, Eq. (12.3), in more detail consider the case
of no spin flips, i.e. A = 1, which also implies B = Iy;. In this case,
due to unitarity of the propagator, the spin-fidelity obviously should be
MF (t) = 0y n(n- Comparing Eq. (12.3) with this expectation further
affirms the assumption Eq. (12.2), which leads to a cancellation of the first
and the last term for F' = 0 and therefore leads to a result proportional to a
Kronecker delta in the initial and final occupations. Therefore, encounter
diagrams have indeed to be taken into account and can be of the same
order of magnitude as diagrams without encounter.

Consider now the next-to-next-to-leading order diagrams. In order to
show the unitarity within this order, one has to recognize that the diagrams
12.1(j) and (1) ((k) and (m)) are of the same order as Fig. 12.1(b) ((c)).
However, since the sum over trajectories v; (7y4) for the diagonal terms in-
clude both, 1 (v4) and T~ (T4), there are twice as many contributions
corresponding to the diagram 12.1(b) (12.1(c)) than those corresponding to
the diagrams 12.1(j) and (1) (Figure 12.1(k) and (m)), respectively. There-
fore, these contributions again cancel out for A=1.

The remaining diagrams are, for B = 1, either proportional to 6, a6
or of even higher order. Therefore, the semiclassical result is again consis-
tent with the exact quantum mechanical one for the case that actually no
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spin-flip was applied. Therefore one can expect that the result obtained
for A # 1 is also reasonable.

12.2 (General Results
12.2.1  Odd number of particles

Let us continue with the contrary case, namely that every spin is flipped,
i.e. B=X. For odd number of particles, the conditions m = Bm can not
be fulfilled, since there is at least one singly occupied single-particle state.
Therefore, the result Eq. (12.3) reduces to

3 P < Xm, n(f)) pleD) <m7 n@) ,

which can be assumed, to be approximately constant for each combination
of n9 and n(¥).

The next-to-next-to-leading order result also stems solely from the ex-
tended diagonal approximation, since the contributing diagrams consisting
of an encounter are again zero, such that finally

My, (t) =~

Z [1 + (-1)N 5m7Xn(i):| [1 + (=N §m7n(f):| P (ern(f)) P (m, n(i))

m

6.5y et P (n(f)7 n(f)) pleb (n@), n(z‘))’

giving a small enhancement of the probability to measure Xn(® compared
to all the other probabilities.

If not all spins are flipped, i.e. F' # L, the result is — surprise, surprise
— somewhere in between the two extreme cases F' = L and F' = 0. More
importantly, the result is more or less independent on the exact choice of
sites where the spin is flipped, but depends only on the number of flipped
sites. The height of the peak at n¥) = n(® can thereby be measured by
the number of available vectors m satisfying m = Bm,

S e =10

which decreases monotonously, when increasing F'.
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12.2.2  Even number of particles

The situation for an even number of particles is essentially the same as
for odd number of particles, except that an enhancement for nl) = n®
remains for F' = L, since those intermediate occupations, where each single-
particle state is doubly occupied or empty still contribute.






CHAPTER ].3 -

Summary & Outlook

13.1 Summary

The fact that for many indistinguishable particles, symmetrization ren-
ders first quantized approaches very extensive, together with the fact that
semiclassics has been very successfully applied to various single-particle
problems [246, 284], was the main motivation to develop a semiclassical
approach for quantum fields in the sense of van Vleck and Gutzwiller in
Fock space. This very thesis is of course not the first attempt to develop
such (see e.g. [66, 67] for bosons and [216, 217] for fermions). However,
to the author’s knowledge, it is the first time that a semiclassical van-
Vleck-Gutzwiller like propagator in Fock space with real trajectories and
real actions has been derived rigorously by applying the stationary phase
approximation to the exact path integral.

While previous approaches for Bosons were based on the coherent state
path integral, which requires in a semiclassical approximation to complex-
ify the classical trajectories, thus hidding interference effects, the approach
presented in Chapter 4 is based on quadrature eigenstates. In contrast to
the coherent state approach, this fixes only the initial and final real part of
the trajectory, does not require complexification and therefore makes inter-
ference manifest. Furthermore, starting from the semiclassical propagator
in quadrature representation it has been shown, how a basis transformation
from quadrature to Fock states can be performed, yielding a propagator
given by a sum over trajectories with fixed initial and final occupations.
Furthermore, in the same chapter, it is shown that the semiclassical prop-
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agator fulfills the semigroup property by means of a stationary phase ap-
proximation.

In the subsequent chapter, the propagator in fermionic Fock space has
been considered, which is a considerably more difficult problem due to the
antisymmetry of Fermionic many-body states. However, we managed to
derive an exact path integral in commuting complex rather than anticom-
muting Grassmann variables — for the first time to the authors knowledge.
Since a path integral explicitly contains the corresponding classical Hamil-
tonian, one can also read off the classical limit of the exact quantum theory.
Of course, a classical limit based on complex variables can not account for
the antisymmetry and the Pauli exclusion principle implied by it exactly,
yet it is approximated by additional factors, for which there is a certain
freedom of choice. These additional factors incorporate the Pauli principle
approximately either by penalizing hopping events which lead to larger oc-
cupations, or by means of nonlinear dependencies of the on-site energies on
the occupation, leading to an energetical hindering of higher occupations.
The latter possibilities can be regarded as the inclusion of a so called Pauli
potential [285-288], which usage up to now seems to have been always
heuristic.

It should be noted that at least one of the possible classical Hamiltoni-
ans obtained by this rigorous construction corresponds to the one obtained
for a two-level system by means of truncation of the Holstein-Primakoff
transformation in Ref. [215].

It is furthermore remarkable that the path integral and therefore the
classical limit can also be obtained in what can be regarded as a hole pic-
ture. In this picture, the roles of occupied and unoccupied single-particle
states interchange, such that sites occupied in the (conventional) parti-
cle picture are unoccupied in the hole picture and vise versa. In order
to understand this analogy better, it should also be mentioned that each
single-particle state is here determined by both, the orbital and spin state,
such that for Fermions each single-particle state can indeed be occupied
by at most one particle, and therefore the correspondence of an empty
single-particle state and a hole is indeed one-to-one.

In Chapter 5 it is then furthermore shown how to derive, starting from
this path integral, a semiclassical propagator in fermionic Fock state rep-
resentation.

Just as the derivations of the semiclassical coherent state propaga-
tors did [65-67, 69], the derivations of the semiclassical propagators in
Fock space representation for Bosons and Fermions show that the effective
Planck is the inverse particle number hog = 1/N, and the classical limit is



13.1. SUMMARY

193

the corresponding mean field theory. It is furthermore in agreement with
previous coherent state approaches [65-67, 69, 235-238] that, in both cases
— Bosons and Fermions — adds an additional phase the semiclassical prop-
agator, which is nowadays known as the Kochetov-Solari phase [65, 235].
The exact form, and for Bosons even the presence, of this additional phase,
depends on the chosen ordering of the creation and annihilation operators.
In the bosonic case, it is absent for the symmetric Weyl-ordering [235]. For
Fermions, however, it seems that due to the additional factors in the Hamil-
tonian, which make for the approximate antisymmetry and Pauli exclusion,
it is in general not possible to get rid of this phase.

In Chapter 6, first of all the integrable case of non-interacting Bosons is
considered. In this case, the semiclassical propagator in quadrature repre-
sentation is exact and can be evaluated easily, yielding a closed expression.
The resulting propagator has also been transformed to coherent state rep-
resentation, in order to compare results obtained by using quadratures on
the one, and coherent states on the other hand.

In Chapter 7, the focus is finally turned towards interacting disordered
systems, we study the transition probability from one Fock state to an-
other one, i.e. the probability that after fixing a certain occupation of the
single-particle states at initial time and evolving the system a certain fi-
nal occupation is measured. It turns out that for time reversal invariant
systems in the chaotic regime the probability to observe the initial Fock
state again is enhanced by a factor of two of compared to all the other Fock
states. This enhancement is furthermore predicted to be absent if time re-
versal symmetry is broken (see Fig. 13.1(a)). Our analytical result for this
enhancement, which is typically denoted as coherent backscattering [232],
are also in perfect agreement with numerical calculations.

After that, the transition probability for systems for which the hopping
strength is small compared to the interaction strength is considered. A
special case is the one of vanishing hopping strengths, in which the exact
quantum mechanical result is reproduced by the semiclassical propagator.
For small, but non-vanishing hopping strengths, again agreement with nu-
merical data is found.

In single-particle transport, coherent backscattering gives rise to weak
localization [19, 21, 233]. Driven by this fact, in Chapter 8 bosonic many-
body transport has been considered. Assuming that the system is infinitely
large with interactions only within a closed region, and only one site ini-
tially occupied it has been found, however, that the contributions usually
responsible for weak localization cancel when considering single-particle ob-
servables like the occupation of a single site, or the single-particle current.



194

SUMMARY & OUTLOOK

g

P U
s ¢=0.125%
= v 0=0251 1
Z 5 =05z
< = i b F E|
8 + ¢=0, classical . R § 0.0002 [ i E
2 ] g E E
e xeﬁi9x5i'.!aﬁlgtg%%gﬁ.ﬁ.sagaﬂﬁigﬁ @V,Qe."ﬁaﬁgﬁwﬁia&sl o84 0.0001 | " " ™ r " B
) PP I P D B B I S 0% ] = ) 3 £
P T B T S o I S z s g g 2 E
P S - z g g g g 2
G 8 @ 8§ 8 8 g8 & 3 g S g =1 E
88 8 g8 d a8 88 8 2 2 ER- &
00047 T T
0.0002 E
2 0.0001 o ") I\ i " L J.A e " -
z 9, 0 goce  gn B % 8 s E
S kP eReESe o8008 897800098 638 BeR 85808 Oy S o S o =
2 fsbeSanmtung eaénzggésggg T20005°8058-080%° 1090888 5ol 5 73 53 g
T T T T U N | g g g3 H
g 3 32 E S
F) N Y F U PN N FURR T FERN RN FU FUTE B SR R
N = = o o o 4o o0 5 © = o = = °
g 23 8 28 S53 38 =2 8 <= =
- @2 3 3z 2z dd 5 58 8z = o5
S © o = Z Z ZIZ Z© = ©® a8 8 O a «
final state
(a) (b)

Figure 13.1: Numerical results for the transition probability in Fock space
for (a) a six-site Bose-Hubbard ring and (a) a eight-site Fermi-Hubbard
ring with spin-orbit coupling and an odd (top) and even (bottom) number
of particles.

This implies that these quantities can be computed using the Truncated
Wigner method [289-292], which is shown to be the classical limit of the
quantum theory.

For the fidelity considered in Chapter 9, the classical theory will not
give correct results, however. This is, because the quantity considered is
the interference between two quantum mechanical wave functions, which
are evolved under slightly different Hamiltonian. The classical limit then
will not be able to reproduce this interference completely. In contrast to the
fidelity in first quantization [25], the semiclassical approach in Fock space
not only reproduces the long-time decay, but also the quadratic decay for
small times [264, 293] as well as the saturation regime [264, 294-297]. Using
the presented methods, even the absence of the Lyapunov regime, i.e. the
perturbation independent dacay which is determined by the Lyapunov ex-
ponent only, can be explained. Our analytical results are in good agree-
ment with numerical calculations [272]. It is worth to note that although
the fidelity has been considered here for Bosons only, with the semiclassical
propagator for Fermions derived in Chapter 5 together with the transition
probability for Fermions considered in Chapter 10 it is straight forward to
transfer the results to fermionic systems.

The results for the transition probability for Fermions in the chaotic
disordered case is somewhat richer than those for Bosons. First of all,
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Figure 13.2: Time dependence of the the many-body spin echo for the
case of flipping all spins and n/) = Xn®. Insets: Size of the coherent
contribution at to = t; for a six single-particle states with (a) six, (b)
seven, (c) nine and (d) ten particles. as a function of the number F' of
single-particle states, for which the spins are flipped.

if spin-orbit coupling — or any other spin-mixing mechanism — is absent,
they behave apart from the Pauli exclusion like Bosons and show coherent
backscattering. In the presence of e.g. spin-orbit coupling, however, the
result depends very much on whether the total number of particles is even
or odd. In both cases, the transition probability from the initial Fock state
to its spin-reversed counterpart differs in time reversal invariant systems
from the flat background. If now the total number of particles is odd,
this transition is completely forbidden, which is actually a consequence of
Kramer’s degeneracy. For an even number of particles on the other hand,
this transition is twice as probable as all the others. Additionally, if the
spin-orbit coupling is site-independent, there is also an enhancement for the
initial state. All this is shown in Fig. 13.1(b). Again, when destroying time
reversal symmetry this enhancement and prohibition, respectively, vanish.

However, as shown in Chapter 11, it turns out that for an odd number
of particles the prohibited transition can be turned into a favored one, by
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applying an intermediate extrinsic spin flip. Yet, it should be noted that
if the spin flip does not take place roughly at half the evolution time, the
observed probability is just roughly the same for every Fock state, without
any enhancement or reduction for certain final occupations. When flipping
all spins, both for even and odd total number of particles, the probability
to observe the spin reversed of the initial state is twice as large as the
one for any other Fock state, while if the spins are flipped only for certain
single-particle states, it changes non-monotonically with the number of
single-particle states chosen for the flips. It is furthermore remarkable that
for even number of particles, by the right choices, the enhancement can be
turned into a reduction, though it would be very small. All this is again
graphically summarized in Fig. 13.2.

Moreover, note that the spin-echo calculation presented in Chapter 11
also contains the semigroup property of the semiclassical propagator as a
special case, just as Chapter 12 contains the unitarity as a special case
of the sequence forward evolution — spin-flip — backward evolution. For
lack of a better name, this process has been denoted as spin-fidelity. In
this process, the probability to measure the spin-reverse of the initial Fock
state again is slightly enhanced compared to the other ones, with the height
of the enhancement given roughly by the inverse number of accessible Fock
states if all spins are flipped. If it happens that not all spins are flipped,
but only those of a subset of all single-particle states, the result changes
monotonously from the result for the complete flip to unitarity.

The consideration of the semigroup property and the unitarity of the
semiclassical propagator as special cases of the spin-echo and spin-fidelity,
has to the author’s knowledge been the first time to proof these properties
on the level of transition probabilities without using a stationary phase
approximation. Instead, it turns out that especially for the unitarity also
loop contributions have to be taken into account, in order to obtain the
correct result.

To summarize, this thesis represents a further step in the development
and improvement of semiclassical theories, and transfers the concepts de-
veloped for single-particle systems [33, 38, 284] to Fock space, in order to
allow a semiclassical treatment of interacting many-body systems. In or-
der to show its applicability, a few first examples have been considered,
some of them being justifications of existing and frequently used methods
or proofs of the validity of the presented approach, others being completely
new effects.
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13.2 Outlook

To be sure, the many-body interference effects studied here can only
be the beginning of a whole new field for semiclassics to explore. In gen-
eral, one could expect that the approach developed here can be applied
to any many-body system with a large number of particles, but also to
quantum optics, where experiments are often performed with a single pho-
ton. The latter is due to the fact that in quantum optics, the Hamiltonian
is quadratic, and therefore the semiclassical approximation in quadrature
representation is exact.

Here, the semiclassical approach has been applied mainly to systems
where some kind of average (mainly disorder average) has been implied,
in order to get analytical results by pairing of trajectories. Yet, it is also
possible to study systems without averaging e.g. numerically, where the
main complication lies in the solution of a root search problem, which can
be solved for example by using the Newton-Raphson approach [239-247],
or by means of the initial value representation derived in section 4.3.3.

Currently under developement is for instance a semiclassical many-body
scattering theory [298] similar to the one used in single-particle transport
[284]. Such a many-body scattering theory would allow for instance to
study many-body analogues of weak localization [19-21] and weak antilo-
calization [22, 23].

Furthermore many-body effects on general single-particle observables
are under investigation.

Apart from these current projects, it is planed to apply the presented
approach to nonlinear laser theory and spin chains. Moreover, one could
also think about applications to quantum optics and to the investigation
of many-body localization e.g. along the lines of Ref. [299].
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APPENDIX

The Semiclassical
Propagator for Bosons

A.1 The classical Hamiltonian for a
Bose-Hubbard systems in quadrature
representation

One possible way to determine the classical Hamiltonian, Eq. (4.7) cor-
responding to a quantum Hamiltonian of the form

™=

L
. 0. 1 St ot
H = H( )a;1alz + 5 Z Vlll?l?’l‘lazajzal?»al‘l’

l1,l2=1 l1,l2,l3,l4=1

is to use coherent states, since the action of an annihilation operator on a
coherent state is fairly easy.

Note that due to the Hermiticity of the Hamiltonian H(®, which is the

. 0 . . .
matrix with elements Hl(l')7 also has to be hermitian, and the interaction
coefficients have to satisty Vi,i,i,1, = Vj; ;- Moreover, one is free to
choose

Virtotsts = Viatitats = Viitalats = Vialylals-

Inserting a unit operator in terms of coherent states, Eq. (3.18), to the left
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and to the right of the exponential yields

(oo (-5) ) -

1
o [ [@uto i (u

o ()| @) (010,

where the evaluation of the matrix elements straight forward, and the over-
laps of a coherent state and an quadrature eigenstate is given by Eq. (3.19).
Here, the notation d?f¢ = dLRpdLS¢, is used. However, the interaction
term in the Hamiltonian gives rise for quartic terms in ¢ and p. There-
fore, in order to evaluate these integrals exactly, it is advantageous to use
a Hubbard Stratonovich transformation (see Appendix G) in order to get
rid of these quartic terms, yielding

CEISUIDE

-1

) L
1 / 2Lx2L 17 -1
——— | [ exp [ D> oy, (V7Y U
L Il Lilalols 13l
2L\ /92 2h WL 1l2 1l3laly 1l3la
&) o,
/d2L¢/d2Lu/d2LX2Laexp{ — |¢)|2— ]u\Q—i-i( 2) —?4—# ol

iT

L .
_1 ir
o5 2 Ot (VT )i, Oty — 5 1 Hod

l1,l2,l3,l4=1
(a4 <B s )2
(2b ¢ ) w P

where the integration over o runs over all hermitian L x L matrices, V!
is defined such that

L

-1 o
Z (V )llll’lz ‘/ll3l’l4 - 5lll36lgl47
=1

and
H,=HY — 5

is the effective single-particle hamiltonian.
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Performing the integrations over pu and ¢ is then cumbersome, but
otherwise straight forward and yields

(v

-1

. L
1 2L x2L 1T —1
47Tb2L /d 1 exp % Z nlllz (V )l1l3lzl4 7713l4
l1,l2,l3,l4=1

L

i -1
exp <§?Ll L2 Tuis V) tstats Ul314>
/d2LX2L0' 1,02,03,04=
H 2
\/det (10— FRH, — 25 H:H, |

) q q
q P L1 —iq 1| —ig
—_—— - = . A . ,
P T Ta | —ip ip
p p
where the 4L x 4L-matrix A is given by
31, —il, —I,+TH: il + FH:
A —illy, IF3 —ilp — $H; —Ip+ 1TH*
- —I; + %Hd —illy, *%Ha 1, *IHL
iy, + %Hg —I; + %—Hg —illy, 3,

Since eventually 7 will go to zero, the determinant in the denominator in
the third line can be approximated by an exponential,

det }IL—%%HU 2 H* ]Ndetexp [—B%H]

= exp [I;L—TrHU} ,

where the real part could be omitted in the last step, since H,, is hermitian,
and therefore its diagonal entries are real.

Moreover, the inverse of A can be approximated by its Taylor series up
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-1

to first order in 7 using (Iy;, + 7X)" " ~ Iy — 7X, which finally yields

(oo () |a) =

. L
1 2Lx2L 17T -1
\/WL /d 77€Xp ﬁ Z nl1l2 (V )l11312l4 nl3l4

l1,l2,l3,l4=1

. L
2Lx2L 1T -1
/d g eXp {Qh Z Ulll? (V )11l3l2l4 0-1314

l1,l2,l3,l4=1

-1

i ir ir
“opEPa- E'ﬁb Hop + %TIHU}

Performing the integration over ¢ by substituting

L
1 X
o = O'Zl/ + Z Whl’lg |:2511l2 - ¢l1wl2:|

l1,la=1

i iT
e b-q— —HD (g —i :
e &P ( P a4 3 H (a—ip, g+ lp)) :

where the classical Hamiltonian is given by Eq. (4.9).

A.2 The stationary phase approximation to the
bosonic propagator in quadrature
representation

The stationary phase approximation to the propagator for bosonic sys-
tems in quadrature representation starts from (c.f. Eq. (4.6))

K (q(n,q(n;tﬁti) _

M
1
lim [ dF (1).../dL (M—l)/dL <1>.../dL (1)
Jim [ dtg q p P T T

m=1

exp {;L [222p<m> (a™ = ) = 2 HED (" s, mT)] } ’
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While the determination of the stationary points of the exponential is
straight forward and stated in section 4.3.1, the integration over fluctu-
ations are more elaborate. These integrals are given by

1 exp iopMaq
(4mb?) T b2

PRI WAL 0 0 o™ N T o o PHY ¢ )
22 sp™ I 0 sptm Y 2h opm?

m=2

) M B 82 g (m) K 92 g (m) -~
ir sqmb 9qm-DZ 327 T BqUm -1 p0m) sqm—Y
_ ﬁ 5p(m> A 52 r(m) 82 (m) 5p(m) )
m=2

277 T aptmiqtm—D op(m)Z

lim dLéq(l) . --/dL(Sq(M*) /dL5p(1) . ~~/dL5p<M)

M — o0

which can after the substitutions dq("™ = 2bx(™), §p(™) = 20y (™) also be
written as

lim dL:c(l)-“/dLa:(MU/dLy(l).../dLy(M)eXp(iq)/h)

Moo ML (2p)F
2_ 52 pr(m+1)
M k) S o I x(m)
Xexpy1 y(m) I 2b2+ 92 H(m) y(m)
m=1 L TR gpm)?

m 2021 §2H(m+D m
g (X 0 I + 5 gamapmro x(m+)
y™ )\ 0 0 y(m

212 2 M
h 8p(M)

where the result has to be evaluated at x®) = 0.
Step by step integrating out x(l), y(l), ><(2),y(2)7 X(3), y(3)7 ... indicates
that it is convenient to introduce recursively

x (m+1) —
20> 9 H(m+)
R 3p(m+1)2

Wr  PHO o2 O HOm ) S\
+(1 + ST xtm
R Op D oqm o oqm

20’ 9*H(™ D)
At T Ggmaptn D
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with the initial condition

2627 92

x = _2r Y
h ap(1)2

Expanding Eq. (A.2) up to linear order in 7 yields

20°r PH(HD 9p’r  9PHOMD

y(m+1) _ x(m) _
ho gplm+1)? T apthagem
2 2 m—+1 2 2 m—+1
h dq(m) gp(m+1) h ag(m)?

In continuous limit 7 — 0, the recursion relation for X gets transformed
into a first order differential equation,
202 0°H N 202 0°H N 20 0°H  2v* O°H
h Op? h Opoq h 0qdp h  0q2

X = X

with initial condition X (¢;) = 0 and is solved by

*= _(91?((1751') (3380)1

Therefore, the integral over the fluctuations yields

L, (M)
lim /d y exp (i‘I)/h—Fiy(M)X(M)y(M))
M—o0

(2mb) -
M1 _wtr gy -3
X deti h 9qm?
I o (55 )
1
ip M-1 ob27 952 f (m+1) T2
= lim exp(h ) H ldet (HL—FbTaQX(m)
M=o fdet (—4ibr X D) 05 i 9qm
igp 2, M-1 2 17 (m+1)
~ m exp (£9) exp (_’” Trf)HQXm))
M=o Jdet (—4ib2n X () hoo=t dam
i > 2
+0
= exp.(h ) exp —b/dtTraiIX
V/det (—4ib?m X (ty)) h dq
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Using the differential equation for dq/dp(t;), the exponent can be written
as

i 2 2tf 2 -1
%/ tTaHX_—b/dtTraH 9q <8p)>

h doq? op(t;) \op(t;
Ly

1 d op op \ ! b2 02H
— (@ (S diT
2/ r<dt8p<ti>> <8p<tz~>> ) oaop
1 op(ty)

— Trl .

2 ap(t)

Thus, the semiclassical prefactor of the bosonic propagator in quadrature
representation is given by the van-Vleck-Gutzwiller determinant

1 Op(ti) \] _ 1 R,
\/det [_‘ﬁbQW < oq(f) )] N \/det [—QWih aqNoq@ |

A.3 The basis change from Quadratures to Fock
states for the semiclassical propagator

The propagator in Fock state representation is related to the propagator
in quadrature representation via

K (n(f),n(i);tf,ti> = D[ K (t;,4;) In®)

— / akq) / akg® <n(f)‘q(f)><q(f)| f((tf’ti)‘q(i)><q(i) n(z’)>

= / akq / L) <n(f)’q(f)><q(i) n(z’)> K(q(f),q(i);tf,ti>.

We plug in the semiclassical propagator (4.10), as well as the asymptotic
expression of the overlap between a Fock and a quadrature state for large
occupation number (3.13). Furthermore, for simplicity of writing, we in-
troduce

1 1
F(g,n) = 42\/452< )—q2—<n+)arccos S +£
’ 2 2 2b n+%
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which can be interpreted as generating function for the basis transform
from ¢ and p to n and 8, where n is the modulus square and 6 the phase
of the mean field wave function. This can be seen by noticing that,

ntly &
OF (¢,n) 2 TR

— P

dq b 2b

6F(§q,n) — —arccos | — L | = 0. (A.2)
n 2by/n + %

(A1)

Using this definition, the semiclassical propagator in Fock state represen-
tation can be written as

K(n(f),n(i);tf,ti) =

027 (o, n) 32F (4 nl?) |

8ql(f)8nl(f) aql(i)anl(i)

L
/ dlglh / dLgd 11

s s(Ne{—1,1}F |I=1

2 (f), q®: i) i i
y Z det 1 | 9’Ry (), q ‘,tfatz)eng(q<f>,q< Vityiti)
. (—8m3ih) 8q(f)8q(1)
I .
: i i) (i !
X exp {IZ |:Sl( )F (ql( )7nl( )> — sl(f)F (ql(f)’nl(f)>} + ﬁ(I) (tf,ti)}.
=1

(A.3)

Since the asymptotic formula for the overlap is valid only for the oscillating

region |g| < 2by/n + %, one can substitute

i i) 1 i
q§ ) :2b\/n§)7+2 cos 9% ),
g :zbm cos (05“ + 95”) forl =2,...,L,

1 i

In the following, for reasons that will become obvious after the stationary

phase conditions, we will refere to the Gl(i/ s as “phases”. Note that these

definitions correspond to the definitions of the phases by (A.2). Together
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with the sums over s®) and s/), the integrals over Hl(i
(i

—m to w and the phase 91) does not enter in the hamiltonian part of the
action. Moreover, it will turn out to be a global phase, dropping out of the

/1) then run from

equations of motion. Therefore, the integral over «9?) can not be evaluated
in stationary phase approximation, since it is an integral over a continuous
family of trajectories.

However, the remaining 2. — 1 integrals can be evaluated in stationary
phase approximation. Here, we will do the two integrations over the final
and initial quadratures one after another, starting with the final ones.

The stationary phase condition for the integration over the final phases

is given by
1
pl(f) = Qb\/nl(f) + isin (0( )—1—9())

Thus, the stationary phase approximation selects those classical trajectories
1 (t) satisfying the boundary conditions

()2 = 0 + = (A.4)

9
and therefore justifies that we called the Hl(f Vg “phases”, since the solutions
of the stationary phase conditions are the trajectories with the final phases
equal to them.

The evaluation of the exponent at the stationary point will be post-
poned to when we derived the stationary phase condition for the initial
phases.

The second derivative of the exponent in (A.3) with respect to the initial
and final phases at the stationary point yields

f62 : {;LRV (q(f) it > XL: < )(9%)+9§i>>

89} )891(/ )
(n L () 1+ 9D gin (0 + oW
Ny’ + 5 €08 (Hm +0; >sm<0m +0; )

1 ; 1 19pP)
= nl(f)+§sin(91(f)+9§)) [2511' nl(f)+§cos<9(f)+9()) P

bag( )
N\~
01 % M2 _ [ 99
PV [(ql )+ (")) = on®

l/
l/



214

THE SEMICLASSICAL PROPAGATOR FOR BOSONS

Therefore, together with the prefactor given by the second derivative of
the generating function, the semiclassical prefactor after performing the
integration over the final phases is given by

82R7 (n(f), q(z) N tf, ti)
an(f)aq(l) ’

(A.5)

evaluated at the stationary point.
Noticing that

on(f)

—n (69 +0"1),

where 1 is the vector, which every entry is equal to one, one can write (A.5)
also as

ACEEY
(—4m2i) 50
Now, the stationary phase condition for the integration over the initial

phases, save for 9@, yields

i [ @ 1. i i
pg):Qb nl()+§sm<0l()+9§)>,

which corresponds to

det

ate) P =nfd + 5. (A.6)

Note that with (A.4) and (A.6) the conservation of the total number of par-

ticles together with the fact that qu’) = ngi) +1/2cos 0@ already requires

that
1

dr(ts) = \/n” + 5 exp (ie?)) . (A7)
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Moreover, we see that QY) indeed is a global phase, which does neither enter
the equations of motion, nor the Hamiltonian. Therefore, the solutions to
the equations of motion under the boundary conditions (A.4), (A.6) and
(A.7) are the trajectories with the initial phase of the first component

fixed to a certain ¢, e.g. ¢ = 0, and multiplied by a global phase factor
exp (i@gz) — igo).
With this, one can now evaluate the exponent at the stationary points,

which will then give the classical action in Fock representation. Substitut-
ing

cos (0; (t) + 0@) ,

DN |

q(t) =204/ ny(t) +

?
N =

pi(t) =204 mu(t) + = sin (el(t)wgi))

in the kinetic part of the action, in consideration of the preservation of the
total number of particles by the classical equations of motion yields for the
classical action in Fock state representation

R, (n‘f),n(");tf,ti) = /dt {h&(t) () — H (p* (1), p(t);1)] .

t;
Analoguous to above,

A ICEDICETY

b+ Leos (00 +00) sin (00 +00) ] }

AN
)

0? 1 ,
026" 06! { l )
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Therefore, we find

K (n(f),n(i);tf,ti) -

; oA

1 : 1 86"
— (a8 Y det [ L det :
27 —2m a”l(/z) LU=2,.. L 06"

0 fy;n(f)—nl(i) [RRRE}

1 NGRS .
X exp |:th (n ,n ,tf,tl)—l—h@(tf,t,)]
(A.8)

It is important to notice that the two matrices in the prefactor have different
dimensions. The first one is a (L — 1) x (L — 1)-matrix, while the second

one is L x L dimensional. However, since 0) does not depend on Ggi), the

second one has the form
90/
L~
00

where é(z) is the vector resulting from 0% by skipping its first entry. More-
over, we can match the dimensions of the two matrices by using

~ (1) 1 0
det | —— | = det - (4)
= (i 0
<8n( ) 0 égﬁ(i)
(f) 1 0 (f)
80(1) 0 gﬁ(i) on®)

The determinant of this matrix however can be further simplified by using
Sylvester’s determinant theorem, which states that for an n x m matrix A
and an m X n matrix B

det (I, + AB) = det (I,,, + BA),

Then,

where I, is the n X n unit matrix and applying it to the right hand side of

L
1 20
on(®)

A(H\ 1
90 _895” 00 1 OT
=0) on® \ oa®

det onr) I+ U —
0 80 00
on(?) on(® 1 0




A.3. THE BASIS CHANGE FOR THE PROPAGATOR

217

With this, one can show that

f) o) 2R (a) n@:.¢, ¢,
det<1 " >:de 9" _ 4 v (00, 003ty ti)

R0 oaw  det PRGER0)

Finally, we see that the integrand in (A.8) is independent of 9§i), such that
the final result reads

1 9?Ry (n(),n®;t,t;)
(—2min) onont

K (n(f),n(i);tf,ti> = det

’y:n(i> —)n(f)

X exp {;L [Rv (n(f),n(i);tf,m) +@ (tf,ti)] } .






APPENDIX B -

The Feynman Path Integral
for Fermions using complex
variables

The starting point for the derivation of a complex path integral represen-
tation of the fermionic propagator is, c¢f. (5.1)

K (n(f), n(i);tlf,ti) =

lim [ @2Lc© / 20,0 . / Q2L (D) / A2, (D) <n(f) ‘X(M)>

M—o0
x <X<M> ‘ C(M)> {Aﬁ (¢t e HH™ |y (m)y <X<m> c(’”)>}
m=0

% <C(0)

n® >

219
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which after expanding the exponential up to first order in 7 and evaluating
the overlaps yields

K (n(f),n(i);tf,ti> =
]V}gnoo dzLC(O)/d2LX(O)/d2LC(M)/d2LX(M) [ ngl L l‘|

; i

X exp [ > (C(m)* ¢ 4 x(m)” 'X(m)>
= =1

m=0

M-—1 . L
17 m m * (m) m m m m
X{Hll_hz(h( Jelman)*y U( C( +1) C( +1)* ()

— a,B=1 )
x [ﬁ (16 xm) (1™ W)]

=1

<

The fact that for (positiv) integer j, j’
/de/d2¢exp —|¢|* + ¢*e ij9> ¢ =212, i (B.1a)
/ ¢ / @prexp (=10 = |uf +¢"n) & (1) =185, (B.1b)

where d?p = dRudS e, allows to insert these integrals such that C (m+1) and
¢ (m) appear decoupled only. For this, it is best to first of all expand the
factors of the product over the individual time steps according to

1
IT o~ [ (me1) (m—1) 1) -(m)* ~(m)* _(m—1)
m—1) ~(m)*_ (m— m— m)*_ (m— m—1
X 1_% (haﬁ L(y ) X3 +U Ca <ﬁ X3 Xgé )>
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with
(m) — : m)* ~(m)
a H(1+Xl G )
1=1
L
b =0 [T (1437¢)] St
lil * oa:Ll
™ = 6 (m — 1) [H (14 x™ c,(m))] > hs Vel
=1 ao,[[;:ﬁl
dm —
L
O(m — 1) [H (1+X[(m) Clm))] Z U((;g 1)<£(¥m)<-ém) ,(8m 1) ((lm_l)
=1 a,B=1
aF#f

and then considering one by one each factor starting with m = 0. For
m =0, (B.1a) is used in order to replace

frctenteer e fi e )

=1 =1
2T
/dQN(i)¢(O)/dN(i)e(i)/dQLC(O)e_C(O)*.C(O)_|¢<O)|2_|_¢,(0)*4H(0)
0
L oy nt
I - lH (CZ(O) ) !
=1
(L) [T ctatt)| = o
=1 1=0 (272)

with Ml(o) = nl(i) exp (i@l(i)) for all [ € {1,...,L}. Note that here, for the

initially unoccupied sites, the phases QZ(l) are arbitrary but fixed, e.g. to
Zero.

For the N = Zlel nl(i) occupied sites, the identity follows directly
from (B. 1a) While for the unoccupied ones, it is important to notice that
the term Xl Cl does vanish when integrating over ¢ (), This is because
of the properties of the Grassmann integrals (3.20) and the fact that there

is no Cl(o)* for those components, for which nl(i) =0.
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For m > 0, using (B.1b) leads to

2L 1 (m) m
o™ :/dzLuw/ WQZL oot

e [

2+¢('m) * 'l‘/(nL)

2—|u(m>

S () (o)

Jj=1

STl [ﬁ (1 +x;" @ ))]

=1

=1

2L 4(m) 2
m m ) ]I |2_] ()
bl ):/dQLM( )/ e |6 "~ |u

(m) ¥\ ( p(m=-1))7 7
S I8E cm) (“Ll)(L—l)
xS e O I 1+l

2L 1(m) ) .
cm :/du“(m)/ QZL*e_|¢(m)|2—|H(””\2+¢(’") )
Y

L
: [H (L) | 3 a g

=1 a,B=1
a#p
L—max( ,,B) 1 0o .
m 1 m) *\7? m— -1
1 clm 7(#2—)1) (¢> 1>)
=
(m) (m) *
x ( 4-max ,ﬁ)Mmax( ,B) )
L—min(c,8)— . .
2.7 m) * J m—1 J—1
x |} R e %Z = () (650)

l=L—max(a,3)+1
(14 sy

min(a,3) mln(a B)

L—1 oo

< I1 e () ()

l=L—min(c,3)+1 j=1

2Lp(m) | pmy |2 [y (m) |24 gpm)* .y (m)

L
% [H <1+X(m) ¢(7n))‘| Z U(m 1) ) gém) Xgm—l)xgmfl)

=1 aiﬁl
10 1+ <m>§: 1 ( (m) )J( <m71>)j*1
Cr—1 (= 0010 —00_15)] 20 ) L1
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m—1) i—1

It has been possible to insert the additional terms <<;5l( , since these

variables are already defined by the integrals introduced for smaller m, and
the integration over p,(m) and qb(m) selects the j = 1 term only.

Finally, for m = M, a similar argument as for m = 0 allows to restrict
the integrals over (b(M) again to those N(f) = ZzL:1 nl(f) components with

nl(f) = 1, while setting all the other components of d)(M) to zero.
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After this, the propagator reads

K (n(f),n(i);tf,ti) =

27
Jim d2LC(0)/d2LX(O)”'/dzLC(M)/dQLX(A{)/dN(z)e(i)/d2L¢(O)

0
/dzL¢(1)/d2Lu<1>m/dqus(M_n/dzLM(M_n/dZLﬂ(M)/d2N<f>¢(M)

3 [l g m) oy )y (m) o) |2 ) 2 g (m) "y ()| 4 N D)
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1 T (oo [T (M)* (M)
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M—-1T[L-1 B 1 - i
(g ey
m=0 |i=0 j=1

]75L la)-

1 o ( (m+1>*) ( <m))]’1
- 17' Z h(m) (m+1 m) H 1+ C(m+l Z
=1

Z RO ¢y G

a,B 1
a#B
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X H 1+¢ - 5
1=0 j=1 J:
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L— mm(a B)—1 . . .
mt1) =20 =1 [ myny*\7 ()} !
(1eaer S22 sy (o)
l=L— maxa6)+1 j=1 J:

(7n+1) (m+1) *
x (1 mm(a ,B)N'mm(oc B) )

21 «\ J j—1
x H (1+C‘m“) = (7Y (00m) >
l=L—min(a,B8)+1 j=1 J:

U(m) C(erl C(erl) X(m)X(m)

a,B=1
a#p

i = () (6) ] e
. L—1 L1 e D* (m
<L 1+am > {| [(1+¢m7 ’)]
=0 j

J=0r-ta—0r-1p)! et

j=1

(€2

xﬁ [1+X§m> ¢<m)]} [LHl (1+C(°) ) )} H(C(O)*)n

=1 1=0 =1



THE COMPLEX PATH INTEGRAL FOR FERMIONS 225

with ul(o) = nl(i) exp (191@).

Since the m-th factor in the product over the timesteps only depends on
¢ (m+1) and x"™, one can easily integrate out the intermediate Grassmann
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variables C(l), cees C(M) and x©, ..., x(M=1) by using

/d2L<(m+1)/dgLX(m)e_C(mH)*,C(m+1)_x<m)*.x<m>

« [L_l (1+cm+1 )] [ﬁ (1+Clm+1 l(m))]

=1

X |: ﬁ (1 +fl(m)¢l(m)>] H - (1 _ fl(m)¢lm))’

I=max(«,[)+1 I=min(«,B)+1

/dZLC(m+1)/dQLX(m)e_C(erl)*,C(erl)_X(m)*.X(m) (()ém—f—l C(m+1

XX xm [ﬁ (1 + s @)] [ﬁ <1 * Cl(mﬂ)*xl(m))]

=0 =1

L
AT(=Aol”)
l

= £ Mo gl I1 (1+ £m0f™).

l a,p
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Moreover, the integrals over ¢ ©) and xM) yield

L—-1 i)

/dgLC(O)e_C(O)*.C(O) [

NG
0*
2L () x| TT (" | T (M) (M)* _
e [ (e ) -

N

I1 45
o1 b

()| T ()’

=0 =1

After performing these integrals, one notices that the inserted integrals
have been chosen such that the resulting sums can be performed, yielding
exponentials, and finds the propagator to read

K (n(f),n(i);tf,ti) =

Jim_ d2L¢(0)/d2L¢(1)/dQLM(l)__./d2L¢(M—1)/d2LM(M—1)
2

u N M
) @) p(i m
/ 2O / 2N (M) / aVo [ T o exp{ > H¢< )

0 j=1

N @)
_ ‘ M(m)‘z L (m)] LN 1ZQZ(Z N Z LD ¢<m>}

J m=0

1

M-—1 [
m=0

1— %H(d)( ) ( (m+1)*_ gy(m) )}

X . .
N  NOLNE+2M L !
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with

HO® () =

L L
ST nButoa+ S UB it isos0a
a=1

a,,B:l
a8
L max(a7ﬁ)71
k)« . . .
+ 3 wutosexp (—phta —iios) ] (01— 2uie).
a,p=1 l=min(a,8)+1
B
Now, one can also integrate out @), ..., ) as well as ¢©) and redo the

expansion in 7 to obtain the final path integral expression,

K (n(f),n(i);tf,ti> S

2 N
. ) p(i _ )
A}gnoo ay 9()/d2L¢(1)_../d2L¢(M 1)/d2N ¢(M) H ¢l(%)
j=1 7

M 2 * _ ir m—1 * _ ,N(i) i
2 [0 P g DD D (g gl M) 5 0
e =ty

(2m) N N +(-1)L
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Semiclassical propagator for
Fermions

C.1 Derivation of the semiclassical prefactor

After the substitution qﬁl(m) = Jl(m) exp [i <9l(m) — 9%)] and integra-
1
(i)

tion over 91(11.), the propagator is given by

K (n(f), n(®; tf7tl-> =

2 o 00 - .
ONG) NP A}iinoo/dN gt / /dLJ /dL (M—1) /dLJ
0 0 /

0 (1) . gD _ plg
AN (M) dNJ(M)eXp {1 (n 0 N (M)
(27T)2N_1+(M_1)L l(f)
0
S )] | gm)* . gm=1) _ T g =1 ( pm)* o m-1)
exp Z[—\qﬁ |+ gt g - (¢ @ )} ,

(@)

where now (and in the following) Ql“)

= 0. For simplicity of writing the
initial and final phases for the nonloccupied states are also set to zero,
i.e. Gl(l) =0foralll € {1,.. L}\{ LY } as well as OZ(f) = 0 for all

N(L)
229
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le{l,...,L}\ {lgf), .. .,lg\{()f)}. When performing the stationary phase
approximation, the additional factor

N

| (M (M)
H Jl( —exp ZlogJ(f)
j=1 V¥

has to be included in the stationary phase analysis as well.
The stationary phase conditions are then found by taking the derivative

of the exponent with respect to all the Jl(m) and Ql(m) individually and are
given by

A (3 * iT 8H Cl) ©
—exp (-6 ) o) - TG 0
j J a(b Py
l;

. m—1 m) m
<¢(m—1) ir 9H (" )> o, <¢>(m+1)* ir 9H ' )> a¢l

: h 8<z§l(m) 8J(m) h a¢("”) aJl(m) -
(m—1) _ ilaH(Cl)( g,™ 4 [ gl EBH(CI)(m) o™ =
l he g a6, : W o™ ) g™
. (M—1)
1 (M) (M) (M—1y T OHD
—2,/J G | exp <19(f) +é ——WZO
700 I 1 h 5¢(<f>)
J
— | - *T =0
J(M) lj h 6¢l(f))

%)
b

with the short hand notation H(Cl)(m) = H(Cl)(m) (¢(m+1)*7¢(m)>. The

second and third equation are found for all m € {1,..., M — 1}. Keeping

in mind that qﬁl(o) = nl(z) exp (i&{”), these stationary phase conditions can
be written as

¢(M)7¢(mfl) B L op (e (m=1 <

- h ¢(m)* — —

¢(M>*_¢(mf1)* - i8H<cl)(m 1)

h 6¢(m—1) 1< <M

M) _ ()
Jin" = M-
J J
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Therefore, in the continuous limit 7 — 0, the stationary phase approxima-
tion selects the classical trajectories from n® to n(), which are defined as
the solutions of the equations of motion

. OH (D
ihe = 90" .
with
H) —
L L
> haa(t) [Ga) + D Uas(t) |6a(t)]? 10s(t)[?
a=1 a,B=1

a#B
L ) max(a,3)—1
+ 3 hap st OO TT (1= 2jai0)P)

a,B=1 l=min(a,8)+1
aB

| 2

under the boundary conditions

| (t:)|* =ny”
oy (t)[% =nt)
and (ﬁlgi) (t;) = 1.

The semiclassical propagator in Fock state representation for Fermions
is then given by a sum over these classical trajectories,

K <n(f), n(l)7 tf7 tz) = Z €xp <;ZR’Y> Klg;g’

’y:n(” —)n(f)

with the classical action

The reduced propagator is given by the remaining integrals over the fluc-
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tuations,
()
Krgd =
: 1 N—154(0) N5 7(M) N sp(M)
A/}gnoo (27T)2N1+(M1)L/d 00 dvoJ d* 6

/dL5J<1> /dee(l)-~-/dL5J(M*1)/dL50(M*1)

1 i i T
exp{_z(;g(m P (49 + ) 2" 56
1 ( 56U p (f) ) < B + p™  B{M™ 4 pi ) ( P 5000 )
92 (M) p(f) M Mm)T M M T ,
2 6J Bé )+Dé ) Bg )+D§ ) P 531
1~ (s A g B 40 pimtD
2 &~ 5J(m)

Agm) o B(m+l) A:(}m) + B§m+l)
T T m
o™ 4+ pim 03’”>+D§ ™ 03t

56 E(O) ()T (0)
56M) p(f) E§M‘” EMY 5™
T\ s300pH EM-D M- 53(m)

M=2 /1 sg(m+1) E}m) Eém) s0(m)
+ 1 §J(m+1) Eém) Eim) SJ(m)

where PU#/f) and Péi/ ) are defined in the same way as in section 5.2.2,
namely as the (N —1) x L and, respectively, N x L-matrices, which project
onto the subspace of initially and finally occupied sites, with the latter
excluding the first occupied one,

( p(i/f))jl/ :5152_ "

(Po(i/f))jl, =0,6/1)

PSS

(C.1)

For later reference, their complements P#/f) and POW 2

| P/
i/f) _
QU = ( P/ >

are also defined,
as well as
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which are the (orthogonal) matrices, which put the components corre-
sponding to initially and finally unoccupied sites, respectively to the first
L — NU/F) positions, and those correspondig to occupied sites to the last
NUG/F) positions, see (5.11).

Furthermore,

l
o [¢(m+1>* _ iTaH<Cl>(m)]
2 l m
h 8¢l( )

l

(m)*

. H(Cl) (m—1)
lznl(f g+ gD - LT

B og™
ir 9™ 2H "™ gg i

w h 39(m) 6¢l(m)¢l(,m) (%l(/m)
i ag™ g2 aqbl,

w R gp™ gp™ o 8Jl, ™)
iz g™ 2O gglm

W R g1 g™ plm aJl,’”)

(4)
(4”)
(4")
(5")
el
(5")
(e")
()
(")
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as well as

_ir9g!™ " g2HEO ™ gl

Di™) =T T
( )ll’ h 891( ) a¢§m) (bl(/m) 891(, )
(D) = 8¢<’" a?H@D(’”‘” o¢y"
w k9ot ag™ el 9.0
(Dy) = 00" O™ ) ooy
3 / m m)* m
wo h aJ( a¢l ¢§/ ) aJl(’ )
GO Pl P L
b g [T R gglm i ggm | gl
sy 00" [ ™ ] ag
( 2 )u/_ mtD) [T mr)* (m)
90! i a0 agl™ | 0y
) PO P A i i
( 3 )ll’ o (m+1) w= E (m+1 (m)
a.J; i oo™ agl™ | 00}/
(E(m)> _8¢l(m+1)* -5 B ll 82H(C1)(m) ] a‘bl(/m)
Y g e | 96D gl | 9™

These matrices have to be evaluated at the stationary points, which
means that one can use the equations of motion to simplify

(1) = (), ="

)= (B7),, =

(m)
2
(A7) = (87 =t
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With this, (C.1) can be written as

) _
K.la =

. 1 N—1¢,(0) N (M) N s (M)
A}gnwm/d 60 ./d 5J ‘/d 60

/dLéJ(l)/dLé-e(l)V”/dL(SJ(]\/I—l)/dLée(lw—l)

P i 52 gr(cl) (0) 0
exp 7160(())1:’0“) 9¢p® 78_2idiag<9(b)) ir 9 24S0l 9¢p® p(L>T66(0)
2 200 h 07 | 960

72idiag(9(1\l>)

1 ( 56 p(f) >O(M’T , (HLMMﬂ) o“‘“( pHOT 59(M) )
ir 92 H\¢

Y (M) p(f) nT M
2\ 63D p Iy, F e pHT 530
ir 82 (c) (™)
_*szl 5(m) omT | T agpm)? Is olm s6(m)
s3(m) I ir 92 () (m=1) 530
L h 6¢(m)*2
0
56 ) (1T ¢ (4)
+( @] 52 (1) (0) Ts0
a3 L = 7 5 g FrON
< 60(M)P(f) otnT 0 (M—1) ’ 0<M*1>( it )
+ i 92 (c)(M— _
5_](M>p(f) %W 0 sJM—1)
M—2 0 0
9(’") (m)T (m) {560
+ ( o ir a2 (ch(m) O
(C.2)
with

and diag (v) the diagonal d x d-matrix for which the (7, j)-th entry is equal
to vj, where d is the dimensionality of the vector v.
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The integral over 50O is given by

N—154(0) 9e(0) NEPNY 52 (e (@ O
/d LA {;59(0>P(1>8¢> {egldlag(mnaﬂ ]a¢ POT 590

(2m) N1 o 5™ hgp®® | 90"
1 T " ep™ 1)
) ( 5JM ) o ]i ir 92 (<D () o SJW
h 8¢<1)*2
(1) 0 o) )
+< 69<1) )OmT ir _92H(CD©® 6¢. Po(z)Tée(z)
0J ]IL - ﬁm 80(1)
-1
2 77(c1) (0) '
= 1N71 det [Ir — LQ exp [Qidiag (0('))]
V2r 9 (P(i)¢(0))

. (D)
1/ 56 ) wr [ EEEY o, 56
X e —= o hoapV (9(1)( ) ,
Xp{ 2 ( 6J® ﬁ () 6J®
where X is defined as
. 0
vy irPH@Y

- h aq’)(l)*Z

~1
+ (H ir 92HDY ) p)T ) ~2diag(PP0®) iT o2 (@

T 9pM7 9 | 70 S hy, (A9 ¢(0))2

PO (1, — ir o*H "
0 h 9@ ogpM”

(C.3)

It can be shown that eq. (C.3) can also be written as

) _ir°H @
h 8¢(1)*2

~1
1 - E a?H(cl) (0) X(O) L 1182H(cl) (0) X(O)
TR 0 990 PR ge0?

LT g2 H ()
x L_ﬁa(i,(o)a(p(l)* ’

YA |
X0 = RO ( exp |2idiag (F5”01) | ) R,

with
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Now, consider the integral

/.dL(U(m)/dL‘w(m>
(2m)"
1 50(m) om) T ir aQH(cl)(;n) Iy () 56(™)
i olm R g (m) o™ ( )
exp 2 ( 5J(m) > O?L () §J(m)
5(m+1D (ma1)T 0 . 0 (m) 5™
+< 5J(m+D) )O Iy ir 52 g (c1) (M) 0 O ( 53(m) )

R 8¢(m+1) *a¢(7n)

ir 92p(c) (m+1) I
1 s@(m+1) om+DT B agp(mtD? om+D) s@(m+1)
) §J(m+1) i 52 g (c1) (M) §J(m+1)

I h 8¢('m+1)*2
ir 92 ™ -1
= J{det |1 — 2672)((,")
h 9¢p(m)
< 52 pp(cl) (m+1) 1
5(m+1) (m41)T %Miz i1, L 5(m+1)
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(C.4)
with
2 77 (cl) (M)
X(m+1) _ 1T 8 H
*2
h 8¢(m+1)

. 2 (1) (M) . a2 r(cl) (M) -1
+<]IL_1T O*H )>X<m> (HL_”M()Xm))

i o™
“\ET R ggmgemtT )

For m = 1 this is exactly the integral in (C.2) after integrating out 50
and thus defines X(®). One then recognizes that after the m-th integration,
the integral is again of the form of (C.4) up to the (M — 1)-th integration.
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With this observation, the reduced propagator is given by

K(“/)

—1
N (M) Np(m) M—-1 i 92 [ (c) (™)
= lim a7 /d b H \ldet (HL—UaX(m)

M—o0 /271_1\7—1 (27T)N foers 1 a¢(m)2
. 5e(M) p(f) o(nT e—zidiag(g(m) I o P(f)T(Se(M)
o 2 6J(]\1)P(f) ]IL X(]VI) P(f)T(SJ(M)

-1

M-—1 . (m)
1 2H(cl)
= lim | I \ldet (HL — 17-8)((”1,))

M—ro0 V4 27TN_1 m=0 h 8¢(m)2

x \/ det (]IN —exp {—Qidiag (P(f)O(M)H P<f>X<M>P<f>T) 1

In the continuous limit, the discrete set of X (™ turns into a function of
time X (t), and (by expanding it up to first order in 7) is given by (5.13)
and the reduced propagator can be written in the form given in (5.12).

C.2 Simplification of the semiclassical prefactor

Using the equations of motion for o(t),

i H2H (D)
exp | o / dtTr 067 X
ti
ty ty
B 1 o i 9*H

ti t;
t 2 (e

i 0“H\¢

exp | o dtTra¢8¢* o (ti) o=t (ty)

ti
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and therefore

K
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The factor in the last line can be simplified as
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And therefore, finally
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APPENDIX D .

The bosonic transition
probability in the weak
coupling regime

D.1 Determination of the trajectory and its
action

The solution of the equations of motion Eq. (7.13) for initial conditions
R (0) = q(0/(2b) and I (0) = p(© /(2b) are obviously given by

osd

dt/[el—()'l(t,)]

ult) = o (7 + ) e " (.1)

Next, @ and p(® have to be chosen such that the solution Eq. (D.1)
satisfies the boundary conditions Eq. (7.14), which yields q(© = q® as
well as

tf tf
i 1 1
p = —¢? cot (h / dt e, — wn) + g7 ese (h / dt[e; - mn) -

0
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For simplicity of writing we now define

ty
A= / dt e — o1 (£)]. (D.3)

0

The action in (7.12) is given by

R, (qm’ q®:t f) -
t

2 [amina /dtz¢l o~ O] a(t) + 2> A,
0

\,,
~

—~
o
IS

~—

where

a(t) = 20Rp(t)  and  p(t) = 2639p(t). (D.5)

Let us first look to the first part of the action,

hpy(t)qu(t) =

(ng> {

One may note that this can also be written as

hpi(t)qi(t) = 8875 |:hpl( )ql(l) cos? (;L /dt/ ler — oy (t’)])

02 (i)? ¢
ypb 9 1 % sin (Z /dt’ e — oy (t’)})

i 2t
ql() +p(0) / / ]

t
;/dt' [el — 0 (t')] } — ql(i) sin {
0
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such that

ty

2h [ dtpi(t) - qi(t) =
/

i h 2 N2\ .
thl(o)ql( ) (cos2 A — 1) + 5 (pl(o) — ql( ) ) sin 24;

2 2
+ <q§) +p” >Al.
and therefore

R, <q(f),q(i);t f) -
L

L
" 02 ©2) .. B
722 {217[ COS2A1 - 1) + (Pl() _ql() )s]ﬂAlCOSAl] + = 5 ZAZ

(D 8)

Plugging in (D.2) one finally finds the action to be

) (D.9)
L D.9

ZL: ( q(i)2+q(f)2 cos Ay —i—EZAl
4b2 sin A; 24 ! ! 2 '

=1

D.2 Transformation to Fock states

In order to perform the integrations involved in the basis transform, one
first has to determine the exact dependence of the hopping on the initial
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and final quadratures. Evaluating the time integral over the hopping yields

JRELORT0)

ti

T LS /dt(

i }:lfdt/[el—el/—O'Z(t/)-i-O'l/(t,)]
mgm) <ql(/) +1Pz(/0)) i
Ly

= fdt/[el—el/—O'l(t,)-‘rO'l/(t/)]
= Ju//dte b
62 Z
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—i(l1—icot Ay/) 1 (f)
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:_ZJll’/ :

I 4b2 sin Al sin Al’
(1) i(Ay—A) =i (4)
ql ( e\l (S > ql/
X iAy (D.10)

With this the effective propagator in quadrature representation with the
hopping included via semiclassical perturbation theory can be written as

, ; (i) A -
D q®.t,) = expd = [ 4 cot sin 1
Ko (q d Jf) eXP{4bz ( q) ) [( ——1. cotA )
1 (sinA) e A 0 JCef) - gef)
A 0 (sin A)~! JE) g (eff
y ( (sin A)~'eid 0

i 5 e
0 )] <25f1 )} v

(D.11)
Vdet 4b%im sin A

where A is the diagonal matrix with entries A,

Ay

Ay
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and the effective hopping matrix J©) with entries

t St
(eff) ' & [dt[eg—ep—op (t)+or(t))]
Jll’ - _Jll//dte K ‘
t;

With this expression for the effective propagator, one can perform the basis
transform from the quadrature to the number representation. However it
turns out to be easier not to go to the number representation directly but
to make a detour over coherent states.

D.2.1 The coherent state propagator for weak hopping
For the basis change one needs the overlap between a coherent state

and a quadrature eigenstate, which is given by Eq. (3.19). This yields the
effective propagator in coherent state representation,

K, (¢f,¢<i>;tf) - /dzqm /dzqm (6D 1a D) Ky (q(f)7q(i>;tf> (@)

1 __1
()
\/det § sin Ae—i4 sin A o
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2

p|" | (H*2 402 ;

% _ _ ¢ ¢ I oM 1—i cot A — 2
P 2 2 2 2 PON S eotA
L1 ma)ytem 0 Jen et (sin A)~"e 0 -

0 (sin A)~! —J(ef) J (et 0 (sin A)~1

3
()
(g )}

[N

Doing the semiclassical perturbation theory on the level of the coherent
state propagator now corresponds to setting J(©) = 0 in the prefactor and
expanding the exponent up to first order in Jf). For the expansion of the
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exponent we will need

( 1—icotA i(sinA)”" >_1 (D.12)
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Therefore the effective single-particle propagator in coherent state repre-
sentation is approximately given by

(D.13)

Al N L T Y
KU<¢(f)7¢(f);tf>:e_T_T+¢ (=g T )Y (D 1g)

D.2.2  The propagator for weak hopping in number representation

Now the stage is open to transform from coherent states to number
eigenstates:

K, <n(f)’n(i);t f> .

1 . . N
L / a2 p(0) / @6 (D) Ky (910, 601, ) (6 n?)

Using the overlap between a coherent state and a number eigenstate

" o2
(n|g) = Jae (D.15)

ff)

redefining J ](]e = ih and transforming to radial coordinates gives for the

integral over ¢§f )

o] 2 (f) £
+1 mJ » TQ_Lre,iwe—iAjJ(eﬂ)gﬁ(i)
dr dgp e h jao Ve
0

0 \/j'
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One may then substitute e™'¥ = 2 wich replaces the integral over ¢ by
an integral over the unit circle (however counter clock wise) in the complex
plain. The integration can then be done using Residue calculus and yields

)
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CONE

By using the multinomial theorem and again using radial coordinates for
the integration over the initial coherent states one gets
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APPENDIX

Derivation of the propagator
for open systems

First of all one needs to derive a propagator, which allows even for an exact
treatment of the leads, while the scattering region is taken into account
semiclassically. One can show (see Appendix E) that such a propagator is
given by

E(60,60:00) = (90| Kty t)

¢(i)> —

A

T exp {;L / ds [ﬁ@(s) 7% / dral 1 (s)U (s, 1)C(r)a

ti t;

(E.1)

In this case, the leads are projected to coherent states, which here are
defined such that the overlap between two coherent states is given by

2 712
<¢}¢,>:exp[_w;|_|¢2 cool.
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In (E.1), U(t, s) is the classical free propagator within the field, and

KW (¢, ¢0;t,t,) = exp |- + VUt 1)

(E.2)
is the exact quantum mechanical propagator within the leads in coherent
state representation.

This leads to the intuitive path integral representation in quadratures,

K (q(f)vq(i);¢(f)7¢(i);s7ti) _ E<q(f)‘ K (¢(f)’¢(i);57ti) ‘q(i)>5 =
A ML QL g(m) gL p(m) Lp(M)
KW <¢(f)’¢(z);s,ti) J\/}lgloo/ (nl;[l d (](47T:2)ZL) )/?4:()2%

T < 2hp (™) (@™ =gt Y) _HE ()4
exp§ gz D 2hP . P b,
m=1

26D U (¢, 1) C ()™ — 2606 CT (£0)U (£, 1)
7S Z (tm,mcmw(’)] }
B (E.3)

with q© = q®, g™ = q), 7 = (s — t;)/M, t,, = t; + m7 and P =
q™ Y + ip(™). Here the final time in the propagator has been changed
to be s instead of t, since the differential equation has to be solved at any
time and not just at time ¢. Hence, when taking the time derivative, one
must not take the derivative of U(t,t,,).

The easiest way to show that (E.3) is really the correct path integral
representation in quadrature representation is to show that it solves the
defining equation

WO R (1,1) = B (1) K (1,1,
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which in quadrature representation reads

'6K( l>¢ o) stl-)

/ dfii / (a0 |aw]a) fu), Y
<u\< Knt)]d?) [99),

By taking the derivative of (E.3) with respect to s while taking into
account that the first term in the exponential does not depend on time at
all, as well as replacing

(47b2)?

(@®p®) (p*)|qk=1)y

and utilizing

/quq> (q=1= /de!p> (pl,

where 1 is the unity operator, one can easily verify that (E.3) satisfies
(E.4).

E.1 Splitting off the leads

The aim of this section is, to derive the propagator for the full system,
given by the solution of

K (t,t;)

= HOK(t,
5 () K(t,t:),

ih

which allows for an exact treatment of the leads by projecting them to
coherent states. For the non-interacting system, the semiclassical approxi-
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mation to the propagator is exact and reads
KW (¢(f)’ oD ¢, ti) —

2
o o o] corvame® ] P

where ¢(f ) and qb(i) are complex vectors representing the coherent states
in the leads. Note that here the coherent states are defined such that

2 N2
A<¢(f)’¢(i)>A — exp _‘(p:)‘ _ ‘d);) TPSCAMPAC

With the ansatz A ) o

K(t,t;) = KM, 1) KS) (¢, 1), (E.6)
the differential equation for the effective propagator of the scattering system
including the coupling to the leads is given by

8K( )(t,t;)

S = AOMRO (1) + RO (46O KN (1, 1) K (1,1,).

(E.7)

K® may be replaced by a complex number, by projecting the leads onto
coherent states, which will define

K@ (oW, 0.1, 1) = A<¢(f)‘ KO, 1) ‘¢<i>>A

To this end one has to plug (E.5) into (E.7), project the result within the
leads onto coherent states and insert unity operators in terms of coherent
states between every pair of neighboring operators acting on the leads.
Since the Hamiltonian of the scattering system H® (t) does not act on the
leads, the only term, which has to be examined more closely, is the coupling
term:

(D] KW @) CORD (1) RO (1, 1) [¢0) =

d?an Q2P APEAY wl? mP e T A oa
[ [ [t
CKW* ( ¢(f)tt)K(A)(H,,,ttl) ( oW ¢ )
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Performing the integrals yields
(o] KO (1) EOED 1) KO (1.t

o),
_ / d;LLAAV [d,(f)*UT(t,ti)C(t)é—s—éTCT(t)U(t,ti)l/]
‘¢(f)‘

_ N* o (5) (1). 4 .
X exp 2 —+9 K (v,¢9;1,1;)

d2?bay *
:/ - [d)(f) UT(t,ti)C(t)é+QTCT(t)U(t,ti)u}
v A<¢(f) ‘ ,,>AK(E> (,,, o1, ti)

With this the equation for the effective propagator of the scattering system
with the leads projected to coherent states finally reads

0 JE) W;’ $:t.1;) ~ APORE (6, 60:1.0)

Ly
+ / &y [qs(f)*zﬂ(t, ti)C(t)a+afof(t)U(t,ti)u}

mla
. A<¢(f) }“>AK(E) (u, ¢(i);t’ti> '

(E.8)

E.2 The full propagator

Computing the first terms of the Dyson series suggests that the solution
of (E8) reads

j7E (¢(f) oD ¢ tz) —

T exp {;L /ds [I:I(E)(s) - ;/draTCT( YU (s,r)C(r)a
90U (s, 1)C(5)a +a*c*<s>U<s,ti>¢<”] } o]0,
(E.9)

The first term in the exponential corresponds to the usual propagation
within the (isolated) scattering region. The second and third term account
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for losses due to particles leaving into the leads and never returning during
the rest of the propagation and gains due to particles entering through the
leads and staying in the scattering region, respectively. Finally the last
term accounts for particles having entered one lead at time r but entering
the scattering region again at time t. Showing that (E.9) indeed solves
(E.8) may be done by utilizing the Dyson equation induced by (E.9),

j4E (¢(f)7¢(i);t7ti> _
A<¢(f) ‘ ¢<z‘>>A { K <¢(f)7 o1, ti)

t s
1 i . )
—ThQ/ds/drlC <¢(f),¢(z);t, 5) a'cT(s)U(s,r)C(r)a
t

(E.10)

where

t
K (¢, 00t ts) =T exp{ : / - [H ®(s) + oD U (5. 1)C(s)at
tz

ﬁ .
éTCT(s)U(s,ti)d)(i)] }

Taking the time-derivative of (E.10) then shows that (E.9) is the solution
of

N OK® (¢(f)7 .1, ti) )

ot
(AE (1) + ¢V U@ 1) Cma +a T OU L 1o KO (69,0 1,1:)
t (= ;
. o ‘ K® (¢, 05 ¢,
- l/dséTCT(t)U(t,s)K(:) (qb(f),q,’)(z);t,s) C(s)a ( | )
h <¢(f) ‘ ¢<z)>
ti A A
(E.11)
Thus showing that (E.9) solves (E.8) boils down to showing that (E.8)

corresponds to (E.11), which can be done for instance by expanding (E.9)
in powers of & and a' by means of a Dyson series.
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Thus, the propagator of the complete system with the leads projected
to coherent states one finally is indeed given by (E.1).

E.3 Getting real actions and stationary phase
approximation

Starting from the path-integral representation (E.3) and projecting the
leads to quadratures as well, using the overlap

(91Q) =

2 2 )2
exp [—Mg - (;% - ¢*) + (¢2) ] . (E.12)

1
Vbv2r

Therefore, the propagator with the leads also given in quadrature repre-
sentation reads

K (a,a5Q®,QMs1,t;) =

d2LA¢(f) d2LA¢(i) exp <— ‘Qb(f)r - )¢
/ 7la / mLa (\/%b) La

) ()2 (1) A
- (Q ¢(f)> A (Q% - ¢<z)d + 2

z)>
exp 5 ]
lim qu(l).../qu(N—l)/ de(l) . /dL (N)
N—oo (4 b2) (47Tb2)
(k-1)
k) -q ) = k).
ex p{4b2h > [2hp( _H® (w( ),tk)

tkw(’“ — 2O O (1)U (14, 1)

dU(t,t
i MOt (b + kr)U (b, ) Ot + 17)¢<l>] }
- (E.13)
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yields after performing the integrations

K (a,a?:Q®,QW;t,1) =

: QW UvOur) @ QW
exXp _4b2< Q(Q) > _U(i)T U(T)U(z) < Q(Q) >
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(47b2) (47b?)
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-1

o

27

* AT
+2093 [W) cf(tk)UT(t,tkﬂ U

Q) [UT(tl,ti)C(tl)tb(”}] } :
(E.14)

=1

where U) = R[U(t,t;)] and U = S [U(t,t;)]. The second line is again
the free propagator of the isolated leads. Note that terms which will vanish
in the limit N — oo are already neglected.

Evaluatig the path integral in stationary phase approximation yields
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the equations of motion

N
+ %% CT (tr)U* (e, t:) U ZU(tf,mO(tz)w”] (E.15)
L =1
- r Tk:—l
i Cl(te) U (ts, tx)UD ZUT(tl,tz)C(tzW(l)]
L =1
— %?R cT (tk U* tk, Z U* tfatl )¢(Z)]
L I=k+1

() (k).
0= (a0 -at ) - = apgjn’tk)

+ 23 [iICT () U* (s, 1) UV QP
=93 [iICT (t) U (¢, 1)) UD T QW

+ %8‘% ICT (t)U* (t, t ﬁ;U tr,t))C U] (E.16)
r Thid

+ 3R iCT(te)UT (g, 1)U " U (#y,t; (l)]
) - lNl

— 2R [iCT (U (tes lzk;q U*(ty, t1)C* ()" )]

Recognizing that i (ia) + S (a) = iR (a) + S (a) = ia*, iR (ia) + R (a) =
—iS (a) + R(a) = a*, 1S (ia) — F(a) = ia and iR (ia) — R (a) = —a, as well
as defining ¥ = (q(k) + ip(k)) /(2b), the equations of motion can after
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taking the limit N — oo be written as
ihe(s) =

OH®E) (9(s); 5)
P*(s)

. tf
UG, U / drS [U(t7,1)C(r)(r)]

ti

— 5 CH U (s t)U QP + O ()0 (25,50

Q(l)

S

_h(jT(S)/drU(s,T)C(TW(T‘)-

ti



APPENDIX

Loop contributions

In this appendix, the derivation of the loop contributions will be briefly
reviewed following mostly references [32, 33, 37, 250, 252, 253] and adopted
to the van-Vleck propagator in Fock space. It will also be illustrated, how
the effective Planck’s constant 1/N enters these contributions.

These contributions arise from trajectories, which at some time come
close to themselves or their time reverse. The region in phase space, where
this happens is called encounter region, while the remaining parts of the

TN

encounters
QA fl/—

-5 7T T T X / 7
/% - ~\> N >\—\ \’{‘/
(encounter-) ——> ([~ ~ O /j:g_\?;:

~ =
stretches _ ———_ «— = <~ ) W e _ »

— <« ~
P

- N\

Yz’

~
<
~

<

=

Figure F.1: A trajectory pair consisting of one two- and one three-
encounter. The encounter regions are marked by dashed circles. The re-
maining parts of the trajectory pair are called “links”.
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trajectories are called links (see also Fig. F.1). Their partner trajectories
follow them or their time reverse outside the encounter regions. In such
a region, a trajectory and its partner trajectory connect different links.
These encounter contributions are also called loop contributions, since if
a link starts and ends at the same encounter, the trajectory looks like a
loop. However, note that the loops are never closed in phase space, since
a trajectory can not cross itself in phase space. For later reference, the
parts of the trajectory lying inside the encounter region will be denoted as
(encounter-) stretches. Later on it will be discussed in more detail, how to
define the borders of an encounter region.

Before starting, there are two comments, which should be noted. First,
the trajectories may differ in several such encounter regions, and second,
due to the abstract way of presentation, without further discussing the
nature of the time reversal operation, the derivations presented here are
valid for all symmetry classes GUE, GOE and GSE.

The discussion will start with two-leg-loops, since one-leg-loops can be
considered as two-leg-loops, for which the encounter region is shifted to the
start or end of the trajectory.

F.1 Two-leg-loops
F.1.1 Phase-space geometry

First of all consider the trajectory v and label its links in the order of
traversal, such that the stretch, in which - starts is the first one, while the
one where it ends is the (O + 1)-th stretch, where O +1 is the total number
of links.

For this trajectory, define the phase space coordinates
x=(J,0) (F.1)

with Jj = |’l7Z)j|2, 9]' = arg (LZJ])

The next step would be placing a Poincaré surface of section (PSS) P
orthogonal to 7 at an arbitrary phase space point X, 1 of the trajectory
within each encounter region separating the links [32, 33]. Here, « labels
the encounter, while the subscript 1 indicates that it is placed along the
first traversal of the encounter region.

However, here not only the total energy but also the number of particles
is conserved, which leads to the integrability of the 2-site Bose-Hubbard
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model and the fact that the trajectory v lives on a 2L — 2-dimensional
manifold within the phase space, rather than a 2L — 1-dimensional one.
Therefore, P would be a 2L — 3-dimensional manifold, which means that
there are not as many stable as unstable directions. In the derivation of
the loop contributions, however, it is important that the number of stable
and unstable manifolds are the same.

Thus, one also has to take advantage of the gauge invariance of %,
i.e. the fact that, if 1(f) is a solution of the equations of motion, then
1) = e'%1) is also a solution. This implies that the only information of the
phases of the trajectory one needs, are the differences between the phases.
Thus, the reduced phase space coordinates can be defined by

Ji Jr
=—,....,=—=,00—064,...,0 — 0 F.2
X <N’ 7N7 2 1, s UL 1>7 ( )

which then can be used to define the reduced Poincaré surface of section
(RPSS) Pr, which in turn is then 2L —4 dimensional with L — 2 stable and
unstable directions. Note that the amplitudes of 1 have also been devided
by the total number of particles, in order to have the effective Planck’s
constant heg = 1/N appearing explicitly in the expression of the action
difference later on.

It should be noted that the idea to use constants of motion in order to
further reduce the dimensionality of a Poincaré surface of section is not a
new one [300]. Furthermore, the definition of the phase space variables in
terms of phase differences rather than absolute phases corresponds to an
additional projection of the Poincaré surface of section, such as has been
frequently used in order to visualize them [300-311].

Within each encounter «, such a RPSS is then placed at an arbitrary
phase space point x,,1 of v perpendicular to the trajectory and will be

denoted as Pﬁa). The time, at which the trajectory pierces through the
a-th RPSS for the first time will be denoted as t,,1. The trajectory then
pierces again through Pr(a) at times t,; at the phase space point X, ;,
where the sequential index j runs from 2 to o,, which is the number of
traversals of the a-th encounter. An encounter will be denoted according
to the number of its traversal as o,-encounter.

Next, depending on whether x, ; or Tx, ; is close to x,,1, where T
denotes the classical time reversal operation, the (small) phase space dif-
ferences X j —Xq,1 Or TXq,j; —Xq,1 is decomposed into stable and unstable
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directions,
L—2

(T)Xa’j — Xa,1 = Z (‘gl(a’j)ef + al(oz,j)e;i> 7 (F.3)

=1

where (7)xq,1 is either x, if the stretches are traversed in the same direc-
tion, or 7x else. The vectors e; and e;' are the unit vectors along the stable
and unstable directions and satisfy

e}‘/\efze}‘-( 0 1>e;:1 (F.4)
-1 0

Now the encounter regions can be defined more precisely. As already stated,
each RPSS has to be placed within the corresponding encounter region.
Furthermore, the phase space differences (F.3) have to be small, i.e. the
stable and unstable coordinates have to satisfy,

)

ﬂl(“’j)’ <ec (F.5)

Here c is an arbitrary constant, which is small enough to allow linearization
of the motion, but still large compared to the effective Planck’s constant
1/N. The borders of the encounter region are then defined such that the
phase space separations of all stretches are smaller than this classical con-
stant.

Due to exponential behavior of stable and unstable coordinates, the
time the trajectory needs from entering the a-th encounter region to pierc-
ing through Pﬁa) for the first time is approximately given by

1
+@ ~ Zmin | In L
' 04,])‘

F.
S >\ l,] gl( ? ( 6)

with A\ being the largest Lyapunov exponent. Likewise the time, the tra-
jectory spends inside the encounter after traversing x, 1 is estimated by

1 c
£ ~ Zmin | In — | . F.
ERN i ] (.7
1
Note that in Eqns. (F.6) and (F.7) as well as in the following, the minimum
is taken with respect to both the dimensional and the sequential indexes

le{l,...,L—2}and j €{2,...,04}.
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The total time the trajectory needs in order to traverse the a-th en-
counter, which is also called the encounter time, is given by the sum of
these two times,

£80) = (@) 4 ¢, (F.8)

enc

F.1.2 Partner trajectory

Let’s now turn towards the partner trajectory ', which pierces through
Pﬁa) at time ¢, ; in the reduced phase space point x/, i Its j-th stretch
switches within the encounter from following the (time reverse of the) k-th
to the (time reverse of the) k’-th stretch of ~.

The differences between the piercing points of the partner trajectory
can be decomposed again into stable and unstable coordinates §,(f’] )/, ﬂ,(f’j y
according to (F.3). Since the stable (unstable) coordinates deviate expo-
nentially when evolving the trajectory backward (forward) in time, the
stable and unstable coordinates have to satisfy the relations

é(auj)/ :g(a,k) (Fg)
a9 =gk, (F.10)

F.1.8 FEzistence

The proof of the existence of the loops for the mean field dynamics
follows exactly the same lines as for first quantized systems in Ref. [35],
except that the phase space points have to be replaced by the reduced
ones, (F.2). The proof starts with periodic orbits, for which the existence
is shown by linearizing the motion along each loop of 7/ around ~.

The linearized motion relates the difference x|, ; — X k() With x;, ; 1 —
Xa,k'(j—1) if the j-th link of ~" follows ~y, while it establishes a connection
between x;, ; =T Xq k(j) and X;, ;1 —TXq p(j—1), if the j-th link of o/ follows
T+. Here, k(j) denotes the stretch of +, along which the j-th stretch of
enters the encounter, while £/(j) is the one along which it exits.

This yields a set of O linear equations, which uniquely define the O
phase space coordinates of the partner trajectory +' as functions of the
phase space coordinates of . The solution to these equations is given by
Eqns. (F.9,F.10) [33].

Finally, note that it turns out that the links have to be non-vanishing,
which will be of importance later on.
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Figure F.2: Periodic orbit with a three-encounter. In this example, the
first stretch of the partner trajectory 4/ connects the first with second one
of ~y, the second stretch of 7/ switches from the first to the third one of
and the third stretch of 7/ enters along the time reverse of the second one
of v and exits along its third one.

le— 1 1 11 1
e— o9 2:><:2 2 9
3 3

W DN =
W N —
W N —
W N =
W N =
W DN =
W DN =
=N =

Figure F.3: Creation of a three- (top) and four-encounter (bottom) by
reconnecting the initially parallel stretches.

In order to translate the loop contributions to non-periodic orbits, the
set of trajectories is assumed to arise from cutting a periodic one into
several pieces and using the same argumentation as sketched above.

F.1.4 Action difference

Apart from the encounter regions the links of the trajectory pairs closely
follow each other yielding a vanishing (in the limit heg — 0) action differ-
ence. The only non-vanishing action differences occur in the encounter
regions. The total action difference is thus the sum over the action differ-
ences of each encounter. Therefore, in this section, it is sufficient to only
consider the case of one single o-encounter.
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In order to compute the action difference of such an encounter, it is best
to start from the diagonal case, where the j-th stretch of 4/ just follows the
j-th stretch of v and successively reconnecting entrances and exits of v by
+'. Examples of how to generate a 3 and 4-encounter by these reconnections
is shown in Fig. F.3 By transforming from the phase space coordinates
51(5 ) (] ) to s(] ) ugg ), which are the stable and unstable coordinates after
the j- th reconnection, the action difference can be written as a sum over

action differences of two-encounters [33],
o—1
R =%" ARV, (F.11)
i=1

where ARSQ) is the action difference of the 2-encounter corresponding to
the j-th reconnection. Note that this coordinate transformation is linear
and volume preserving [33].

Therefore, it is enough to consider the action difference AR® of a two-
encounter. Since the energies are the same for both trajectories, the action
difference between the first stretch of v to x; and 4/ to x| is given by the

contour integral
X1

ARlzh/dJ‘O.

!
X1

When choosing the contour of the integration to lie in the RPSS, the un-
stable directions can be chosen such that the contour coincides with one of
the stable directions.

Repeating the same reasoning for the remaining parts of the encounter,
gives the action difference as a contour integral over a closed loop, AR®?) =
h$dJ - 0 along a parallelogram x; — x; — (T)xy — (T)x2 — xI,
spanned by x; — x; = ue" and Tx5) — x; = se’. Note that here the
stable and unstable directions are chosen such that only one stable and
unstable component of the expansion (F.3) is non-zero. Thus, due to nor-
malization, Eq. (F.4), the action difference of a 2-encounter is given by
AR® = BNue" A se® = hNsu, which can be formulated independent of
the choice of the stable and unstable directions as AR = ANs-u. The
additional factor given by the total number of particles arises due to the
definition of the reduced phase space coordinates (F.2).

Finally, the action difference of an o-encounter is given by

hNZ (4) (J )
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Note that the action difference is independent of the position of the RPSS
[32]. Furthermore, it can be shown that the Maslov indices of the involved
trajectories are equal [38].

F.1.5 Density of encounters

As already indicated in section F.1.3, the above considerations also
include a whole series of encounters. Therefore, it is convenient to define a
vector v whose components v, are the number of o-encounters. The total
number of encounters can thus be written as Nenc = Y, v,. Moreover,
O =3, ov, is the total number of encounter stretches.

Note that in the case of several encounters, there is one RPSS Pﬁa)

for each encounter o = 1,..., Nepe, which is traversed by « at times ¢, j,
j=1,...,0, and the a-th encounter is characterized by (L — 2)(0, — 1)
stable and unstable coordinates sl(a’J), ul(a’j), l=1,...,L—-2,7=2,...,0q.

In the following, the derivation of the density wg? i (s,u) of phase-space

separations s, u for two-leg-loop trajectories with evolution time 71" will be
adopted to the case at hand. Here,

S —= (8(172)’ . ’S(N€"C1ONenc)>

is the vector containing all stable coordinates. Likewise u is the vector
containing all unstable coordinates. To make sure that each encounter is
counted exactly once, one has to demand that

/ d(L—2)(O—Nenc)Sd(L_Q)(O_Ne"C)uwg—,Qll) (S7 u)

—C

<[] s (A Ro — hNs(9) . u(a,n)

,j

yields the density of encounters sets in a trajectory - leading to trajectory
pairs (v,7) with a given structure and an action difference of the a-th
encounter given by AR,,.

wg? D (s,u) should be understood as a quantity averaged over the ensem-
ble of all trajectories v with duration T" and weighted by the semiclassical
amplitude |A7|2-

Now assume that every RPSS and all times t,; are fixed. Due to

ergodicity, the probability of piercing through 797(&) again in a time interval
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[ta,j>ta,; + dta,j] with stable and unstable coordinates in the set

L-2
® ([gl(a:]), §l(a’.7) _|_ dgl(a:])] ® [le(a’]), 'I:Ll(aﬂ) + d,&l(avj)])
=1

is given by d—23(e)dl=2q(e)dt, i /Qn(E,), where

Qy(E) = /d%a (01)0 ( Zwm + )5[H<w*,w>—E1

is the reduced phase space volume and E, is the energy of the trajectory
7. Since the overall transformation (8,1) — (s,u) is volume preserving,
the same uniform probability holds for (s, u).

Therefore the number

pr(s,u, t)d(LJ)(OfNW)Sd(sz)(ome)udo,Nmt
of sets of O — Ney piercings through the sections P, « = 1, ..., Nep. occur-

ing in time intervals [t, j,tq,; + dta ;] with stable and unstable coordinates
in the set

L—2
® ([5]({; ) (a’]) + dS( 7])] ® [u](ga’])yul(ca’]) + dul(cavj)])
k=1

can be determined. However, one has to keep in mind that the links shall
not vanish. Therefore, a suitable characteristic function O7(s, u,t) has to
be employed, which is equal to 1 for non-vanishing links, and 0 otherwise.
Thus o ( 9
T8, 1,

pr(s,u,t) = 0 Newe
Finally, the density of phase space separations is given by integrating over
the piercing times ¢4, j = 2,...,04, as well as over the positions of the
reduced Poincaré sections. However, this integration counts each encounter

for a time tgn)c, such that w(M) (s,u) has to be devided by this time,

(211) _ 1 o
wy(s,u) = Q%N‘Mntg%)c/d tO(s,u,t). (F.12)

By substituting ¢; = ¢; + tj—1, the characteristic functlon © (s,u,t) yields
the integration limits 0 < ¢; < ... <to <T — Y, 0at%,, and w2” (s,u) is
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given by
T-% oato
1 %O ! to to
w%p”(s,u) = O—N— / dto/dto_l c /dtl
QN e H t?nc 0 0 0
e

(F.13)
(T = 3 0atlsh)0

010 Nene TT#l0)

Note that the last step, where the time integrals have been performed, can
only be done, if the contribution of the trajectory pair does not depend on
the propagation times explicitly.

With this, the average number P)/(AR)dAR of partners differing from -y
in vy l-encounters, with an action difference in the interval [AR, AR+dAR)]
can be determined. In order to take into account all possibilities, one has
to sum over all structures related to v and integrate over all phase-space
separations s, u leading to the same overall action difference AR = AlNs-u.
One obtains

Py oy(AR)AAR = dARN(v) / dE=2(ONene) 54 (L=2)(O=Nenc)y,
(AR — hNs - u)wg?ll)(s, u),

where N (v) is the number of structures related to v.
For a given trajectory -y, the sum over partner trajectories can finally
on disorder average be replaced according to

d oo Z/dARP}’,QH(AR)
! v

This replacement is possible, since the difference in the semiclassical am-
plitudes A, and A,/ of the partner trajectories can be neglected.

F.2 One-leg-loops

For the discussion of one-leg-loops we will mainly Refs. [250, 252, 253].
Since a one-leg-loop, which ends in an encounter gives the same contri-
bution as one which starts in an encounter, it is sufficient to consider only
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the starting point to lie within an encounter region. The fact that both
cases give the same contribution can be seen very easily, by noticing that
they are related by just exchanging s and u, which appear symmetrically
in the expressions for the action difference and the density of encounters.

In order to evaluate these contributions, consider a RPSS within the
first encounter at time

t < 1min hlL ,
A i )Sl(l,j)‘

such that the encounter time is given by t,(ancl) =t +t, In order to
include every contribution, one has to integrate over all possible ¢'. Thus
the density of encounters has to be modified to be given by

(11)

wy(s,u) =
o 1 _c_
T—Za: Oatgn)c to s X mjln <ln ‘Sj ’>
1
L o E[ benc 0 0 0 0
(F.14)

Note that this does mnot include the case that both end points are very
close to each other and therefore lie in the same encounter, i.e. coherent
backscattering contributions.

Apart from the changed density of encounters, which also brings along
different dependencies on the stable and unstable coordinates, the further
evaluation of one-leg-loops is the same as the one for two-leg-loops. Usually,
it is reasonable to make a change of variables

t//—t/—i—l 3 1 ¢ _ ¢ R P
= )\mm n—, uj; = , sj =cxjoj |,
J |y

with integration domains

“l<zj<1, 1<ogj<e 0<t”<1mjn<ln1>,
A ;]
in order to evaluate the resulting integrations over stable and unstable
coordinates.
When summing over all possible encounter structures with a one-leg-
loop, one also has to account for the fact that each encounter stretch can
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be chosen to contain the starting point of the trajectory. Therefore, an
additional sum over the number o7 of stretches of the first encounter has
to be inserted, where each term has to be weighted by the number v,, of
such encounters. However, this sum is also included in the total number of
encounter structures, N (v). In order to compensate this double counting,
one also has to divide by O, such that finally the number of partners for a
one-leg-loop is given by

PT lll(AR)dAR dAR ZO Uol/ L 2)( enc)sd(L 2)(0 enc)u

(AR — hNs - u)w(Tl”)(s, u).



APPENDIX

Hubbard-Stratonovich
transformation

For the derivation of the van-Vleck propagator we will use a Hubbard-
Stratonovich transformation in intermediate steps. Therefore we would
like to introduce it very briefly.

The Hubbard-Stratonovich transformation is based on Gaussian or Fres-
nel integrals and it is used to decouple fourth-order terms in an exponential.
Suppose we have an exponential e*¥*¥* where y and x do not neccessar-
ily commute (later we will need the case that y is a creation and = an
annihilation operator). This exponential can be written as

/ dUeBUQHﬁ \/%ny

[ doebo?

—ayryr _

which can be checked by shifting 0 — o0 — y/a/Byx in the numerator:

2
/ dae’802+25\/%ayx - / doeﬁ<a+\/%yx) T _ gmayeye / doePo’

Now lets have a look at what happens in higher dimensions. First we
consider the case that the exponent on the left hand side is of the form
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YaTaAapsysrs, where a sum over multiply occuring greek indices is implicit.
Then the transformation is

f do_eﬁJA’ lo4+28 3 TnYnTn

e_aynznAwyuru —

f do-eBUA* lo

where now o is a vector and A~ is the inverse of A, or more generally A~!
is defined by (A_l)ja Aak = 0jk, where d;; is the Kronecker delta. In this

case the shift o; — 0; — \/a/BA;ynxy, shows the identity of the left and
the right hand side.

However this not yet includes the most general case of a fourth order
term, which would be z,7544,3,57,75. Here we will only consider the
case that Altlmn = Apnrr and Apimn = Aikmn = Aginm. In this case
the integration no longer runs over (real or complex) numbers but over
(hermitian) matrices and one possible form of the Hubbard Stratonovich

transformation in this case is

f daeﬁgM (AA )“/néum’“—ﬂﬁ\/%gwyvxé

efay"/xn A'yénuytswﬂ —

I doePoev (A7) 45,000

where (A_l) Kl is chosen such that
-1 _1
(A7) pars Aamsn = Aakst (A7) 4gn = OkmOin.

To prove this case one has to shift oy — o — /a/BAkysY~Ts.
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