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1 Introduction

Wave interference and the semiclassical theory

The formation of waves is an omnipresent feature found in nature, taking place in a
variety of scenarios and length scales. Waves in water are observable in any amount
of the liquid, from glasses of water up to the ocean. The humans hearing relies on
capturing acoustic waves with the ears. Applications of electromagnetic waves are found
in numerous fields, such as in communication, in imaging, and in the manipulation of
matter. Finally, one of the fundamental axioms underlying the quantum theory is that
of particle-wave duality, i.e. particles behave as waves and waves admit a description in
terms of particles.

For the study of waves one in general employs a suitable theory describing in an
efficient way their formation and propagation in the system of interest. For instance, we
have Maxwell equations for classical electromagnetic waves or the Schrodinger equation
for non-relativistic quantum mechanical systems. They all have in common that they
comprise the interference of waves, leading to a lot of interesting phenomena such as the
formation of standing stationary solutions. Within the quantum theory, such solutions,
for instance, are what yield orbitals of an atom.

As one might imagine, using the wave equations becomes more cumbersome and even
impossible if the scales of the system, such as its diameter, are many orders of magnitude
larger than the wavelength or other scales provided by the wave. This raises the need
for effective theories, and their derivation relies on an analysis of the wave equation in
a formal limit of “Acg — 07, where an effective Planck’s constant heg is used as a small
parameter comprising the relation of scales between the wave and the system. In case of
a single-particle wave described by the Schrodinger equation, this parameter is related
to Planck’s constant, heg o h, and the according limit is found to be the classical limit
governed by the Hamilton’s equations of motion. The theory responsible for drawing
the connection between classical and quantum physics is known as semiclassical theory
[1, 2], and not only explains the emergence of classical dynamics from the quantum
description, but also provides means to treat wave interference in quantum systems in
the semiclassical limit “heg < 17, for which a purely classical description is not yet
sufficient.

The semiclassical theory relates the description of the quantum system to the dy-
namics found in its corresponding classical limit. Its basic method is to take classical
paths, i.e. solutions of the Hamilton’s equations of motion, and associate them with a
weighting amplitude and with a phase accumulated along. Interference phenomena as
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a consequence of the quantum nature of the systems are in the semiclassical formal-
ism captured through the interference of contributions of multiple paths sharing the
same boundary conditions. This way, the semiclassical theory goes beyond the purely
classical description of the system, and even more, the picture of “interfering classical
paths” provides valuable insight into the interference mechanism leading to the observed
phenomena.

For instance, a typical system where the assumptions of classical physics are brought
to its limits are mesoscopic systems, where the length and energy scales are large com-
pared to atomic scales, but the coherence length is small compared to the system size.
This makes even a numerical treatment of the full-fletched quantum-mechanical problem
rather unfavorable, while a purely classical treatment is not able to capture the inter-
ference of the still coherent particle wave. The use of powerful semiclassical theories for
these systems allowed to successfully explain effects such as weak localization [3], where,
in comparison to the classically expected value, the interference contribution of a path
with its time-reversed partner leads to an enhancement of back-reflection (and there-
fore to an enhanced resistance) in the transport of particles through disordered media
or mesoscopic phase-coherent conductors. Due to the conservation of current, this en-
hancement is accompanied by a reduction of transmission (or conductivity), which could
semiclassically be attributed to the interference contribution of trajectories undergoing
self-crossings. The reduction of transmission is then explained by trajectory pairs, which
traverse the loop formed by the self-crossing in time-reversed directions [4].

Yet another prominent effect in mesoscopic systems is found in the electronic transport
through a ring penetrated by a magnetic field [5]. Within the semiclassical picture, the
magnetic field contributes an additional phase accumulated along the paths — an effect
known as Aharonov-Bohm effect [6]. It is observable through oscillations of the conduc-
tivity as a function of the flux encircled by the ring, which again within the semiclassical
theory can be quantitatively understood through the interference of paths. If the ring is
additionally subject to a disorder potential, which is weak and smooth enough to avoid
wave localization, the Aharonov-Bohm oscillations turn into Al’tshuler-Aronov-Spivak
oscillations [7] seen in the disorder-averaged transmission as a function of the encircled
flux. Interestingly, these oscillations show half the period of the conventional Aharonov-
Bohm oscillations. Its semiclassical explanation, which we will also re-encounter for a
different setup within this thesis, yields a similar mechanism as the one underlying weak
localization: the interference of time-reversed partners.

Bosonic quantum many-body systems and their mean-field description

Like for mesoscopic systems, the question of effective theories also arises in the context
of quantum systems containing many interacting particles. For bosonic quantum many-
body systems, which are the focus of this thesis, the still growing interest emerged from
the first realization of Bose-Einstein condensates (BECs) with rubidium (87Rb) [8] and
sodium atoms (?*Na) [9] using magnetic trapping potentials and laser cooling techniques.
Since then, numerous experimental techniques have been developed to provide devices
to explore the properties of BECs, see for instance Refs. [10, 11] for a review.



Potential landscapes can be generated using laser fields whose frequency is slightly de-
tuned to an internal transition frequency of the atoms. Through interference of multiple
high-intensity laser fields in opposite directions one can create standing waves, thereby
forming optical latices in three, two, and one dimension [12-14], or continuous ring-
shaped structures [15]. Furthermore, rapidly moving laser beams allow the creation of
optical billiards [16] or ring-shaped lattices [17]. Transport experiments are also feasible
through so-called atom lasers [18, 19], where through a controlled and coherent outcou-
pling process, a beam of atoms at well-defined energy and particle current density can
be released from a BEC into an optical waveguide. The generated structures have in
common that they are free of defects and allow a high experimental accessibility of its
parameters. If instead a highly controllable randomized disorder potential is needed,
this can be achieved, for instance, by a laser field passing through a diffusive plate to
produce an optical speckle field [20]. Finally, one can create synthetic gauge fields [21,
22], which play a similar role for the uncharged atoms than magnetic fields for electrons.

Apart from the above mentioned properties, possibly one of the most intriguing fea-
tures of cold atoms is that the strength of an effective particle-particle interaction is
highly tunable through means of Feshbach resonances (see Ref. [23] for a review): an
external magnetic field changes the internal structure through the (anomalous) Zeeman
effect such that in the scattering of two bosonic particles an excited molecular bind-
ing state comes in resonance. This significantly changes the scattering length, and can
be understood as an effective interaction. While this is known as magnetic Feshbach
resonance, the optical Feshbach resonance relies on an optical transition to an excited
rotational-vibrational level of the molecular state. In any case, near the resonance, the
strength of the effective interaction significantly grows but can also undergo a sign change
when tuning the field strength near the resonance condition.

As one of the many means to theoretically treat the quantum many-body problem,
effective theories are used, which replace the interacting many-body problem by an ef-
fective wave description of the system. For bosonic systems, such an effective theory is
found within the Gross-Pitaevskii equation [24, 25], obtained by the assumptions that
relevant single-particle states are occupied by a large number of bosons. This allows to
substitute the Heisenberg picture of bosonic quantum field operators in second quanti-
zation by scalar complex field, whose squared modulus is interpreted as the associated
occupation of the single-particle state — an approximation also known as mean-field ap-
proach. The dynamics is then described by an effective wave equation similar to the
single-particle Schrédinger equation, however with a term nonlinear in the matter wave
as a consequence of interaction.

The validity of the mean-field approach is in the limit of a large number N of particles,
“N — o00”, while the energy comprised in interaction amongst particles remains small
compared to the kinetic energy. Such a description is already enough to explain many
interference phenomena also known from electronic systems, such as the experimental
observation of coherent back-scattering for matter waves of noninteracting bosons [26],
and Anderson localization [20, 27]. Even more, the possibility to have a weak particle-
particle interaction allows to raise the interesting question how interaction influences
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these well-known effects. Due to the resemblance of an effective single-particle theory,
one can again employ semiclassical techniques in the formal limit “A — 0” to find and
investigate the solution of the mean-field problem, provided the same assumptions as in
the single-particle case are met. This led, for instance, to the prediction of an inversion
of the peak in the coherent back-scattering probability due to weak particle-particle
interaction [28], while in the transport of cold bosonic atoms through chaotic cavities
the weak localization peak shows an interaction-based reduction [29].

A part of this thesis makes a new addition to this list by studying Al’tshuler-Aronov-
Spivak oscillations in the coherent transport of interacting bosons through a ring with
disorder, penetrated by a synthetic gauge field for bosons. There, numerical studies
by R. Chrétien et al. [30] indicate an inversion of the oscillations when the interaction
strength is increased, and it is one of the aims of this thesis to use semiclassical techniques
in the formal limit “A — 0” to develop an understanding of this behaviour in terms of
interfering scattering paths.

For larger interaction strength, the nonlinear nature of the mean-field description leads
to instabilities of the solutions of the mean-field equations [29, 31, 32]. The situation
becomes then comparable to single-particle quantum systems in a scenario, where the
quantum dynamical behaviour does not follow effectively a single classical trajectory any
more. One has to take into account contributions arising from other classical trajectories,
or, in the context of bosonic quantum many-body systems, of other solutions of the mean-
field or Gross-Pitaevskii equation. This thinking ultimately led to the development of
a semiclassical theory, here taking the inverse number of particles as effective Planck’s
constant, fieg = 1/N [33, 34]. Within this theory the mean-field equations emerge as
Hamilton’s equations of motion of a Hamilton function found as the complementary
classical “heg = 1/N — 0”7 limit of the bosonic quantum many-body Hamiltonian.
Remarkably, since this semiclassical theory associates the wave solutions of the mean-
field equations with an additional phase accumulated along the solution, we can have
interference phenomena happen both at the mean-field level to produce the distinct
solutions, and at the semiclassical level through the interference of contributions of
multiple mean-field solutions. The truncated Wigner method, which is commonly used to
obtain results beyond the Gross-Pitaevskii description, is re-derived in this semiclassical
theory as diagonal contribution, which is the semiclassical contribution arising from
many-body interference of mean-field solutions with themselves [33, 35, 36].

Thinking of the mean-field equations as classical equations in the limit “1/N — 07
quite naturally raises the question whether the unstable behaviour seen in the mean-
field dynamics for stronger interactions can be related to what is known from studies
of unstable dynamics in chaotic classical systems. Indeed, once the kinetic energy of
the individual particles becomes comparable to the energy stored in the interaction,
signatures of chaotic dynamics in the mean-field description are seen [37-39]. Quite
generally in the study of interacting many-body systems, not limited to just bosonic
ones, the observation of similar features as those that are known from single-particle
systems with a classical chaotic limit, known as quantum chaos [1], led to an increased
interest into this field in the recent years, and ultimately to the emergence of the field



“many-body quantum chaos”.

Out-of-time-order correlators as probes of many-body quantum chaos

A particular attention to many-body quantum chaos started with the proposal of Kitaev
[40] and related works [41-43] that addresses the question of what is the mechanism
behind the ”scrambling” of quantum information, the spreading of initially localized
information across the many degrees of freedom of an interacting many-body system. It
is conjectured that chaotic dynamics in a suitable (and in some models yet to understand)
classical limit of the quantum many-body system produces the unstable dynamics which
lead to a fast distribution of information across the system. A central object which
aims at probing this many-body quantum-to-classical correspondence is the so-called
out-of-time-order correlator (OTOC) [43-45]

E(t) = (2[VI W)V O W(©)P), (1.1)

for which several experimental protocols [46-48] and first experiments [49, 50| are avail-
able. Its name originates from the unusual ordering of the involved operators in time.

An interpretation of the OTOC F'(t) is possible by explicitly writing the Heisenberg
picture of the operator V (t) = e(/MHe=(/MHt 3nd understanding F(t) as the overlap
of two states [51]: one of the states takes the initial state |¥) and applies W, then
evolves the obtained state forward in time with e~ WMHt applies V, and evolves back
in time with e(/MHt The second state applies W at the end of this sequence instead of
the beginning. Within this description the OTOC bears similarities to the Loschmidt
echo [52], however here with twice the number of forward and backward evolutions in
time. Even if V and W are taken as local, commuting operators with an initial overlap
F(t = 0) = 1, when time evolves, V(t) becomes a non-local operator, and the growing
complexity of V(t) encodes the unstable dynamics within the quantum system. As a
consequence, W and V(t) cease to commute, and consequently F'(t) decreases in time.
Since the rate of decrease relates to the growing complexity of V(t), this makes F'(t) a
quantum probe for chaos in the classical limit.

This last conclusion, the connection to the dynamics in the classical limit of the
quantum system, can even more easily be seen with a closely related object, which is
also dubbed out-of-time-order correlator. It is the expectation value of the squared
commutator [43, 44],

A~

c(t) = <[V(t), W(O)HV(::),W(O)D , (1.2)

in which F'(t) appears as one of the terms when carrying out the products of operators.
Here, we can apply the quantum-to-classical correspondence principle which replaces the
commutator of the two operators by the Poisson bracket of their classical analogues. The
evaluation of the latter then results in an intuition for the dynamical behaviour and the
role of OTOCs as a many-body quantum analogue of classical measures for instability
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Figure 1.1: Dynamical behaviour of the OTOC C(t) = — <[ﬁ(t),13]2> for the one-

dimensional kicked rotor for different kicking strengths K. The average is
performed over a Gaussian wave packet with initial momentum py = 0. (Flig-
ure adapted from Ref. [53])

of chaotic many-body dynamics. For instance, if the operators are the momentum and
the position operator for a single particle, W = p;, V' = ¢;, we have [43, 44, 47

8q(1)

]

a1\~
C(t) = ([ps, 4 (D)5 (1), b)) = —(ih)? <{pian(t)}2>Cl = I << 4 Ft)) > , (13)
cl

where (.),; denotes a classical phase space average related to the quantum expectation

value in Eq. (1.2). Here, the evaluation of the Poisson bracket directly results in an
element of the so-called stability matrix. The stability matrix describes the variation of
a trajectory’s final point upon changes of its initial condition, and can be used to distin-
guish regular from unstable dynamics. If the motion takes place in an integrable system,
the growth of the elements of the stability matrix is at most polynomial. Contrarily,
in chaotic systems, the motion is hyperbolic and leads to an exponential separation of
trajectories. This is observed in an exponential growth of the elements of the stability
matrix, whose rate defines the classical Lyapunov exponent A. Consequently, the growth
rate of the OTOC is given by twice of A,

C(t) ~ h2e®M. (1.4)

Indeed, an exponential growth of the OTOC has been observed in numerical studies of
single particle systems [53], see also figure 1.1 at times ¢ < tg. Hence, the OTOCs C(t)
or F(t) allow, as quantum objects, an immediate access to classical measures of chaos
in the classical limit of the quantum system.

The OTOC is studied both for single particle [53] and many-body systems, for instance
in analytical works for Sachdev-Ye-Kitaev models [54, 55] or through random matrix
theory [56-58] where A — co. Attempts to identify the many-body Lyapunov exponent
from Eq. (1.2) by numerical means still remains a challenge [59-61]. This difficulty
can be attributed to quantum mechanical unitarity, which prevents the OTOC C(t)
from performing an unbounded classical growth as predicted by Eq. (1.4), but rather
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enforces an eventual bound. This is indeed seen in numerical studies of C(t) [53, 59],
where the OTOC is found to saturate, see Fig. 1.1 at times ¢t > tg. Quite interestingly,
the characteristic time scale at which the exponential growth ceases and the saturation
commences is found to be a time scale known as Ehrenfest time tg [62, 63], and is
dubbed scrambling time [43, 64] in the many-body context. The Ehrenfest time tg
is the time needed for details of the order of the quantum mechanical wavelength to
grow under classical dynamics to a typical system size. This time separates the classical
regime, where the initial quantum evolution essentially follows the classical motion, from
the quantum mechanical one, where interference effects have to be taken into account.
Quite generally for quantum chaotic systems, this time scale for the classical-to-quantum
crossover can be formalized by tg o (1/A)log(1/heg) involving the classical Lyapunov
exponent A and the effective Planck’s constant h.g, whose definition, as we have seen,
can denote complementary classical limits: for a fixed, finite particle number N, we
have fi.g ~ h and X is the characteristic Lyapunov exponent of the limiting classical
particle dynamics. For many-body systems with a large number N of particles, we
discover the mean-field description as classical limit with “Aeg ~ 1/N — 0”. Here,
the Lyapunov exponent A characterizes the instability of the corresponding nonlinear
mean-field solutions.

Due to the appearance of the Ehrenfest time ¢y, the saturation of OTOCs has been
attributed to the onset of quantum many-body interference [41, 53, 54, 61], without so
far identifying its underlying dynamical interference mechanism.

The Moyal expansion [55, 57] of commutators in powers of g, which is implicitly
used to find Eq. (1.3), is not able to go beyond the Ehrenfest time, and can therefore not
capture the interference-based saturation of OTOCs beyond tg. To adequately describe
the post-Ehrenfest behaviour of OTOCs, other techniques are needed. Such are available
through the semiclassical theory, and have been originally developed for single particle
[65-72], and recently also adapted to many-body systems [34, 73-77].

A major part of this thesis aims at extending these approaches to develop a semiclas-
sical theory for OTOCs and provide a unifying understanding of both the pre-Ehrenfest
exponential growth and the interference mechanism leading to the post-Ehrenfest satu-
ration of OTOCs. Moreover, it explicitly identifies the Lyapunov exponent and explains
its emergence, as well as the role of the Ehrenfest time within this theory. Our focus here
lies on bosonic large-IN systems, for which the classical “N — oo” limit can be defined,
and for which the basis for a semiclassical theory, the semiclassical approximation for
the many-body propagator in bosonic Fock space [33, 34], is at hand.

Outline of this thesis

The thesis is structured as follows:

Chapters 2 to 4 are devoted in the detailed presentation of the semiclassical theory to
understand and explain the dynamical behaviour of out-of-time-order correlators. This
derivation is rather generic, and we choose to present it for the many-body scenario of
many interacting bosonic atoms contained in an optical lattice with a finite number of
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sites.

In chapter 2 we provide the basic understanding of unstable classical Hamiltonian
dynamics, as this is both needed for the technical parts deriving the theory, as well as
for the understanding of the dynamical behaviour of OTOCs themselves. Therefore,
we review the relevant concepts from classical Hamiltonian formalism, with a special
emphasize on the description of the stability of trajectories upon changes of their initial
conditions. There we learn about Lyapunov exponents, which encode the rate of ex-
ponential separation of two trajectories starting nearby. Through the directions of the
stable, unstable and neutral manifold, we obtain a possibility to describe the local phase
space in the near vicinity of a given trajectory, which proves essential for the technical
derivation of the semiclassical theory for the OTOC. We end the chapter by a discussion
of the defining properties of classically chaotic systems.

In chapter 3 we turn to the Bose-Hubbard Hamiltonian as a model for bosonic atoms in
an optical lattice. Starting from second quantization, we introduce quadrature operators,
which, in the same spirit as position and momentum operators in single particle systems,
represent the quantum analogue of conjugate variables for the classical “fiog = 1/N — 07
limit of the many-body system. Based on those operators, we derive the semiclassical
approximation of the propagator in Fock space which is our main tool in the semiclassical
study of OTOCs. Here we see that the mean-field, Gross-Pitaevskii equations emerge
as Hamilton’s equations of motion from the Hamilton function found as the classical
“heg — 07 limit of the quantum Hamiltonian.

Chapter 4 is devoted to the semiclassical analysis of the dynamical behaviour of
OTOCs. For intuition we derive the short-time limit of the OTOC through a detailed
review of the Moyal-bracket expansion underlying Eq. (1.3). We then start the semiclas-
sical analysis of OTOCs by expressing them through semiclassical propagators in Fock
space. This introduces summations over mean-field solutions, weighted by amplitudes
and phases accumulated along. By considering subtle classical correlations amongst these
solutions we identify and compute the dominant contributions to the OTOC, which prove
responsible for the exponential growth at times smaller than the Ehrenfest time, and for
the saturation after the Ehrenfest time.

Chapters 5 and 6 are devoted to a discussion of the effect of interaction on Al’tshuler-
Aronov-Spivak oscillations in the coherent transport of cold atoms through an Aharonov-
Bohm ring. This work requires the detailed studying of a single mean-field solution rather
than the interference of multiple solutions such as for the OTOC. It is a work done in
collaboration with R. Chrétien, J. Dujardin, C. Petitjean and P. Schlagheck.

Chapter 5 summarizes the work performed by my collaborators. We introduce the
Aharonov-Bohm setup, a ring structure with waveguides attached to it at opposite sites.
The ring is penetrated by a synthetic gauge field and contains a Gaussian correlated
disorder potential within its arms. We show numerical results for the transmission
probability, which is obtained from solving the mean-field equations. These results dis-
play Al'tshuler-Aronov-Spivak oscillations in the noninteracting case. In the presence
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of a weak particle-particle interaction inside the ring, an inversion of the oscillation is
observed, which motivated my study of the mean-field problem in chapter 6. As prepa-
ration for the analytical treatment of the system, we show how to relate the reflection
and transmission probabilities to the Green’s function of the noninteracting mean-field
problem, and derive a semiclassical representation of this Green’s function in the form
of a summation of weighted phases accumulated along scattering paths, which perform
multiple oscillations within the ring.

Chapter 6 marks my contribution to the collaboration and shows how to perform
the summation over scattering paths in the noninteracting case. Interaction is then
incorporated in a perturbative manner, and we present the calculation of the reflection
and transmission probabilities up to linear order in the interaction strength, leading to
interaction-based corrections to the Al’tshuler-Aronov-Spivak oscillations.






2 Classical Hamiltonian dynamics

This chapter reviews classical Hamiltonian dynamics, with special em-
phasize on the stability of trajectories. In order to describe the local
phase space in the vicinity of a given trajectory we introduce the con-
cept of stable, unstable, and neutral manifolds, together with Lyapunov
exponents as quantities encoding the exponential sensitivity of trajec-
tories towards changes in its initial conditions. The chapter ends with
the defining properties of classical chaotic systems.

Throughout this thesis we will consider quantum systems which allow for the notion
of a classical limit. For such systems, the semiclassical theory provides powerful tools
to explain and interpret interference phenomena in the semiclassical limit by exclusively
using information from the classical realm. It is through these methods that we are
able to understand OTOCs and to confirm that these correlators are suitable tools to
quantify and identify chaos in the classical limit of a quantum system.

For the systems considered within this thesis the classical limit of the quantum system
is described by the Hamiltonian formalism. A proper understanding of this formalism
is needed both for the semiclassical theory in general and for understanding the dynam-
ical behavior of OTOCs. This chapter aims to provide the reader with the necessary
mathematical framework of classical Hamiltonian dynamics, with special emphasize on
classical chaotic systems.

Many books containing a general introduction into classical Hamiltonian dynamics
exist, see for instance [78-80]. For the subsequent chapter, we choose to follow the
introductory chapter in the dissertation of Marko Turek [81], together with its main
reference, the first chapter of the book by Gaspard [82], as these references provide
the details in the description of the local phase space structure needed for this thesis.
Additional sources are cited when they appear in the manuscript.

2.1 Hamiltonian systems

Within the Hamiltonian formalism a classical system is fully described by a single func-
tion, the Hamilton function H(q,p,t). The arguments of this function are the “time”
t and vectors q and p of the same dimension d.' The dimension d is referred to as the

'In a more rigorous mathematical treatment using the language of differential geometry, q is an element
of a d-dimensional manifold 2, known as configuration space, and p is a vector from the dual space of
its tangent space, see e.g. [83]. However, for readability, we only consider here Hamiltonian systems
whose configuration space is represented by a real vector space. This simplifies the presentation and
representation of the stability matrix M in the subsequent section.
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number of degrees of freedom. Often, one denotes q as “position” and p as “momentum
vector”, but depending on the actual physical system described by H these variables do
not necessarily represent a position in space and the mechanical momentum of physical
particles.?

We can combine the two vectors into a single vector of dimension 2d, the phase space

point
x = (g) , (2.1)

and we call the set of all these vectors phase space X3. A phase space point holds the
current state of the system, and the dynamics of the system is given by a set of ordinary
differential equations, the Hamilton’s equations of motion,

OH|T OH]T

4(t) = | =— D(t) = — | — 2.2

a = |5e]" w0 --|5] 22)

where the dot denotes a derivative w.r.t. the time ¢t. Any function solving Hamilton’s
equations of motion is referred to as a trajectory (in phase space).

We can combine the above expressions into a single expression for the phase space

point,

OH]T

X(t) =X+ | — 2.3

() =3 | 75], (2.3

where we used the fundamental matrixz of the symplectic structure,

2:(1 9. (2.4)

As Eq. (2.3) is an ordinary first order differential equation, one and only one solution of
these equations can be found for a given initial condition xo = (qo, po) at time ¢, and
we write x(t;Xg, o) for the function solving (2.3) subject to these initial conditions. An
(infinitesimally) small variation of the initial conditions leads to a smooth variation of
the found solution, rendering the solution a smooth function of the boundary conditions.
Finding the solution to a given initial condition is (in the general context of differential
equations) referred to as an initial value problem.

Contrarily, the property of uniqueness and existence of solutions is lost in the case
of a boundary problem, where one searches for trajectories fulfilling conditions both
at an initial time tp and a final time ¢; > tp. For instance, by fixing the initial and
final position vector, q(ty) = q, q(t1) = q\Y'. For boundary problems, it is possible
to have any number of solutions, with the extreme cases being no solution and an

Indeed, as we see in section 3.3.3, in the classical limit for Bose-Hubbard models q and p even lack a
direct physical interpretation. However, the squared absolute value of components of the phase space
point, |z;)® = |g:|*> + |ps|? is associated to the particle density at the site i, as seen from Eq. (3.22).

3In the context of differential geometry, the phase space is the co-tangent bundle, X = 7*Q, with Q
denoting the configuration space.
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uncountable infinite number of solutions?. Different trajectories found in a boundary

problem are distinguished by Greek letters as subscript, e.g. v, and we write x,(t) =
X~ (t; q?, q(i),tl,to) for the corresponding solution of Hamilton’s equations of motion.
Note that solutions of the initial value problem can be distinguished from those of the
boundary value problem through the presence of the label v in the notation. Similar to
the initial value problem, an (infinitesimally) small variation of the boundary conditions
leads to a smooth variation of the found solution, rendering the solution a smooth
function of the boundary conditions.

There is an important function associated with a solution of the boundary value prob-
lem. In order to define this function, the action functional R[x(t)] is used, which returns
the integral of the Lagrange function along the path x(¢) in phase space. The action is
well-defined for any smooth enough path x(¢) in phase space, not necessarily a solution
of Hamilton’s equations of motion. However, evaluating the action of a classical trajec-
tory ~ introduces Hamilton’s principal function Rw(q(f), qW, t,t0) = R[x,(t)], which is
a function associated with the trajectory -y, with the boundary conditions as arguments.
Expressing the Lagrange function in phase space variables through the Hamilton func-
tion, we find

Ry (a9, qW t1,t0) = Rx,(t;aV, gV, 11, 10)]

" . (2.5)
_ / At [(py (£))Taty (t) — H(ay (1), Dy (), 1)]

0

where in the last line we dropped the dependence on g, q\V, #1, #o from the trajectory-
related function q,, p,. The derivatives with respect to initial and final position result
in the conjugate momenta,

OR, 17 4

L“)q(z)] =p(a®,q¥ 11, t0), (2.6)
OR, 7 : ~

I:aq(?/)] - _p'(yl)(q(f)7q(l)7t17t0> 1] (27>

which formally allows the interpretation of R, as a local generating function for the
canonical transformation from initial to final phase space coordinates along . Hamil-
ton’s principal function is of central importance within the semiclassical approximation
of the time evolution operator, as we will see in chapter 3.3.

So far, our considerations include Hamilton functions with an explicit time depen-
dence. To simplify the subsequent presentations, we, from now on, limit our considera-
tions to time-independent Hamilton functions #(q, p). Note that this is not a restriction,
as any time-dependent Hamilton function of spatial dimension d can be transformed into

4As examples consider a single-particle Hamiltonian system in standard form. If the potential energy
separates two areas by a wall of infinite potential, no solution can be found linking the separate
areas. Contrarily, if in an elliptical billiard the boundary conditions are such that initial and final
position are the focal points the other extreme case of an uncountable infinite number of solutions is
produced.
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a time-independent Hamiltonian system of dimension d 4+ 1 by introducing energy and
time as an additional set of conjugate variables [79],

K(Q,P)=H(q,p,t)— E wme:<3, P:(Eﬁ. (2.8)

In this picture ¢ becomes a component of the coordinate vector and looses its interpre-
tation as “time” in the dynamical equations governed by the new Hamilton function
K.

For a time-independent Hamilton function, it can be shown that only the difference
t — to between initial time ty and final time ¢ appears in a dynamical quantity. It is
thus justified to take the initial time ty = 0 as the zero of time and drop it from the
arguments of dynamical quantities.

2.2 Linear stability of Hamiltonian systems

In this section we discuss the stability of trajectories, i.e. the change of the trajectory
due to infinitesimal changes in its initial conditions.

2.2.1 The stability matrix

Let x¢ be an arbitrary phase-space point, and dxy be an infinitesimally small initial
perturbation such that the perturbed trajectory x(t; xo+ dx¢) stays infinitesimally close
to the trajectory x(¢;xp). A treatment in the linearizable regime is thus justified, and
we obtain by linearization around the initial phase space point

ox(t; %0, 0X0) = X(t; X0 + dxg) — x(t;Xq)
ox (2.9)

= 8T<()(t; Xo) + 6x0 = M(t; %) - %o,
where we introduced the stability matriz
ox
M(t; = —(t . 2.10
(t;x0) aXO( 1 X0) (2.10)

As the derivative of the phase space point w.r.t. the initial phase space point, the stability
matrix, by definition, encodes the stability of a trajectory towards infinitesimal variations
of its initial conditions. Utilizing Hamilton’s equations of motion, Eq. (2.3), we can derive
equations of motion for the stability matrix. On the one hand, we find

i
Sx(t: x0,0%0) = 3 - [ DL (x(t: x0 + 0%0), £) — 2 (x(t: x0), 1)
ox ox (2.11)
=5 M ) - Mt xo) -6 |
= OxOX X\, X0 ; X0 X0 -

On the other hand, by a direct differentiation of Eq. (2.9) with respect to time, we get

(Sk(t; X0, 5X0> = M(t; X()) . (5X0 . (212)
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The above equations hold true for any infinitesimal perturbation dxg. Thus, by compar-
ing Egs. (2.11) and (2.12), we obtain the equations of motion

. O*H
M(t;x0) = 3 - 5 (x(t; %0)) - M(t;%0), (2.13)
which are formally solved by
t 0*H
M(t;x0) = Texp (/0 dsX - 8Xax(x(s,x0))> (2.14)

o0 t S1 S1—1 627-[ 627_[
— ZZO/O d$1/0 dSQ.../O ds; X - 8Xax(x(sl,x0))...z, 8X8X(X(Sljxo))’

where we introduced and utilized the time-ordered exponential function 7T exp.

2.2.2 Lyapunov exponents and the decomposition of the stability matrix

An important property of the stability matrix is the so-called multiplicative cocycle, i.e.
M satisfies the relation

M (t +t';%x0) = M(t;x(t';%0)) - M(t';%0) , (2.15)

for any positive time ¢'. In view of Eq. (2.9), this property contains the observation
that an initial perturbation dxg can also be translated to the final one 0x(t + t'; xq, %)
through the determination of the intermediate perturbation at time t'.

Both Eq. (2.14) and Eq. (2.15) imply that an infinitesimal perturbation dxo can at
most grow exponentially in time. We can characterize the strength of such an exponential
growth by the Lyapunov exponent associated with a perturbation vector dxg

[[ML(#; %0) - 0o
[[0xo]|

A(x0, 0%xq) = tl_i)rgo%log (2.16)
However, the Lyapunov exponent is not a smooth function of the perturbation vector
0%, as is concluded from the theorem of Oseledets (see for instance [84]). This the-
orem requires the property of the multiplicative cocycle, and implies that the limit in
Eq. (2.16) takes its values only from a discrete set of exponents. The set of all Lyapunov
exponents { A\1(xg), ..., Ar(x0) } found for a given initial phase space point x is called
the spectrum of Lyapunov exponents. Each of these Lyapunov exponents \;(x() comes
with a multiplicity m;(x¢) which add up to the dimension of the phase space,

> mi(xo) = 2d. (2.17)
1=1

Depending on the sign of the Lyapunov exponent, we obtain one of three possible cases:

e Exponential growth of perturbations is equivalent to A;(xg) > 0. The correspond-
ing vectors §xg leading to these Lyapunov exponent are denoted unstable direc-
tions.
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e Exponential decrease is equivalent to \;(xg) < 0. The corresponding vectors are
called stable directions.

e An at most polynomial growth or decrease results in A;(xg9) = 0, and we call the
corresponding vectors neutral directions.

Note that the Lyapunov exponents depend, in general, on the phase space point xg, or
more precisely on the trajectory through xg, as the definition (2.16) is invariant under
translation in time.

A more thorough understanding of the exponential growth is obtained by representing
the stability matrix M(¢;x0) by a decomposition of the form

2d
M(t;%0) = ) eifx(t;x0)] - Ai(t; xo) - £ [0, (2.18)
i=1

where the exponential growth in time is now captured by scalar functions, the local
stretching rates A;(t,%q), with corresponding normalized vector fields e;[x], f;[x]. For
fixed x the tangent vectors obtained from these vector fields fulfill the relations

2d
Y elx] - fl[x] =1, fix]Tejlx] =4, (2.19)
=1

Geometrically, for a fixed phase space point x, the set of tangent vectors {e;[x|} =
{ei[x] :1=1,...,2d } forms a basis of the tangent space Tx(X) at x. According to the
second relation in Eq. (2.19), the second family of vector fields { f;[x] } is just the dual
basis to { e;[x] }.

Using Eq. (2.19) one immediately confirms that the vector fields evaluated at different
phase space points along a classical trajectory are related to each other according to

M(t;x0) - €i[x] = Ai(t;x0) - €;[x(t;%0)]- (2.20)

Note that, despite its similarity, this relation is not an eigenvalue equation as the basis
vectors e;[x] € Tx,(X) and e;[x(t;X0)] € Tx(t:xo)(X) are, in general, elements of different
tangent vectors spaces.

Eq. (2.20) is important for the interpretation of the vector fields {e;[x] }. Along a
trajectory we find a co-traveling basis of the tangent space, which we can use to describe
the local phase space in the vicinity of this trajectory within the linearizable regime.
Moreover, a perturbation of the initial conditions in the direction e;[xo] is growing with
the corresponding stretching factor A;(¢,xp). Through the decomposition Eq. (2.18) of
the stability matrix, we can thus at any initial phase space point xq associate directions
to the exponential growth and contraction in phase space.

The spectrum of Lyapunov exponents is easily obtained from the stretching rates
A;(t,x0). Using dx¢ = e;[xp] in (2.16) and utilizing (2.20), one finds

Ai(x0) = A(x0, €i[x0]) = tlgglo % log (|A;(t;%0)]) - (2.21)
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Since through Eq. (2.18) a Lyapunov exponent is accompanied by a vector field we can
also divide the tangent space 74X into the sum of three linear independent subspaces,

TxX = Eu(x0) ® E(x0) @ En(x0), (2.22)

where each of the vector spaces on the r.h.s. is spanned by the subset of basis vec-
tors {e;[xo]} corresponding to stable (\;(xgp) < 0), unstable (\;(x0) > 0) and neutral
(A\i(x0) = 0) directions.

It is very common to also refer to the vectors in & (xo) and &,(x0) as vectors pointing
into the direction of the local stable and unstable manifold at the phase space point xg.
In this context, the stable and unstable manifolds are submanifolds of phase space which
contain all phase space points x, whose trajectories defined by x and x( converge to each
other in the limit ¢ — oo (stable) or t — —oo (unstable), with the distance between the
trajectories’ phase space points at equal times decreasing exponentially with time.

It is important to note that the property of exponential convergence is omitted in
mathematical definitions of the stable and unstable manifold, see e.g. [82]. Only con-
vergence towards the trajectory through xg is demanded. Consequently, while in these
definitions the tangent space of Wy(xo) (Wyu(x0)) at xo still contains the vector space
Es(x0) (Eu(x0)), we may additionally also find vectors of neutral directions which lead
to an at most polynomial convergence of trajectories.

2.2.3 Pairing rule of the Lyapunov exponents

An important property of the stability matrix for Hamiltonian systems is that it belongs
to the class of symplectic matrices, ¢.e. it fulfills the matrix relations

MT(t;%0) - £ - M(t;x0) = 5. (2.23)

In order to prove this relation we use the equation of motion for M, Eq. (2.13), together
with T = —3 = 2! to show that

M0 x0) - 3 M1 x0)] = 0, (224)

i.e. the left hand side of Eq. (2.23) is a constant matrix. Since for ¢ = 0 we have
M(0;xp) = 1, this constant matrix is equal to X.
By a simple transformation of Eq. (2.23) we find the inverse of the stability matrix,

M (t;x0) = X - MT(t;%0) - 2T. (2.25)
Using further the decomposition Eq. (2.18) we obtain
2n

M_l(t; Xo) = Z (EfZ[XO]) . Ai(t; Xo) . (Zei[x(t; X())])T . (226)
i=1
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Alternatively, by directly checking M~ (¢;xq) - Mi(t;x0) = M(t;x0) - M~ (t;x9) = 1
with the subsequent equation, one also finds

2d

M (tx0) = 3 eafxo] - Ay (1 3x0) - £ (8 x0). (2.27)
=1

The comparison® with Eq. (2.26) implies the pairing rule that for each direction i we
find a corresponding direction j with

A7t %0) = Aj(tx0) - (2.28)

This has an important consequence for the Lyapunov spectrum, as for every positive
Lyapunov \;(xp) there must exist a negative one of equal absolute value. As a conse-
quence, each positive Lyapunov exponent \;(xg) can be associated with two elements of
the set {e;(x0)} — an unstable direction with Lyapunov exponent \;(xo), and a stable
one with exponent —\;(x¢). Moreover, again comparing Eqs. (2.26) with Eq. (2.27)
we also find that the dual basis vectors {f;[xo] } are related to {e;[x¢]} through the
symplectic structure according to

€e; [XQ] = ﬂ:ij [Xo] s fz‘ [Xo] = iEej [Xo] y (2.29)
where the signs have to be chosen such that they fulfill
(2£[xo]) - (Zej[x(t;x0)])T = ei[xo] - £ [x(t:x0)] - (2.30)

It is convenient to reorder the set of basis vectors {e;[xg]} in a way that directions
are grouped together when their stretching factors fulfill the pairing rule A, 1(t;x0) =
Aj(t;x0). We then relabel the basis vectors in such a way, that a pair of stable and unsta-
ble directions shares the same integer index (i), while the vectors are now distinguished
through additional subscripts s/u. Neutral directions are indicated by the subscript n.
To be more precise, we assume we have k < d stable and unstable directions. There, the
new notation is

{eilxo] } = {e (x¢),e® (x¢) :i=1...,k}u{e® (x¢):i=1,...,2(d—k)}. (2.31)

The same naming convention can be applied to the dual basis { f;[xo] }.
Finally, to also fix the signs in Eq. (2.29) we can demand that
£ (x0) = Zel® (x0), £V (x0) = —Zel? (xo), (2.32)

S

which transforms the second relation in Eq. (2.19) into

e (x)'Zel) (x) = 6;;, el (x)"Zeld) (x) = el (x)"Zel!) (x) = 0. (2.33)

5To be precise here, to use the comparison as a proof would require that the decomposition Eq. (2.18)
of the stability matrix is unique up to ordering, the signs in front of the vectors and degeneracies in
the stretching factors. However, a proof of uniqueness is not known to the author, and this chapter
should in this case rather be understood as a motivation for the pairing rule, for which a suitable
decomposition of the stability matrix fulfilling the properties Egs. (2.28), (2.19) can be found.
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2.2.4 Constants of motion and their relation to neutral directions

In many physical systems the dynamics in phase space is restricted to a submanifold due
to the existence of constants of motion. Let Z C X be a subset of phase space which is
invariant under the Hamiltonian flow. We then call a time-independent, differentiable
function C(x) defined on Z a constant of motion, if it fulfills

C(x(t,%0)) = C(x0) , (2.34)

for all initial phase space points Xg, ¢.e. the function remains constant along trajectories.
If Z =X we call C'(x) a global constant of motion.

By differentiating Eq. (2.34) with respect to time, and using Hamilton’s equation of
motion, Eq. (2.3), we identify an equivalent criterion for a constant of motion,

on
ox

0= L xitixy)) - 3+ [

o xltx)| =~ ey, 239)

where we introduced the Poisson bracket

Thus, a time-independent function C is a constant of motion if and only if the Poisson
bracket between the function C and the Hamilton function H vanishes. Quite obviously,
for systems with a time-independent Hamilton function, H itself is a constant of motion
since {H,H} =0, i.e. energy is a conserved quantity.

To be able to work, in a reasonable way, with a set of m < d constants of motion
{c} ={c®:i=1,...,m} the functions are assumed to be chosen such that they
fulfill two further properties [80]:

1. The set of constants of motion {C(i)} is functionally independent in any open
subset of their defining set Z, i.e. locally none of the constants of motion can be
expressed as a function of the others and thus, none of the functions can be treated
as obsolete. This property is equivalent to demanding that there is only the trivial
linear combination of the differentials dC¥ to zero, i.e. the problem of finding
a; € R with

0="> adct? (2.37)
=1

has only the trivial solution V;a; = 0.

2. The set of constants of motion {C) } should be in involution, i.e. we require for
the Poisson brackets {C(i),C(j)} =0foralli,j =1,...,m. As will become clear
before long, this property is important to find a basis for the subspace &,(x) of
neutral directions which complies with the demands in Eq. (2.19) for a basis used
in the decomposition Eq. (2.18) of the stability matrix.
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Each constant of motion can be associated with two neutral directions. To see this,
we first differentiate both sides of Eq. (2.34) with respect to the trajectory’s initial PS
point xg. We then use the definition of the stability matrix M = 0x/0xq, as well as
Eq. (2.25), to transform the equation into

ac) T ac) T
M(t;x) - 3 - % (Xo)] =3 [ % (x(t;x0))| - (2.38)
By defining
(%2 (xo)]'
) _ x
e, (XO) H |:8C(i) ( ):|'|‘ ) ) (239)
ox
we see that Eq. (2.38) just expresses relation (2.20), with a stretching factor
[ exem] |
AD(t,xq) = (2.40)

[l

For systems in which the constant of motion limits the dynamics to a submanifold
of phase space with a finite (and thus compact) volume, this stretching factor has an
upper bound and can thus not grow exponentially in time.% Consequently, its Lyapunov

(4)

exponent is 0, and ey’ (xg) is part of the subspace £,(x¢). Moreover, as the constants

of motion are functionally independent, the generated vectors {eg) (x0):i=1,...,m}

are linearly independent for almost all xg € Z, and use them within the decomposition

Eq. (2.18) of the stability matrix. In that case, the pairing rule implies for each direction
(4)

en’ (X0) the existence of a second direction, whose dual vector is, with ¢’ € {m+1,...,2},

given by
{ac(n (Xo))} T

e T

A contradiction at this stage is prevented by the involution property of the constants of

£ (x) = Sel!) (x) =

(2.41)

motion , as relation (2.19) requires us to have fl(f/) (X)Tel(lj) (x) =0foranyje {1,...,k},
i" € {k+1,...,2k}. This is indeed the case, as up to normalization of the vectors, we
calculate
, , ac® acl) T L
£ (%) ey (x) o =~ (x0) - 2 [ g X0)| = {cD.cxo)=0.  (242)

(4)

The geometrical interpretation of the vector ey’ (xg) o X - (9C) /0% )T is that it corre-
sponds to the direction of the flow generated by Hamilton’s equation of motion, with C(?)

6 An example for an unbounded system, where the constant of motion produces an exponential stretching
factor, is the inverted harmonic oscillator, H(g,p) = p2/2m—mw2qz/27 with H as constant of motion.
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used as Hamilton function. e’ (x0) is thus a tangent vector at xy of the submanifold
defined by €9 (x) = € (xq).
Contrarily, the vector £ (x) = ac® /0x is a normal vector to this submanifold,

demanding that the basis vector eg ) (x0) has a normal component, too. Perturbations
of initial conditions in the direction of er(f ) (x0) thus lead to a change in the value of the

constant of motion C(®).

2.3 Properties of chaotic Hamiltonian dynamics

Having established the notion of Hamiltonian systems and discussed the stability of
trajectories therein in the last sections, we are now at the position to formalize our
understanding of chaotic systems by stating their main and in a way defining properties.
These are

e Mixing, which implies ergodicity,
e Hyperbolicity, and
e Periodic orbits cover a dense subset of the accessible phase space.

We will discuss in detail the meaning of the first two properties in the following sub-
sections, as those are the ones relevant for the technical part of this thesis. The third
property is stated here for the sake of completeness to arrive at a highly agreed set of
properties which, in a physicists view, define classical chaotic systems. A widely ac-
cepted precise mathematical definition of the notion “chaos” can be found for maps in
the book by Devaney, Ref. [85], with extensions to dynamical flows in Ref. [86].

2.3.1 Mixing and ergodicity

Contrarily to a single trajectory, the definition of mixing and of ergodicity is a property
of ensembles of phase space points. For that reason, we require the definition of invariant
measures. These are measures p defined for phase space with the property to be invariant
under Hamiltonian flow, i.e. for any measurable subset Uy C X the measure of the set
U(t) = {x(t;x0)|x0 € Up} obtained from time-evolving the phase space points in Uy
remains constant in time,

pU(t)) = p(Uo) - (2.43)

An obvious example for such a measure is the phase space volume itself, given by the
Lebesgue measure du(x) = d?¢z. However, since we introduced the complete phase

"There are some discussions and works, for instance Refs. [87, 88], which indicate that, under rather
general conditions towards the dynamical flow in a chaotic system, one does not need the property
of sensitivity to initial conditions in Devaney’s definition, as this property is implied by the other
properties of topological transitivity (i.e. mixing in our case) and the dense set of periodic orbits.
However, since we heavily rely on the properties of hyperbolicity and on mixing, we decided to
explicitly mention these properties here, without claiming that there are no possible redundancies.
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space X as the vector space R%¢, the measure w(X) = oo is infinite. This measure is
thus not normalizable and does not support a probabilistic interpretation. However,
for Hamiltonian systems subject to a number of functionally independent constants of
motions, {C"),i = 1,...,m} which are in involution, the dynamics of a trajectory is
restricted to a (2d — m)-dimensional submanifold X’ of phase space defined by fixing the
values for the constants of motion. Depending on the physical system of interest, this
submanifold might be bounded to a finite region in phase space. In this case, a common,
normalizable measure for the complete phase space, which is widely used to describe the
statistical behavior of chaotic submanifolds, is given by

T2, 0(CY (x) — )] d*a

dulax) = f){ [ ey 0(CO(x) — Cz)] Az

(2.44)

We can interpret that measure as an invariant measure for the submanifold X”, intro-
duced through the embedding of the submanifold into the complete phase space X. p(A)
is thus interpreted as the measure of the 2d — m dimensional volume A’ = AN X’. Note
that, for a probabilistic interpretation of the invariant measure, we normalized u to one.

A system with a normalizable measure p is called mizing if for any two sets Ag, By C X
we have in the limit of long times

: _ . u(A()NBy)  u(Ao)
Jim 1(AG) o) = n(Aa(B) (= Jim MO EED 0 o) 0
(2.45)
where A(t) = {x(t;x0) | x0 € Ao } is the phase space volume obtained from time-

evolving the phase space points in 4. The interpretation of this relation is such, that
in the limit of long times ¢, the measure of the fraction of the set A(¢) N By compares to
the full set By like A(t) (whose measure p(A(t)) = p(Aop) is invariant in time) compares
to the measure of the full phase space u(X) = 1.

This property has an important equivalence for functions of the phase space variables.
Since through mixing any initially local phase space volume Ay is distributed over the
whole accessible phase space in the limit of long times, the average of any smooth phase
space function over the set A(t) approaches for long times the average over the accessible
phase space, weighted by the fraction u(Ap). Mathematically,

lim / dp(x0)g(x(t;x0)) /du (2.46)

t—o0

In the extreme case of an almost point like set Ag, centered around a phase space point
X, this justifies the following approximation: for long enough times (where one still
needs to specify the time scale) functions of a trajectory’s phase space point are well
approximated by the phase space average of the function,

£ (x(t: x0)) ~ /X dp(x) f(x) (2.47)

For chaotic systems the time scale is given as the time needed to sufficiently feel the
exponential sensitivity to changes in initial conditions. A proper time scale is thus
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obtained through the Lyapunov time t;, = 1/|\|, where A denotes the largest positive
Lyapunov exponent of the phase space point xg. Moreover, from the arguments leading
to the approximation, the method requires a certain smoothing in the initial condition
xo to justify the approximation, e.g. f(x(t;xo) is used within another integration. It
certainly does not apply if one is interested in the exact numerical value of f(x(t;xq)
for fixed xg.

Ergodicity is a weaker property than mixing, in the sense that mixing implies ergodic-
ity. Physically speaking, ergodicity means that during its dynamics a typical trajectory
approaches arbitrarily close any phase space point which is accessible on the submanifold
X' fixed by the constants of motion. In the limit of long times an average over time of
a function of the trajectory converges to a phase space average of the function,

3 1 g . J—
lim /0 dt f(x(t;x0)) —/Xd,u(x) f(x). (2.48)

T—oo 1

2.3.2 Hyperbolicity

The definition presented here is motivated by the one found in Ref. [82], however adjusted
to additionally allow a set of global constants of motion.

Assuming we have m < d global constants of motions {C",i = 1,...,m}, we call the
subset )’ C X, which is invariant under the Hamiltonian flow, hyperbolic if for almost
all phase space points x € ) the tangent space can be decomposed into

T = Eu(x) @ Es(x) @ En(x) (2.49)

with nonempty subspaces &, /s(x) of dimension d — m spanned by the stable/unstable
directions, and a subspace &,(x) of dimension 2m of neutral directions completely de-
termined by the constants of motion as described in subsection 2.2.4. Furthermore, we
demand that the three subspaces vary continuously with the phase space point x. To put
in words, any initial perturbation of a trajectory can be decomposed into contributions
along stable and unstable directions, which decrease and increase exponentially in time,
and directions which can be associated to the constants of motion.

A subclass of hyperbolic systems which is very helpful for the analysis of chaotic
classical systems are uniformly hyperbolic systems. In those systems the spectrum of
Lyapunov exponents is independent on the single phase space point in )

)\Z(X) = >\i; Vxe). (2.50)

Within the semiclassical theory, this assumption of uniform hyperbolicity in the chaotic
classical limit of a quantum system does not only heavily reduce the amount of calcula-
tions, but often even enables them at all.

Furthermore, one approximates the stretching factors in the decomposition Eq. (2.18)
of the stability matrix by their asymptotic behaviour. In case of the factors associated
to the stable and unstable directions, this means

Ai(t;x) = eMit (2.51)
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Like the approximation presented in Eq. (2.47), this step is justified for times larger than
the Lyapunov time, t > tr..

It is then also repeatedly found that the largest positive Lyapunov exponent dominates
the explanation of the observed phenomena. To improve the presentation of the used
techniques, one thus assumes a more drastic version of uniform hyperbolic dynamics,
where the absolute values of all non-zero Lyapunov-exponents are equal,

[Ail =A >0 foralliwith\; #0. (2.52)

Within this thesis, we also rely on this approximation, and discuss in words what happens
when we allow for uniform hyperbolicity with a spectrum of Lyapunov exponents.



3 Semiclassical treatment of bosonic

qguantum many-body systems described
by the Bose-Hubbard model

In this chapter we introduce Bose-Hubbard models to describe inter-
acting bosons populating a lattice. Of special interest is the thermo-
dynamic limit of a large number N of particles where we want to un-
derstand the dynamical behavior of out-of-time-order correlators. We
show that the thermodynamic limit can be interpreted as a classical
limit where the inverse number of particles plays the role of an effec-
tive Planck’s constant, heg = 1/N and introduce a semiclassical theory
for the Bose-Hubbard model. During the derivation of the main tool,
the semiclassical approximation of the propagator for Bose-Hubbard
systems, we are able to identify the Hamilton function for the classical
“1/N — 0” limit, and we see that Hamilton’s equations of motion co-
incide with the nonlinear wave equations obtained from a mean-field
treatment of the quantum system. This enables us to interpret quan-
tum many-body interference phenomena as to originate from a coher-
ent summation of contributions. Each of these contributions relates to
one of many solutions of the mean-field equations subject to boundary
conditions, and thereby leads to the formalism needed to go beyond
a mean-field treatment of the system such as the truncated Wigner
method, which is based on incoherently summing solutions.

We now turn towards the quantum realm and, in this chapter, introduce Bose-Hubbard
models as the interacting many-body quantum models of choice to study out-of-time-
order correlators. As we plan to work in the thermodynamic limit of a large number N
of particles, our key concept is to interpret this limit as a classical limit, with fieg = 1/N,
the inverse number of particles, playing the role of an effective Planck’s constant. To
pave the way in that direction, we not only review in the first section the formalism of
second quantization in the bosonic case, but also introduce bosonic quadrature operators,
from which we later obtain a set of conjugate variables to use in the Hamilton function
of the classical limit of Bose-Hubbard model. In section 2, we briefly discuss the generic
Bose-Hubbard Hamiltonian and the minimal assumptions we have to make to ensure
the existence of a classical limit. Finally, in the last section of this chapter, we review
in detail the derivation of our main tool for the semiclassical theory, the semiclassical
approximation of the propagator (the matrix elements of the time-evolution operator,
with quadrature eigenstates chosen as basis). We start by writing the propagator in its
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Feynman path integral representation, and, following steps pioneered by Gutzwiller [1,
33|, identify then in the semiclassical limit and by the means of the stationary phase
approximation the classical paths significantly contributing to the propagator. During
this procedure, we are able to explicitly identify the Hamilton function of the classical
limit.

3.1 Bosonic Fock space and its representations

We start with a brief review of the notion of second quantization, restricting ourselves
to bosonic particles only as this is the class of particle considered within the scope of
this work. This section is not aiming at a complete treatment of the topic of second
quantization, and for more details, as well as the according theory for fermions, we refer
the reader to one of the many introductory book towards many-body quantum theory,
such as [89, 90].

3.1.1 Bosonic Fock states

The defining property of bosonic many-body quantum states is that interchanging the
indistinguishable bosonic particles leaves the wave function unchanged. As a consequence
and contrarily to fermions, many bosonic particles can occupy the same single-particle
state. Rather than focusing on the single particles, it is thus much more convenient to
aim at a description of quantum many-body systems in terms of numbers of occupations
of single-particle states. This is the idea at the heart of second quantization, also coined
the occupation number representation.

In this formalism, the bosonic many-body Hilbert space By for a fixed number N
of indistinguishable particles is related to single-particle modes by taking as a basis for
By the symmetrized products of the basis states of the single-particle Hilbert space. If
we denote by {|l) : 1 € T} a complete orthonormal basis' of the single-particle Hilbert
space, then these symmetrized states are given by

n) = |[(n),er) =S+ (..., (3.1)
‘ N I> [g n; times }

where the label n is a vector with non-negative integer components n; € Ny and with the
size of the index set Z as dimension. The function ST on the r.h.s. takes a product state
as an input and returns the normalized, symmetrized permanent. From the definition,
Eq. (3.1), it is easy to interpret the state |n) as the bosonic many-body state where for
l € T the single-particle mode |l) is populated by n; particles. We will refer to states
defined by Eq. (3.1) as number states or Fock states

It is easy to show that the orthogonality of the single-particle basis states translates
directly into orthogonality of Fock states. Consequently, we can write the many-body

'In view of the Bose-Hubbard model presented in section 3.2 we excluded in our considerations systems
which require including non-normalizable scattering states for a full description of the quantum
system.
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Hilbert space By as the span of all Fock states with fixed total number N of particles,

BN:span{\n>:an:N} . (3.2)
leT

By lifting the restriction of fixing the total number of particles we can also allow a
superposition of states with different V. The Hilbert space containing these more general
states is known as Fock space and is defined as the direct sum of the Hilbert spaces By,

oo
B = @B’N:spanﬂm}. (3.3)
N=0
Note that the Fock space also contains the Hilbert space of no particles, spanned by
a single, special Fock state, the vacuum state |0) where the occupation of any single-
particle state is n; =0 for all [ € 7.
We can identify Fock states as the basis states produced by the common eigenstates
of the mutually commuting set of the Hermitian occupation number operators ng, | € T,
with occupation numbers of the single-particle modes being the eigenvalues,

ny n) = ng|n) . (3.4)

Using the occupation number operators, we can define an operator counting the total
number of particles in the system through

N=> . (3.5)
1€T
Using this operator, it is easy to prove by contradiction that the overlap of Fock states
differing in the total number of particles is zero. The set of all Fock states thus forms a
complete orthonormal basis of Fock space.

3.1.2 Creation and annihilation operators

We have seen that the construction of Fock states requires the symmetrization of a
product state. This step is formally simplified using creation and annihilation operators,

b, by, leT. (3.6)

These operators are a set of operator pairs, where each pair relates to one of the single-
particle basis states in { |I) : { € Z }. The action of these operators is such that they add
(or “create”), respectively remove (or “annihilate”) from a quantum many-body state a
particle in the single particle state they are labeled with, thereby increasing or decreasing
the number of particles described by the state. Acting on Fock states, we obtain?

blo..,ng, ..y =gl ..,ng—1,...), (3.7)

2In case of a Fock state with n; = 0, the result of an application of b in Eq. (3.7) formally results in
an unphysical state with n; — 1 = —1. However, this state is multiplied with \/n; = 0, and we can
define the final result to be the correct value 0. This way, we can continue using Eq. (3.7) without
the need to distinguish the cases n; = 0 from n; > 0.
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b ooy Y =V + 1], 1, (3.8)

The normalization is such that we can express the occupation number operator as the
product of a creation and annihilation operator,

Ay = blby. (3.9)

Developing the formalism in terms of these operators converts the bosonic symmetry
upon permutation of particles into in a relation of operators, the bosonic commutation
relations

[Bl,i)p] - [6},6},} —0, [BZ,IS},} — S, (3.10)

where the last relation indicates that creation and annihilation do not commute with
each other, ultimately as a consequence that the attempt of removing a particle from an
unoccupied state has to result in 0, see Eq. (3.7).

The great advantage of working with creation and annihilation operators lies in the fact
that both the Fock states as well as quantum operators acting on many-body states can
be very elegantly re-expressed in terms of these operators, thus allowing an interpretation
of the many-body scenario in terms of changes in the occupations of single-particle states.
Fock states can be constructed by an appropriate successive application of creation
operators upon the vacuum state,

~ n
(i)
m) =1

N
ez VI

The action of quantum operators is interpreted such that particles found in single-particle
modes are annihilated, and then created in other modes to transform a Fock state into a
superposition of Fock states. Operators can then be classified by the number of particles
involved, and whether the operator conserves the total number of particles.

0) . (3.11)

3.1.3 Quadrature operators and quadrature states

Of central interest in this thesis are bosonic systems in the thermodynamic limit of a
large number N of particles. The main idea for the concepts to be derived is to interpret
this limit as a classical limit, with fi.g = 1/N , the inverse number of particles, playing
the role of an effective Planck’s constant. However, for describing the classical limit in
terms of a Hamiltonian formalism, it is necessary for us to re-express the Hamiltonian in
second quantization in terms of Hermitian operators which lead to conjugate variables
in the classical limit.

To find such operators, let us note that the way creation and annihilation operators
act upon many-body states reminds with intent of the use of ladder operators a, af
in the algebraic treatment of the harmonic oscillator. By understanding how one can
arrive at the classical limit of the harmonic oscillator starting from the Hamiltonian
expressed through ladder operators, we not only obtain a procedure which we can lift
to the bosonic many-body scenario, but also can get additional fruitful intuition.
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Expressed through ladder operators, the Hamiltonian and its eigenstates and -energies
of the one-dimensional quantum harmonic oscillator of frequency w are given by [91, 92]

A )"

o = m(&*m ;) B, hw(n—l— ;) L jn) = (i“/% 0, neNo. (3.12)
In view of bosonic many-body systems, the spectrum and the corresponding eigenstates
of the harmonic oscillator can equivalently be interpreted as adding bosonic quasi-
particles to the ground state. Writing the Hamiltonian for the quantum harmonic
oscillator in terms of ladder operators is thus a way to elegantly solve the quantum
problem. However, the question of the classical limit, in the sense of formally sending
“h — 07, is better addressed with the Hamiltonian represented by the Hermitian po-
sition and momentum operators § and p. From the abstract point of view of ladder
operators, these operators are related to the Hermitian and anti-Hermitian part of the
lowering operator a. In the common scaling including the particle’s mass m, we have

i = \/7%@— \/Tlm\/f(aTJra), (3.13)

p= MPziM\/?(dT—d), (3.14)

or equivalently,

i= E(W@HX/%). (3.15)
While the normalization with /mw is due to a (canonical) scaling of the operators
Q and P (with dimension \/ﬁ) towards position and momentum operators associated
with the dimensions length and momentum, the more interesting scaling is with \/71/72
Through this factor, the Hamiltonian of the quantum harmonic oscillator transforms to
an expression not directly depending on the Planck constant A any more,

~2 22

~ p mw q
Hyo = — 3.16
HO = 5 + 5 ( )

while Planck’s constant £ is now included in the commutation relations of the position
and momentum operator

[4,p] = [Q,P} = ih. (3.17)

This last commutator expression is extremely important in the discussion of the classical
limit, where the commutator is translated into the Poisson bracket®, with the classical
limits of the operators in its argument,

ih = [q,p] — ih{q,p}. (3.18)

3To be more precise, the Wigner-Weyl transformation of the commutator [121, B} is the Moyal bracket of
the Wigner-Weyl transforms of the operators A, B, see our discussion in section 4.1.1. The Poisson
bracket emerges from the Moyal bracket as the lowest order in an expansion in powers of /.
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Comparing both sides we see that the Poisson bracket of the position and the momentum
variable is unity. The classical limit of the position and momentum operator thus leads
to a pair of conjugate variables and can thus be used to formalize the classical limit.
Indeed, the Hamilton function describing the dynamics in the classical harmonic oscil-
lator in terms of these conjugate variables is obtained from the quantum Hamiltonian
essentially by substituting the operators with their classical correspondents. However,
it should be noted that this simple substitution is a consequence of the structure of the
quantum harmonic oscillator which does not contain products of position and momentum
operators and therefore does not address the question of ordering.

Turning back to quantum bosonic many-body systems now, the above reasoning moti-
vates the use of the Hermitian and anti-Hermitian part of the creation and annihilation
operators. These operators have been well known as quadrature operators in the field of
Quantum Optics [93]. They have also been used in the original works which introduced
the semiclassical approximation for Bose-Hubbard models [33, 34]. The remainder of
this section is indeed motivated from the presentation of quadrature states in the latter
works, however explicitly discussing and including the effective Planck’s constant, thus
improving [33, 34].

As motivated in the beginning, for bosonic many-body systems we are interested in
the classical/thermodynamic limit of a large total number of particles N. To be more
precise here, we treat N as a parameter of the system, assuming that the many-body
states of interest support an average particle number of O(N)*. This way, we can define

the effective Planck’s constant !
o = — 3.19
eff N ( )

as the quantity for which “heg — 07 defines the classical limit and which identifies the
criterion when semiclassical tools are applicable to describe phenomena in the quantum
system.

Using a scaling in accordance to the quantum harmonic oscillator, we define position
and momentum quadrature operators by

- h;ﬂ (bj + Bi) = \/;W (bj + &) : a0

=iy =0) = (0 -).

N N . A N .A
by = \/;(Qi +1ip;) , bz =/ E(Qi — ip;). (3.21)

The occupation number operator n; uncovers the equivalence to the harmonic oscillator,

L L (n ]
Q(qz’JF i)_N<nz+2>- (3.22)

“In single-particle semiclassical physics one employs a similar reasoning by demanding that the de
Broglie wave length Aqp (as a parameter) is small compared to the smallest length scales of the
system. The states are then chosen such that their wavelengths are O(Aag).

or equivalently
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In view of Egs. (3.7) and (3.22), the scaling of quadrature operators with the total
number of particles also gains a physical interpretation. Application of an annihilation
or creation operator on an N-body bosonic state results in an additional prefactor of the
order O(v/N), containing information about the total number of particles in the system.
By choosing a scaling with the expected total number of particles N, we substitute these
absolute occupations by the fraction of all particles found in the labeled single-particle
state. It is through that step we are able to find a Hamiltonian formalism independent
of N which is meaningful in the classical limit “N — c0”.
It is easy to derive the commutator relations of position and momentum quadrature
operators from the commutator relations of creation and annihilation operators,
[Gi, 4;] = [DisDj] = 0, [Gi, Ds] = 1hemtdij = %5@. (3.23)
Each of the sets of position and momentum quadrature operators, {¢; |7 € I } and
{pi|i €I}, forms a complete set of commuting Hermitian operators. Each of them
thus allow us to find a basis of Fock space consisting of the common eigenstates of the
operators in the set, with the corresponding eigenvalues as their labels. This leads to
sets of so-called position and momentum quadrature states

{19) = [(¢i)iez) :Viez ai €R } . {IP) = |(pi)icz) : Vier i €R }, (3.24)
where the states fulfill
gila) =qila), pilp)=pilp), i€T. (3.25)

Moreover, identically to the single-particle case and as a consequence from the com-
mutation relations Eq. (3.23), the position quadrature representation of the momentum
quadrature operator (and vice versa) is a differential operator®,

R hog O 1 0
(al pi = TaT;Z (q] = W@ (al,

) hg O 1 9 (3.26)
(PG = T op (pl= ~iNop (p| -

The basis states are orthonormal in the sense that the overlap of two quadrature states
is proportional to a Dirac-d distribution

(ald) = [JNé(q; — q)) .
€L

(p|p)y = [[NWs(pi —1f),

i€

(3.27)

5One way to proof this utilizes the translation operators exp|(i/hert)piy] generated by the momentum
quadrature operator. First one shows, that the operators exp[(i/hesr)piy]di exp[—(i/hes)piy] and §; +y
are identical as solutions of the differential equation dQ; /dy (y) = [pi, Qi(y)] with initial condition
Qi(0) = G;. From this, one can conclude that (q+yé&i| = (q|exp[(i/hes)piy], with & the i-th
standard basis vector, is again a (left) eigenstate of all position quadrature operators. Differentiating
the last equality with respect to y and setting y = 0 leads to the result in the first line Eq. (3.26).
The second identity follows analogously.
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where N (@ N®) denote arbitrary choices of normalization. This freedom in the choice
of normalization is a consequence of the fact that quadrature states are unphysical states
in the sense that they elude a physical interpretation through probability densities. How-
ever, quadrature states are useful tools for the intermediate steps of a technical treatment
of an actual physical problem. We can therefore take for granted that quadrature states
have been introduced into any calculation through the quadrature state representation
of the unit operator,

1=<E[Z§?;)>q><q|, 1=(

Within this logic, the arbitrary normalizations N (@, N'®) are then compensated by the
integration measure.

Finally, the normalization factors also appear in the overlap of a position with a
momentum quadrature state. By solving either of the differential equations

> dp;
H/_OO/\/’(p)

€L

) IpXP| - (3.28)

. hegr O
(alpilp) = pi (alp) = =5 - (alp)
1 qi
(3.29)
(pliila) = ¢ (pla) = — =1 2 (plq)
Pl4:|19) = q; \P|d) = : apipq
we find NOND)
q p i
{alp) = H “onhug exp<heﬁ(hpi> (3.30)

€L
where the additional factors within the overall normalization originate from the con-
straint that position with the momentum quadrature representation of states are related
with each other through a Fourier transformation.

Like the overlap between quadrature states of the same type, Eq. (3.27), the overlap of
quadrature states of different types, Eq. (3.30), should be understood in an distributional
sense. This is most important in the case of an infinite set of indices Z, as otherwise,
if naively combined to a single prefactor would result in 0, 1 or infinite, depending on
the choice of normalizations N (@, N'®). Moreover, the scalar product qTp in the phase
might also not lead to a finite value. For the construction of a semiclassical theory
for bosonic systems with a countable infinite and and uncountable index set, further
discussions of these issues are needed. However, since the systems of choice to study
OTOC:s in this thesis are Bose-Hubbard models with a finite number of sites and thus a
finite index set Z, we omit such a discussion here.

From now on we thus assume a finite index set Z = {1,...,d} of size #Z = d. This
turns the labels of quadrature states to vectors in R%. Furthermore, to keep the notation
identical to the d-dimensional quantum harmonic oscillator, we set the normalizations
N@ = N(®) = 1. Then, the different overlaps between quadrature states are given by

exp ( - qu)

(ala’) =d%(a—d), (p[p’)=0"(P-P), (dp)= (2mhes)”

, (3.31)
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while the expansions of the unit operator become

1= [ dlalaa . 1= [ dpipel. (3.32)

Since in the following sections any integration over quadratures is over the integration
volume R?, we drop the integration volume from our notations.

From its construction Fock states |n) and quadrature states |q) and |p) in quantum
bosonic many-body systems are formally equivalent to the eigenstates |n) of the d-
dimensional harmonic oscillator and the position and momentum states |q) and |p).
This allows us to immediately identify the overlap of a Fock state with a position or
a momentum quadrature state with the position and momentum representation of the
corresponding eigenstate of the d-dimensional quantum harmonic oscillator. We thus
find for the quadrature state representations of Fock states [91, 92]

d 1 :
1 1 1 qi — R
) E<wﬁeﬁ> Mo ( heff)e )

d O 2
1 1 " i 17
n) = H,, e 2heft
Pl H(Wheff> V2min! m( heff>

where H,, denote the Hermite polynomials defined by

- en(£) (s 2 a2 28

We see that beside being non-normalizable, quadrature states |q) and |p) have an in
general non-vanishing overlap with Fock states of arbitrary number of particles.

The opposite interpretation is that a Fock state can be considered as delocalized in
the quadrature state representation. To quantify this, we express quadrature operators
through creation and annihilation operators to show that the expectation value of a
quadrature operator in an arbitrary Fock state is 0, while the variance is growing with
the relative number of occupation, n;/N, of the single-particle state 4

(3.33)

(n|gi|n) = (n|p;jn) =0,
. . 1 n; 1 (3.35)
(ul?fm) = (nl?fm) = (4 5 ) = + 5y
For the Fock states of interest, i.e. those with a particle number in the vicinity of NV, the
variance is of order 1, indicating delocalization of the Fock states in both the position
and momentum quadratures.

3.1.4 Coherent states

A class of states which are localized in the quadrature variables is found to be given by
coherent states, for which we present a small collection of properties in this subsection.
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The details in the derivation of the following statements can be found in any standard
reference, which discusses coherent states, e.g. [89, 94|, but also in the main reference of
the last section [33].

Coherent states are defined as the common eigenstates of the annihilation operators,

b |®) =®;|®), ,ie{l,...,d}, ®eC?, (3.36)

with, since annihilation operators are non-Hermitian, in general complex eigenvalues ®;.
It is found that for any complex vector ® € C¢ the eigenvalue equation can be solved
and yields the eigenstate

d
®) = exp(_;”w + Z@@) 0) . (3.37)

Contrary to quadrature states, coherent states are normalizable, and for Eq. (3.37) the
prefactor has been chosen such that coherent states normalize to unity,

(B|®) =1. (3.38)

The overlap with Fock states is easily calculated using Eq. (3.37)

wl) = x5 @1°) | H o (3.39)

In principle, the normalization of coherent states would allow a physical interpretation
in terms of a probability density. However, like quadrature states, coherent states in
general have a nonzero overlap with Fock states with an arbitrary number of particles,
and thus are non-physical, experimentally not realizable many-body states. The mean
value and the variance in the relative occupation numbers 7n;/N are controlled by the
modulus of the components ®; of the vector ® labeling the coherent state,
i
1

o M) | il
N )
P 2 A 2 ‘ .|2
(=) (@) ((®]|=|P =
(3) )~ ((o512)) - 5
Finally, the position and momentum quadrature representations are found to be
11 1 T
a qa
B)=(— | exp|—=||®|*+-8TP — — P —® )|, (341
= () oot (s o) (G 2)) o

1
2
<py@>_<7%>dexp{—\|q>” % @—(\/%—l—i@)T(\/%—l—i@)]. (3.42)

(3.40)
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We gain a better understanding of the latter equations by expressing the components of
the complex vector ® by its real and imaginary part, in a similar way as we did for the
annihilation operator, Eq. (3.21),

1

P = ipo) - 3.43
m(‘lo + 1p0) ( )
This coverts Egs. (3.41), (3.42) into a more intuitive form,
d
1 4 _ T _ Oy _ T
(q|®) = ( ) exp [_ (a—qo)'(q — qo) I ip)(q —qo) n 1p0q0:| 7

d
(p|®) — ( 1 )4 exp {_ (P—pPo)'(a—ao) igj(P—Po) iquo} .
T Neft 2hef et 2Nefr

These last equations show that indeed the quadrature state representation of coher-
ent states are Gaussian wave packets centered around the point (qp, po) with a width
Vhieg/2. In the classical limit fi.g — 0 these states become highly localized. Similar to
coherent states for single-particle systems, these states can be interpreted as the quan-
tum equivalent of the classical phase space point (qo,pp) with a minimal Heisenberg
uncertainty in the conjugate variables.

3.2 Bose-Hubbard models

The model for quantum many-body systems we want to consider in the context of
OTOCs are Bose-Hubbard models. These are models describing a fixed number of sites,
for instance in an optical lattice, which support interacting bosonic atoms. In its most
generic form the Hamiltonian for these models is given in second quantization by

d d
H=">" hyblbj+ > Usjublbibyby, (3.45)
7‘7]:1 i)j)k’lzl
where l;j and b; denote creation and annihilation operators of bosonic particles at site i.
The first term contains hopping between single sites due to single-particle kinetics and

external potentials, while the second one encodes interaction among the particles, both
on- and offsite. In order for H to be Hermitian the coefficients have to fulfill

Furthermore due to the commutation relation of the bosonic creation and annihilation
operators, Eq. (3.10) we can additionally choose the interaction matrix elements to fulfill

Uikt = Ujirs = Usjie = Ujik, - (3.47)
Dealing with the classical/thermodynamic limit of a large number of particles N, or
equivalently “heg = 1/N — 07, requires additional assumptions towards the Bose-

Hubbard Hamiltonian. When acting on a Fock-state of N particles in the system,
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creation and annihilation operators each gain a prefactor of the order O(v/N). This
implies, that by increasing the number of particles N, the product ISIBJ of a creation
and an annihilation operator in the single-particle term in Eq. (3.45) will scale with N,
while the product IA)IIA);IA)klA)l related to the interaction energy gains N? as a prefactor. If
the parameters h;j, U;jx; in the interacting model are not themselves functions of the
number of particles IV, in the limit “/N — oo” the interaction term governs the dynamics
of the system, leading to either a Mott insulating or a clustering state.

To avoid this trivial scenario, we thus require that when the N is increased, the
strength of the interaction Uy = Vijr/N is simultaneously decreased by the inverse
number of particles. Like for the definition of quadrature states, this requires to treat the
number of particles N as a system parameter, with the underlying assumption that the
states of interest in the later treatment of problems support a mean number of particles
in the vicinity of N. The class of Bose-Hubbard models underlying this assumption is
thus described by the Hamiltonian

d d
X e 1 eein o
H = E hijb;fbj + N E ijleb;bkbl s (348)
i,j=1 i,5,k,1=1

where the parameters h;j, Vi;u are assumed to be of equal size in the limit N — oo.

3.3 The semiclassical approximation for the propagator

In this section we derive our main tool, the semiclassical approximation of the propagator
for Bose-Hubbard models. This approximation of the position quadrature representation
of the time-evolution operator enables us to link the dynamics in the quantum regime
with that found to be the system’s classical limit “fieg = 1/N — 0.

The derivation presented here follows the original derivation in Refs. [33, 34], which
repeats in its techniques the derivation of the Van Vleck-Gutzwiller propagator for single-
particle systems in the semiclassical limit “h — 07, see e.g. Refs. [1, 2]. The reason why
it is presented here again in detail is that a precise discussion of the role of Aqg in
the arguments of the derivation of the semiclassical approximation of the propagator in
quadrature state representation is missing in the original work. By including this care-
fully in the subsequent subsections we see that we obtain a different Hamilton function in
the classical limit which does not contain terms due to ordering and which differs in the
interaction term. Furthermore, we find that terms produced from ordering quadrature
operators in the Hamiltonian result in an additional slowly varying phase.

3.3.1 The time-evolution operator

Our derivation starts rather generically by introducing the time evolution operator in
the general sense for a system described by the (possibly time-dependent) Hamiltonian
H(t). Only when we need details of system in the next subsection we restrict to the
time-independent Bose-Hubbard models.
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The action of the time-evolution operator U (t(f),t(i)) is such that, it transforms an
initial state |¥(¢tW)) of the system at initial time ¢t into the state |¥(¢()) at later or

final time ¢t®),
‘\11(75<f))> - U(t(f>,t(i>) ‘\If(t(i)>> . (3.49)

Using the Schrodinger equation one finds that the time evolution operator solves the
initial value problem

m%U@¢®>:ﬁ@0@jﬂ, 0(10,49) =1, (3.50)

From Eq. (3.50) we can find a formal expression for the time-evolution operator, involving
a time-ordered exponential,

<t
U(t,t/) = Texp <_7li/ ds f[(s))
t/
oo i U rt t1 ti—1 A A
:Z<_)/aJXmm/ dt H(tr) - H(t).
1=0 h) Jv ¢ ¢

This expression simplifies to an ordinary exponential of an operator if the Hamiltonians
at different times commute with each other. In such a case of no explicit time-dependence
of the Hamiltonian, for instance for the Bose-Hubbard models considered within this
work, we can choose t() = 0 to be the zero of time and obtain

(3.51)

U(t) = U(t,0) = exp (—%ﬁt) . (3.52)
The time evolution operator fulfills the property
U(t(f),t’) U(t’, t(i)) = U(t<f>, t(i)> , (3.53)

reflecting the physical interpretation that a subsequent evolution in time for time spans
t® — ¢ and ¢ — tO is identical to a single one of a time span t® — ¢® . In case of
a time-independent Hamiltonian the above relation even allows us to interpret the set
of all time-evolution operators mathematically as a semi-group, which coined the name
“semigroup property” for Eq. (3.53).

Finally, from Eq. (3.50) and for an Hermitian Hamiltonian, one can conclude unitarity
of the time evolution operator,

Ut <t(f),t(i))0<t(f),t(i)> =1. (3.54)

The matrix element of U () in a continuous basis representation is denoted the prop-
agator. For instance, in coordinate space representation q, the propagator of a single-
particle system is defined by

K (a,60,q0, 1) = (q

(10,19 [ 359
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The propagator is a scalar function which, in the time evolution of a state given in the
chosen basis representation, plays the role of an integration kernel. Here,

U(q,t) = (q|¥(t)) = /ddq’K(q,t,q’,t’)\l!(q’,t’) ) (3.56)

In the context of Bose-Hubbard models, the representation we are interested in is in the
basis of the position quadrature states |q).

3.3.2 Feynman path integral representation of the propagator

The semi-group property of the time-evolution operator is extremely useful to rewrite
this operator as the product of infinitely many, infinitesimal small time steps. This
allows for a treatment of the time-ordering inherent in the formal result Eq. (3.51) since
for small enough time steps we can not only treat the propagator as if the Hamiltonian
is static, but also further replace the operator exponential through its Taylor expansion
up to linear order in the time step.

To formalize this procedure we start by writing the time-evolution operator as the limit
of a product of time-evolution operators, while assuming at the individual times a static
Hamiltonian. Using Eq. (3.52), as well as the linearization of the matrix exponential,
we find [95]

= iTp
S0 4G : i 4(F
U<t( )1 )> = Lh_)H;OHeXp [_hH(t( ) — lTL)]

(3.57)

L .
= i 1L ()
= lim L [1 N H(t lTL>:| ,

with time steps 77, = (+0 —¢())/L — 0. The product has to be understood as an ordered
matrix product through

[[4 =44, AL (3.58)

For a time-independent Hamiltonian, such as the one presented in Eq. (3.48), this ordered
product reduces to
. it
U)=lim [1—-H—| . 3.59
= jim [1- A7) £
In what follows we now restrict ourselves to Bose-Hubbard models with its propagator
expressed in the basis of position quadrature states |q). Furthermore, for reasons to
become clear in a moment, we take the number of time steps to be even, L = 2M, and
thus obtain an even number of factors in the product shown in Eq. (3.59).
Within the propagator in position quadrature representation, we alternatingly insert
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unit operators in position and momentum quadrature representation to obtain

K <q<f), qh t) - <q<f> ’fj(t) ’q(i>>

o a. ) [ qd -1y [ 4 (M—1) d ) [ 4 (1)
A}linoo dp /dq /dp .../dq /dp (3.60)
M it it
mli _ig t e\ /omli _ig t | m-1
Xp1<q ‘ no o [P ><p ‘ non |4

where we used g™ = q® and q(@ = q¥ to simplify the notation. Due to the lin-
earization of the single intermediate operators, the factors in the integrand only require
the evaluation of a matrix element of the Hamiltonian. By using the normal ordered
form, where momentum quadrature operators are found left of the position quadrature
operators, the evaluation of these matrix element becomes trivial, and we present this
calculation in the Appendix A.1. We find

~ 1 A
1h2M>

[ ) + heff<H(Ord)< p) +iH "V (q, p))} 2;4) (pla) ,

i) (o)
< [ ) + Pefr (H(Ord)(q, p) — i1V (q, p))} 2L> (alp) ,

where we expressed the results in terms of the real-valued functions H(q, p), ”Hg rd) (q,p)

and H%ord)(% p)). Using the complex linear superposition ® = (q+ip)/v/2 for abbrevi-

ation, these function are given by

(3.61)

(@

d d
Hap) - 3 hT; Z ukl@;@;@k@,
i.j=1
. :
HYVap) =) % + %ﬂl@ 1t Der Z ( e V4h”) ’ 09
i=1 iJ,1=1 =t
1 d
MOV (@p)= 5 D Vigu (02 — 07 ®3)
1,7,k,l=1

As we will see in the next subsection, the first function H turns out to represent the
Hamilton function® of the classical limit of the Bose-Hubbard model, with q,p playing

5In this Hamilton function Planck’s constant i appears as a constant parameter and may not be
confused with the effective Planck’s constant fieg = 1/N, which defines with the classical limit.
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the role of the conjugate variables. The other terms ngd), Hford) originate from the

ordering process, which brings the products of quadrature operators in the Hamiltonian
in normal order. Since this ordering requires the application of the commutation relations
Egs. (3.23), these functions are joined by an additional factor heg in Egs. (3.61), (3.62).

Inserting the matrix elements Eqs. (3.61), (3.62) back into Eq. (3.60) results in a
product of the matrix elements. In the limit M — oo, we can express this product by
an exponential since generally for large M and bounded factors A,, we have

[T (1-52) ~en( S s(1- 52) ) o 32 (52 +0(5))

m=1 m=1

ol ) (o)) 059

m=1

Using further Eq. (3.30) for the overlap (q|p) of a position with a momentum quadrature
state, we get for the propagator

K (qm’ q® t) _ <q<f> )U(t) }q<i>>

1
~ lim /ddp(M)/ddq(M—l)/ddp(M—l)“‘/ddq(l)/ddp(l)
M —o0 27ThefodM
S

(m) | [ q(m) _ q(m—1)
o132 (9 (a1 - ))
X exp|— _
I Pt = 2 M
[ M 4,(ord)/ (m) . (m) (ord) ¢ (m—1) . (m)
= My (@™ p™) 4+ 1 (g ,p™) ¢ ]
X exp|—1 —
2 z 7
[ M 4(ord)( (m) (m)) _ qy(0rd)( (m—1) . (m)
H " (q™, p™) — H;" (q ,p™) t ]
X exp|— — .
2 > 7

Upon integration, large differences in neighboring (labeled by m and m + 1,) quadrature
variables of the same type lead to large oscillations in the phase factors and thus to
cancellations. It is therefore reasonable to assume that non-canceling contributions to
the multidimensional integration arises from vectors (q(m), p(m))m:17,,,7 M each of which
can be understood as the discretization of a sufficiently smooth path q(s), p(s), with
q(s) fulfilling the boundary condition q(0) = q, q(t) = q'Y. Under this assumption”
it is possible to interpret the arguments of the exponential as the Riemann sums of
integrations of sufficiently smooth functions. Note that within these sums, the effective

"To be precise, the assumption is reasonable in view of constructing a semiclassical approximation of
the propagator. When working directly with the Feynman path integral, this assumption has to be
questioned as different derivations of the path integral may lead to non-equivalent results [96].
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time-step is t/M, the elapsed time between two subsequent position, respective momen-
tum quadrature variables in Eq. (3.60), which is twice the time step used in the slicing
of the time evolution operator. In the limit M — oo, we find

g™ — gim=D) ‘

M

m=2 ~ 2 . ¢
d.p TN ar ), 45P()-ds). (3.66)
m=1 M

%H (), p(™) + H(g™ =, pm) ¢
=1

(3.67)
t t
[ qs ta(s), p(s)) + H(a(s), p(s)) /dsH( (5), p(s))
M—oo Jo 2 0
$- M. p™) + gD, pm) ¢
2 M
m=1 (3.68)
t
(ord)
e ), dsHg " (a(s), p(s))
i 1D (qm), pm)) — 4D (q(m=1) plm)) t
2 M
" (ord) (ord) (3.69)
t or N or
SN ds I ( (S)7p(8)) 7-[I ( ( )7p(8)) -0.
M—o00 0 2

uite interestingly, we see that in the limi — 00, the argument associated wi
Quite interestingl that in the limit M th t iated with
the function ’Hl(ord) (q,p), originating from the imaginary part of the overlap <p’f[ ‘q>,

converges to zero and thus does not result in an exponential growth or decay of the
integrand. Within the limit M — oo, we can therefore safely neglect H1(q, p) and end
up with

_ d (M d_(M—1 d (M—1 d_(1 d (1
_]\}li)noo 2h2dM/d )/d )/dp ).../dq()/dp()

o (0 (o -a)|

L m=1 (3.70)
r M
P& 3(q™, pm) 4+ H (gD, ptm) ¢
X exp _— oo mzl 5 i
I (ord) ¢ (m ) ( ) (ord) ¢ (m—1) (m)
HY (g )+ HY (g ,p™) ¢t ]
X exp | —i —1,
S 2 i

In view of our interpretation in terms of smooth paths, we can use an abbreviating
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formal notation

i

K (% a.1) = [0 DIaCe) o) exp 1= Rla(s) (] + iglate).p(e)] )

q(0)=q®
(3.71)
with the action functional
t

Rla(s).p(s)] = [ dsp(s)- a(s) = Hla.p). (3.72)

and an additional phase due to ordering of operators,

t

ela).p(s)) = [ asH{™ (a(s).p(s)- (3.73)

This final representation, Eq (3.71), is referred to as the path integral representation
of the propagator, formally displayed as an integration over all possible and sufficiently
smooth paths (p(s), q(s)) with the position quadrature component of the path fulfilling
the boundary conditions q(0) = qV, q(t) = q\Y’. For the actual calculation of the path
integral, one has of course to understand the path integral in the version with discretized
paths, Eq. (3.70).

3.3.3 The semiclassical approximation of the propagator
The stationary phase approximation

A direct evaluation of the multidimensional integration is not possible since the com-
ponents of integration vectors q™), p(™ appear as a fourth order polynomial in the
arguments of the oscillating exponential functions. However, within the semiclassical
limit “heg = 1/N — 0” we can employ a powerful technique known by the name sta-
tionary phase approximation, see for instance Refs. [95, 97]. Generally speaking, this
method provides a recipe to approximate integrals of the form

o0
PO = / dz g(x) exp(iMf(x)), (3.74)
—0o0
with real-valued smooth functions f(z), g(z) in the limit A > 1. In that regime the
argument of the phase factor exp(i\f(z)) is varying rapidly as a function of z, leading
to destructive interference of the phases and thus to a negligible contribution to the
integration. It is only when this variation in the frequency becomes small that we obtain
constructive interference, and consequently a significant contribution to the integral.
To identify areas with a slowly varying phase is formalized to solving the stationarity

condition af d2f
e O CHI R Vo — 2
- (w ) 0 ( while -5 # o) . (3.75)

We denote the solutions z(® of this extreme value problem as stationary points, and the
magnitude of contributions to the integration Eq. (3.74) arises from the close vicinity
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of these points.®. We can thus split the integration F(\) into a sum of integrations,
each around an appropriate vicinity of one of the stationary points. In this vicinity of
stationary point, we can use Taylor expansions to write

g(x(s) + y) ~ g<x(s))

9) = 1(a0) + 550

Finally, we extend the integration over the vicinity of the stationary points to an inte-
gration over the whole real space to obtain a sum of Gaussian integrals, which we can
easily evaluate,

(3.76)

FO\)

Q

S g(a®)exp (inf(2)) / °° dyeXpGjSJ; (x(5)>yz)

—00

stationary
points z®)

= ¥ g<x(s>>

stationary
points z()

(3.77)
As is discussed in Ref. [95], the combined effect of our approximations is to neglect terms
approaching 0 as O(1/)) in the limit A — co. Asymptotically these contributions vanish
faster than the result of the stationary phase approximation which is O(1/v/A). This
is also the reason, why the Taylor expansion of g terminates after the zeroth order in
Eq. (3.76).
The method can be easily generalized to multidimensional integrals of the form

F(\) = /Rd d?z g(x) exp(iAf(x)), (3.78)

for which the intermediate result is a sum over stationary points x® of multidimensional
Gaussian integrals,”

F(\) =~ Z g(x(s)> exp (IAf(x®)) /Rd d?y exp <i;yT£;f;c(x(s)>y> . (3.79)

stationary
points x*

Through a transformation, which diagonalized the Jacobi matrix ;j—afx(x(s)), the d-

dimensional Gaussian integral is converted into a product of d one-dimensional Gaussian

8To be more precise, as discussed in Ref. [95], the major contributions stem from a distance of the
order O(1/ \/X) from stationary points and, as we see in a moment, result in contributions behaving
asymptotically like 1/ VA for A > 1. Contrarily, the contributions from the surroundings of a generic
point z, which is sufficiently far away from a stationary point, behaves asymptotically like 1/\, which
vanishes faster than 1/ V.

9This results holds, if the stationary points are isolated from each other. In case of a manifold of station-
ary points, one first needs to perform a change of variables including directions within the manifold,
and treat the integration within the set of stationary points exactly. An example is Gutzwiller’s trace
formula, where the set of stationary points is given by periodic orbits [1, 2].
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integrals. The product of eigenvalues, which we find in the denominator, is identified
with the determinant of the Jacobi matrix. We obtain

° (2 )d o S . S
s Staﬁzogary 9<X( )) )\d‘det<£<%x (fU(S)))‘ o (lAf <X( )> - 1%B<X( )))
points x(8) ( )d (380)
S 27 . . o i
-2 o) gy ) )
points x'®

where (x) denotes the difference in the number of positive and negative eigenvalues,
and v(x) the number of negative eigenvalues of the Jacobi matrix. These numbers are
related to each other and the dimension d through the identity

B(x) =d—2v(x). (3.81)

Stationarity condition for the path integral

We now apply the stationary phase approximation to solve the multidimensional integral
over all position and momentum quadratures in Eq. (3.70) in the semiclassical limit of
“het = 1/N — 07, whose inverse will play the role of A\ = 1 /g in the approximation.

While we perform the actual calculation for the discretized integral, Eq. (3.70), to
get an understanding of the physical implication of this approximation, it is useful to
formally examine the stationarity condition at the level of the continuous path integral,
Eq. (3.71). There the set of partial derivatives turns into a set of functional derivatives
or variations. Note that the boundary conditions, which fix the position quadrature
component at initial and final time, q(0) = q1V, q(t) = q¥, has to be considered within
this variation. We obtain

) . OH
0= ——<Rla(s),p(s)] = ¢i(s)) — 5~ (a(s). p(s))
opi(s’) opi
) ., OH , , (3.82)
0= (5q1(8/)R[q(S)7P(S)] = _p’L(S ) - 8Qz (q(S )a p(S )) ;
fori=1,...,d. Comparing these equations with Eq. (2.2) we can interpret the solutions

of the stationarity condition as trajectories solving Hamilton’s equations of motion with
H as the underlying Hamilton function and with the position and momentum quadra-
tures q, p playing the role of the pair of conjugate variables.

The actual full calculation of the propagator in stationary phase approximation, in-
cluding the calculation of the amplitude weighting the contribution of the single paths,
as well as additional phases, is performed at the level of the discretized version of the
path integral, Eq. (3.70) and is presented in detail in appendix A.2. From this calcula-
tion we obtain the semiclassical approximation for the propagator in position quadrature
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state representation, given by

; ; i
K(SC) (q(f)’ q(1)7 t) = Z A’Y (q(f)u q(l)a t) €xp (h

eff

Ry(q®,q", t)) . (383)
v:q® Lg(®

where the summation runs over all classical trajectories, i.e. solutions of Hamilton’s
equations of motion, Eq. (3.82), with the boundary conditions q.(0) = q, q,(t) = qh.
The phase factor contains Hamilton’s principal function R, as defined in Eq. (2.5), and
the (complex) amplitude A, is given by

A, <q<f>, q, t)
1 02R, :
=y — 7 (gt g

The absolute value of A, contains second order derivatives of R, with respect to the
boundary conditions. Through that amplitude, the contribution of the trajectory -y
to the coherent sum in Eq. (3.83) is weighted by its stability upon variations of the
boundary conditions. The phase of A, contains the Maslov index j, counting the
number of divergences of the prefactor, which are interpreted as number of conjugate
points along the trajectory, i.e. points, for which a bundle of classical trajectories fulfilling
the boundary problem can be found [1, 2]. The second contribution to the phase is the
function

(3.84)
eXp[—i(guy + ¢, (q®, g, t))} :

t 2 2
on(a®a®0) = 1 [ sl Sl o)+ R @) 69
and originates from the phase space function Hg’ rd) (re-expressed here in terms of second
derivatives of the Hamilton function). This phase is thus attributed to the normal
ordering of the Hamiltonian. This phase has been also found in the derivation of a
semiclassical approximation for the propagator in coherent state representation [98, 99],
and is called Solari-Kochetov phase. Within the scope of this work, a detailed knowledge
of the Maslov index and the phase due to ordering is not necessary, and thus, for a
deeper understanding of these quantities, we like to refer the reader towards the existing
literature, for instance Refs. [1, 2, 100]
As a concluding remark, it is possible to view the equations of motion, Eq. (3.82), as
the real and imaginary part of a dynamical equation for the complex function ®(t) =

(q+ip)/v2,

d

iag; = (f;);(cp, *) = Z h—gcbj +2 ‘Z V%’“ O3y, (3.86)
j=1 k=1

which is the well-known Gross-Pitaevskii equation [24, 25, 101], here in its discrete

form as consequence of the finite number of sites in the Bose-Hubbard model. Within

our reasoning, any solution of the Gross-Pitaevskii equation can thus be interpreted as

the classical wave equation describing the dynamics of the Bose-Hubbard model in the

classical limit.






4 Semiclassical analysis of
out-of-time-order correlators (OTOCs)

In this chapter we study out-of-time-order correlators (OTOCs), which
can be used as sensitive probes for chaos in the classical limit of an
interacting many-body quantum system. To gain intuition, we pro-
vide an explanation for the short-time behaviour of OTOCs based
on the quantum-classical correspondence principle. We see that for
suitably chosen OTOCs the short-time dynamics is able to discrimi-
nate a chaotic classical limit, where OTOCs experience an exponential
growth, from an integrable one with an at most polynomial growth of
OTOCs.

For systems with a chaotic classical limit, it is observed that the growth
saturates after the so-called Ehrenfest time tg, a time which marks the
onset of quantum interference not captured by the quantum-classical
correspondence principle. For N-particle Bose-Hubbard models in the
semiclassical limit of a large number of particles, “fieg = 1/N — 07, we
develop, based on the semiclassical approximation of the propagator,
a semiclassical theory, which is able to capture both the pre- and the
post-Ehrenfest time behaviour of OTOCs. We show that the initial
exponential growth is related to the Lyapunov exponent of the classical
mean-field dynamics, thus justifying the intuitive picture by Maldacena
et al. [43]. Finally, we identify the underlying interference mechanism
leading to the saturation and the classical quantities involved in the
latter.

Having introduced the necessary concepts in classical dynamics and our main tool
for a semiclassical treatment, the semiclassical approximation for the propagator, we
are now ready to start our discussion of OTOCs. The results presented in this chapter
have been published in Ref. [102], and we follow the presentation in this article to a
large extent. Especially the sections containing the details of the involved calculations
of diagrams show a substantial overlap with the corresponding sections I wrote for the
supplemental material in the above publication.

4.1 The OTOCs and their expected behaviour for short times

A possible definition of an out-of-time-order correlator (OTOC) is given by the average of
the squared commutator of two operators in the Heisenberg picture, where the operators
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are taken at different times [43-45, 103],

ot) = <] [V(O),W(t)} ]2> = <[f/(0), W(t)HV(O),W(t)D . (4.1)

The average can be over an initial state W, or thermal over the canonical ensemble,
(-} = tr(exp(—BH)-)/Z(B), with the partition function Z(8) = tr(exp(—SH)), and
with 8 = 1/(kT) as the inverse temperature T with Boltzmann’s constant k. Especially
for thermal averages, one often finds a second version of the OTOC’s definition [43, 49],

E(t) = (VIOW OV (OW (@) , (4.2)

which appears as one of the terms when carrying out the products involved in the squared
commutator in Eq. (4.1).

4.1.1 Wigner-Weyl transformations

The importance of OTOCs as sensitive probes for chaos in quantum systems arises from
its dynamical behaviour for short times. To understand this, we can employ arguments
based on the quantum-classical correspondence principle to obtain a first, simple intu-
itive picture. As we formalize this in detail in a moment, this principle replaces the
operators in the averaged squared commutator C(¢) in Eq. (4.1) operators by their clas-
sical counterparts and the commutator by the classical Poisson bracket. The evaluation
of the Poisson bracket introduces elements of the stability matrix M, Eq. (2.10), whose
dynamical behaviour is able to discriminate a chaotic from an integrable classical limit
of the quantum system [43].

While quantum-classical correspondence directly yields a first prediction of the dy-
namical behaviour of C(t) as the leading order in a power expansion in Aeg, for the
OTOC F(t) in Eq. (4.2) one needs to include the next to leading order, requiring fur-
ther arguments'. In both cases, the conclusions drawn from the application of OTOCs
on quantum chaotic systems are the same, but require more work for F(¢). For the
remainder of this thesis we thus focus directly on OTOCs of the form given in Eq. (4.1).

We want to put the above reasoning into an exact statement which we can later also use
to check the results of the semiclassical treatment of OTOCs. To do so, we first specify
the exact meaning of the quantum-classical correspondence principle by reviewing the
concepts of Wigner-Weyl transformation. An introduction to the formalism of Wigner-
Weyl transformations is found in Refs. [94, 104, 105]. Here, we briefly summarize the
results found in these references.

'For these arguments one takes F'(t) as one of the terms appearing in C(t). For C(t) one argues in the
same way as we do here, but on top of that an interpretation of the other terms next to F'(¢) is required.
The common arguments rely on a regularization of the thermal average [43] to be able to apply the
cycling property of the trace. Furthermore, time-ordered products like <\7T )V ()Wt (:‘,)I/i/(t)>7 are
assumed to factorize after the ergodic time t¢1, and thus to contribute a constant. This leads to the
prediction that F'(¢) oc c1 — Her> exp(2At) for times t < tg.
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For an operator A, the Wigner-Weyl transformation in d dimensions is defined as?

Aq,p) = Mw(q, p) = q- %’fl‘q + %> exp<ipTy> , o (43)

1
o4 / dy < h
27 heﬁ‘ eff
where Fiof is the effective Planck’s constant controlling the classical limit of the quantum
system. In this formalism the Wigner function appears as the Wigner-Weyl transforma-

tion of the density operator p,

W(a,p) = [plw(a,p) = \/%eﬁd /ddy <q - %(ﬁ‘qu %> exp(h;pTy> . (44)

The common interpretation of this function is that it represent the density operator as a
classical quasi-distribution in phase space. Here, the name quasi-distribution indicates
that the Wigner function has similar properties like a probability distribution. Indeed,
it is a real function, which is normalized to one, and quantum mechanical averages of
an observable are identical to phase space averages of the Wigner-Weyl transformation
of that operator,

() =1:(pA) = [l [apwia.p)Alap). (15)

However, since it may admit negative values, the Wigner function is not a proper proba-
bility distribution. In the Wigner-Weyl formalism, a product of operators transforms to
the so-called star product of the individual transformations of operators. The definition
of this non-commutative product is given by

[AB] (@ P) = A(a,p)* B(a,p)

d [?7 T

e (4.6)
= Ala,p)exp| 5= B(q,p),
=1

where the exponential has to be understood through its Taylor expansion, and arrows
above the derivatives indicate that it either acts on the function A to the left or B to
the right. In lowest order in an expansion in powers of Aqg, the star product simplifies
to a simple product A(q,p)B(q,p) of the functions.

The star product allows us to immediately identify the Wigner-Weyl transformation
of the commutator. The obtained object is coined Moyal bracket and, for instance, as
transformation of the commutator [A, B] given by

{{A(qa,p), B(q,p)}} = [[AB] }w(q, p)

= A(q,p) * B(q,p) — B(q,p) * A(q,p) (4.7)
= ihet{A(a,p), B(q,P)} + O(het”) ,

2There is also a more abstract definition of the Wigner-Weyl transformation which involves so-called
displacement operators. This allows certain generalizations to other choices of phase space variables,
see Ref. [94]. However, for our application here, the two definitions coincide, and we chose the better
known classic approach.

dq; dp;  p; Dg;
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where in the last equality we discovered the classical Poisson bracket, {.,.}, Eq. (2.36),
as the leading order in the heg-expansion of the Moyal bracket.

Finally, let us make an important observation for the Wigner-Weyl transformation
A(t;q, p) of an operator A(t) in the Heisenberg picture. The equation of motion for this
time-dependent function is obtained by performing the Wigner-Weyl transformation on
both sides of the equations of motion for A(t), dfl(t)/dt = i/heg|H, A(t)] + 8A/8t.
In leading order in the heg-expansion, this resembles the classical equation of motion for
a phase space function A(t,q(f) (t),p(f) (1) = A(t,q(f) (t;q,p),p(f) (t;q,p)) transported

along classical trajectories®,
dA 0A
e () (£) q® (f) btk
— = —{Ha@"®).p"®). A" 1.2 } + 5. (4.8)
The initial conditions are fl(O; qa,p) = A(0,q,p), and thus we conclude
A(t;q,p) = A(t: 4" (t,q,p), P (t, q,p)) + O(her) - (4.9)

This explains the name “quantum-classical correspondence principle”, since in leading
order operators within the Wigner-Weyl formalism are replaced by their classical coun-
terparts.

4.1.2 Expected behavior of OTOCs

We want to apply the Wigner-Weyl formalism to OTOCs and discuss its consequences.
To be more explicit in an example, let us take a single-particle system and choose V= i
and W = dj, the components of the momentum and the position operator of the particle.
The OTOC we want to consider is thus given by

C(t) = ([1:(0), g;(®)][g; (), p:(0)]) = tr(p[pi(0), g;(£)][q; (%), i (0)]) - (4.10)
Using the above results from the Wigner-Weyl formalism C(t) can be transformed into
C(t) = heﬁz/ddQ/dde(Q7 p){{pi,4j(t;a, P)}} * {{pi, G;(ta, )}y, (4.11)

where we used that the Wigner-Weyl transformation of p; is p;. At this stage, ¢;(¢; q, p)
does not denote the final point of a classical trajectory starting at (q, p), but the trans-
formation of §;(t).

3T}}e Hamilton function here is the leading order of the Wigner-Weyl transformation of the Hamiltonian
H. It is obtained by simply replacing operators by scalars. Ordering of the operators is not required
here, since this only introduces corrections in higher orders of fes.
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Figure 4.1: Time scales and their influence on the dynamical behaviour of OTOCs.

The classical counterparts are introduced by evaluating the above average in the lead-
ing order in the expansion in powers of heg. We find*

C(t) = heﬂ"z/ddQ/dde(CIa p)({pi,qj(»f)(t;q, p)}>2+0(heff3’)
)

2
0q:;
= heﬁz/ddQ/dde(qa p)(@ ; ) +O(heﬁ"3) .

g

(4.12)

In the integrand we recover the derivative of a trajectories final position component
qj(.f) w.r.t. its initial position component qgl). This derivative is identified as one matrix
element of the stability matrix M, Eq. (2.10), and thus, Eq. (4.12) represents a phase
space average of the squared stability matrix element, with the Wigner function used as
weight.

So far we did not make any assumption on the quantum system, as long as it allows
for the notion of a classical limit in which q, p play the role of conjugate variables.
In case of an integrable limit, the above matrix elements are expected to grow at most
polynomially. Contrarily, for a chaotic classical limit, the unstable directions soon govern
the dynamical behaviour of the stability matrix elements. More exactly, this is expected
to happen after the time scale set by the Lyapunov time ¢;, = 1/|A|, with A denoting
the largest Lyapunov exponent found for the phase space points involved in the average.
After this time scale, the derivatives grow exponentially in time, with A as rate of growth,
as a consequence of the hyperbolic nature of chaotic systems. Thus

8q(-f) ’
J
<8q(i)> e exp(2At) . (4.13)

Thus, we expect that the OTOC behaves as

2

8q(-f)
C(t) ~ << o) ~ <cheff?e”t>w (4.14)
dq W

i

i

where (.)y;, denotes a phase space average using the Wigner function, and ¢ a propor-
tionality constant.

*In order to reduce the danger of confusing phase space variables, we decided here, to differ from the
notation introduced in chapter 2 and add superscripts ® and @ to a phase space point and its
components to make explicit that it denotes a trajectory’s final or initial phase space point.
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So far, higher orders in the expansion of the Moyal bracket and the Wigner transforms
of the operators have not been considered, and it is expected that those are causing de-
viations from the behaviour in Eq. (4.14) . This ultimately culminates in the breakdown
of the heg expansion of the Moyal bracket at the Ehrenfest time tg o< (1/X)log((1/he)),
since then, roughly speaking, the powers in h.g are compensated by the exponential
growth, hegexp(Atg) = 1. For that reason, Eq. (4.14) is only a valid approximation
for the OTOC for times t < tg, thus reflecting the short-time or pre- Ehrenfest time
behaviour of OTOCs.

Physically, the Ehrenfest time marks the time scale at which details of the order of g
have grown to a significant size. At this time, a purely classical treatment of the dynamics
breaks down and interference phenomena have to be included into the considerations.
For the OTOC this means a breakdown of the expected exponential growth. Many
works, for instance Refs. [53, 61, 106, 107], reported a saturation of the OTOC after
the Ehrenfest time as a consequence of quantum interference, without stating the exact
nature of interference mechanism. It is one of the major aims of our semiclassical theory
of OTOC:s to clarify this mechanism.

Before we go beyond this classical picture in the semiclassical treatment of OTOCs, it
is worth to specify the proportionality ¢ contained in Eq. (4.14) for a later check of the
short-time limit of our theory. We use again x' = (q’,p’) [see Eq. (2.1)] to abbreviate
the notation for a phase space point, and we introduce [.],, and []p, to indicate the
corresponding components of a vector of phase space. For instance, for real vectors

u,v e R,
[(LI)LJ — [(3)]}) = vi- (4.15)

Analogously we use []g; 4 to indicate an element of matrix operating on phase space

vectors. We reformulate 8q§f) / 8q§i) using the decomposition Eq. (2.18) of the stability

matrix. For times longer than t¢1,, we have

[eff) (x(f) (t; x))} . exp <)\(i) (x)t) [f&i) (x)}

J

[eff) (x(f) (t; x))} ,

J

= [M(t;x)]qj',%' tgL

8%@ i

M=

1

I

ep(XO (1) [el? ()]

=1

where k denotes the number of unstable directions. We neglected terms in the de-
composition which relate to stable and neutral directions, since for ¢ > t¢1, those are
exponentially suppressed against the contributions of the unstable directions. For the
last equality, we further used the relations Eq. (2.32) to re-express the dual vector of the
unstable direction, £ (x) = ~ e’ (x) by the corresponding vector towards the stable
direction, as obtained by the pairing rule (see subsection 2.2.3). Ultimately, we also
replaced the stretching rates by their asymptotic form, ASZ) (t;x) =~ exp(Ai(x)t). This
introduces the spectrum of the Lyapunov exponents A;(x) of the phase space point x. By
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inserting Eq. (4.16) into Eq. (4.12) we obtain an expression representing the short-time
dynamics of OTOCs for times t;, < t < tg.

It is quite clear from Eq. (4.16) that the largest Lyapunov exponent soon governs the
exponential growth, while its prefactor in the integrand is given by the sum of products
[el(f ) (xO(t, x))]g, [eéi) (x)]p, of all directions corresponding to this largest Lyapunov ex-
ponent. To simplify the subsequent considerations, we assume a uniformly hyperbolic
system, in which additionally all Lyapunov exponents have the same absolute value. For
that scenario, the expected behaviour boils down to the expression

k 2

e, %, hae™ [y [algWiap) (Z o) (x(t.))]  [el? ()]

i=1

(4.17)

As a final remark, the above arguments indicate that for the exponential growth of

OTOCs only the property of hyperbolicity is needed. For instance in the work by Geiger

et al. [108] investigating the integrable Lieb-Liniger model, the wave function ¥ involved

in the average is chosen such that the Wigner function favors an area of phase space

which is subject to local hyperbolic dynamics. There, an exponential growth of OTOCs

is also be observed, even though the classical phase space is integrable. However, due to

the absence of the mixing property, the OTOC does not saturate immediately after the
Ehrenfest time, but rather shows an oscillatory behaviour.

4.2 Semiclassical treatment of OTOCs for bosonic many-body
systems

Our aim is to study OTOCs in an interacting many-body scenario. Since we have a well-
controlled semiclassical theory in which we also identify the classical/thermodynamic
limit of a large number N of particles, the system we choose to study OTOCs in is
a generic Bose-Hubbard models whose d sites support a state with an average of N
interacting bosons. The Hamiltonian for such a system is stated in Eq. (3.45). For
convenience,

d d
H= 3" hihlbj+ 5 7 Vigrablblbndy (4.18)
ij=1 ijkl=1
where l;;r (lA)l) are creation (annihilation) operators at sites ¢ = 1,...,d, see section

3.1.2. The parameters h;; contain on-site energies and hopping terms, and V;;x; denote
interactions. The expected number of particles IV is included as a parameter into the
system to balance the energies in the kinetic, single-particle part of the Hamiltonian
against the interaction energy. This is needed to avoid the trivial behavior in the classical
or thermodynamic limit N — oo.

Taking heg = 1/N as the effective Planck’s constant, we identified the Hamiltonian
formalism describing this limit in section 3.3 during the derivation of the semiclassical
approximation for the propagator in quadrature state representation. These latter states
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are the eigenstates of the position and a momentum quadrature operator defined in
Eq. (3.20). For convenience,

diz\g(éﬁéw, pi:\/lii(éi—éj), ie{1,...,d}. (4.19)

The classical analogues of these operators are naturally used as phase space variables,
and in Eq. (3.63) we identify the Hamilton function of the classical “heg = 1/N” limit

to be
d d

h 2 * ok
H(a.p)= ) -/ 2[® Z J’“’ OF DI Dy, (4.20)

i,j=1

where the vector ® = (q +ip)/v/2 contains as a complex combination of the conjugate
position and momentum quadrature vectors.

To support the intuition developed in the last section we choose for our studies an
OTOC whose commutator contains the position and a momentum quadrature operator
and formally resembles the one in Eq. (4.10). The average is taken over an initial state
| ). Explicitly writing the time-evolution operators used for the Heisenberg picture, the
OTOC we are about to study is given by

(o) = (][5 003,00 [0 30 0. 5]

The arguments of the last section still formally apply and immediately grant us a pre-
diction for the short-time limit of the correlator through Egs. (4.12) and (4.17). We
can use these predictions to benchmark the semiclassical theory we develop in the next
subsections. OTOCs with more generic operators are discussed in section 4.5.

\I/> . (4.21)

4.2.1 The trajectory-based semiclassical representation of the OTOC

Our semiclassical theory relies on using the semiclassical approximation for the many-
body propagator for Bose-Hubbard models, Eq. (3.83). In a first step, we thus transform
the time evolution operators into propagators by inserting multiple unit operators, ex-
pressed in the basis of position quadrature states. This results in a multidimensional
integral, whose integrand contains the product of four propagators. Furthermore, the
position and momentum quadrature operator are replaced by their position quadrature
representations, which are an integration variable and a differential operator as seen in
Egs. (3.25) and (3.26). Thus,

o) = (w1 [p. 01014 O] 1 [0710) 145 U0),5:] - 1|w)
/ diq, / dg / digs [ e, / dgs U (q1) ¥ (qs)
[( hooN L (4.22)
X 18q“+T8q31 K*(q2,q1,t Q2,]K(QQ,C13775)]

h O
K * K t)]| .
X |:( ; 9(]5,i i 9(]32 q4aq37 q4,] (Q47Q5a ):|
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Next, we replace the propagators involved in this integral representation by their semi-
classical approximation K9, Eq. (3.83). The derivatives w.r.t. q1,i, 93, and g5 ; are only
acting on the phase factors containing the classical action R, in K, not the amplitude
A, since in the latter case we obtain contributions which are of the same order in Reg
than the terms we neglected within the stationary phase approximation in section 3.3.3.
Using further the identity OR, / aq) = —pg,l) [see Eq. (2.6)], the integral representation
of the OTOC Eq. (4.21) transforms into

C(t) ~ / dig, / ddgy / ddgy / ddgy / a5 U* () W (g5 (4.23)

X R )l o) ) )

oli Py a,j

o/:a1q

a:q3—q2

B':a3—aqa

B:a5—q4
The four time evolution operators in Eq. (4.21) have been transformed into a fourfold
sum over contributions from trajectories of temporal length ¢ linking different initial and
final position quadratures. The initial and final position quadratures, which define the
boundary conditions for the trajectory, are indicated in the indices of the summation.
Note that in principle, these boundary conditions, as well as the time ¢, would also appear
as argument of any of the trajectory-labeled quantities, but for the ease of reading we
dropped these arguments in our notations. Finally, to aide our argumentation towards
generalizing the results later in section 4.5, we also re-expressed the integration variables

appearing in the integrand as final position quadrature of trajectories, for instance g2 ; =

f
qé,)] (q27 qs, t)

Some of the initial and final boundary conditions of the trajectories, represented by the
integration variables q2, q3 and qq, are each shared by two trajectories. Furthermore,
the initial position quadratures q; and qs are associated to the variables used within the
wave function. By introducing a schematic representation, in which black and orange
arrows refer to contributions of a trajectory contained in the coherent sum in K¢ and
K (SC)*, we can visualize the geometrical arrangement of the trajectories quadruplet with
respect to their boundary conditions,

g’ o a2
qs «
(4.24)
B
qs3 I24 qq

The initial state |¥) is indicated by a gray shaded spot. By taking a state which is
localized in both quadrature states, such as a coherent state (see section 3.1.4) we can
assume that contributions to the OTOC arise from trajectory constellations where q;
and g5 are close to each other .
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As we can see from Eq. (4.23), the effect of using semiclassical techniques is so far
to replace the operators appearlng in the OTOC by their classical analogues — here the
initial momentum quadrature p ’ and the final position quadrature qg)] of trajectories
v €{a,B,d,0'}. The commutators themselves translate into differences of the initial
momentum quadratures.

To simplify the presentation of the technical details we work with a set of assumptions:

e The initial wave packet |U) is localized in both quadratures. Such properties are
found, for instance, for a many-body coherent state, see section 3.1.4.

e The only two constants of motion for the classical (mean-field) dynamics are the
classical energy as the value of the classical Hamilton function,

E =%H(q,p), (4.25)

and the total number of particles in the system, normalized by N. The classical
constant of motion for the latter is given by

d d

N(aq,p) =) |2 = %Z (¢ +p7) (4.26)

=1 =1

e The (2d—2)-dimensional submanifold of phase space defined by these two constants
of motion is chaotic with uniformly hyperbolic dynamics. Furthermore, all positive
Lyapunov exponents are assumed to be the same at any phase space point, and
we denote it by A (see subsection 2.3.2).

In section 4.5 we present a discussion of the consequences to expect when the above
assumptions are relaxed in order to comply for more realistic implementations of systems
described by the Bose-Hubbard model.

4.2.2 ldentification of the main contributions to the OTOC

In the semiclassical limit the classical action R, (q(f), q; t) of a typical trajectory =, is
large compared to A, Rv(q(f),q(i);t) > hegr. Thus, the phase factors in Eq. (4.23) are
highly oscillatory when varying the initial or final position quadratures within the inte-
grals. Therefore, an arbitrary choice of trajectories within the quadruplet in Eq. (4.24) in
general results in a negligible contribution after integration. Only a constellation of cor-
related trajectories which gives rise to an action difference Ry — Ry + Rg— Rgr =~ O(hesr)
of the order of hqg leads to a significant contribution to C(t). Since we assume a classical
chaotic limit for the Bose-Hubbard model, such constellations only arise in a systematic
manner when most of the time trajectories are pairwise almost identical [68, 109]. A
change of partners is possible in so-called encounter regions in phase space in which
all four trajectories stay for a limited time in close vicinity of each other®. As we will

SWhile we do not need this for the discussion of OTOCs within this thesis, for completeness we like to
note that an encounter region can also contain a time-reversed versions of a trajectory. After such
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Figure 4.2: Constellations of trajectories that represent the dominant contributions to
the OTOC C(t), Eq. (4.23). In (a), the trajectory quadruples are fully
contained within a single encounter (marked by a dashed box), and we de-
note this diagram a “zero-leg” diagram. The subfigures (b) and (c) form a
“two-leg” diagram with an encounter (b) at the beginning or (c¢) at the end.
Finally, in (d) a “four-leg” diagram with an intermediate encounter of all
trajectories is shown.

see in the next section in detail, forming an encounter heavily relies on the hyperbolic
dynamics of the classical chaotic limit, as trajectories need to exponentially approach
and diverge from each other within these regions.

For OTOCs the relevant constellations of trajectories involve a single encounter and
can be subdivided into four classes, which differ in the role and the position of this
encounter region. We depict the four diagram classes in Fig. 4.2, where boxes indicate
the encounter region. Diagram (a) shows a “zero-leg” diagram®, in which a bundle of
four trajectories is staying in close vicinity to each other, thereby forming an encounter
during the whole time ¢. This scenario is slightly more realistically visualized in Fig. 4.3.
Panels (b) and (c) display “two-leg” diagrams with an encounter at the beginning or
end, and with uncorrelated dynamics of the two trajectory pairs (“legs”) outside the
encounter. Finally, the “four-leg” diagrams in (d) are characterized by uncorrelated

a region, a trajectory might follow the path of a time-reversed version of trajectory, a mechanism,
which is used to explain, for instance, weak localization [4, 110]. In such scenarios, time-reversal
symmetry of the classical system is required, and thus contributions arising from such constellations
are sensitive to time-reversal symmetry breaking mechanism, such as magnetic fields in electronic
transport scenarios [71, 110], or artificial gauge fields in the Gross-Pitaevskii description of bosonic
transport [29].

5The names of the classes are motivated, but not equal to the notation found in Ref. [110]. For instance,
the authors there might call (d) a 2-leg-loop, since in their picture diagram (d) is obtained by cutting
open a closed loop.
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Figure 4.3: More realistic graphical representation of diagram (a) in Fig. 4.2. For the
whole time ¢, the four trajectories stay in close vicinity to each other and can
be considered as a single solution of the mean-field Gross-Pitaevskii equation,

Eq. (3.86).

motion before and after the encounter.

Since the time argument in the semiclassical propagators is fixed to t, legs on the
same side of an encounter must have equal times, since otherwise a contradiction arises
for the total times of the individual trajectories. This excludes a potential “one-leg” or
“three-leg” diagram, and explains, why diagrams (a) to (d) in Fig. 4.2 represent all the
configurations containing a single encounter. The contribution of diagram classes which
contain more than a single encounter is discussed in section 4.5.

Inside an encounter, the hyperbolic dynamics essentially follows a common mean-field
solution. For that reason, diagram (a) in Fig. (4.2) represents the case, where the four
trajectories can be interpreted as a single solution of the classical mean-field equations
Eq. (3.86). We thus expect this diagram to reproduce results for the OTOC, which
are based on solving the mean-field problem. This includes our treatment in section
4.1.2, but also the truncated Wigner method, such as in Ref. [111]. Contrarily, diagrams
(b) to (d) are interpreted as two solutions of the Gross-Pitaevskii equation, Eq. (3.86),
which are coupled to each other through a fully developed encounter. Their contribution
within the interfering sum is a many-body interference phenomenon which goes beyond
the above mentioned methods. This mechanism gets quantum mechanically relevant
for times beyond tg since this is the time at which encounter regions with an action
difference at the order O(fi) start to exist. Indeed, we will see in the next sections that
diagrams (b) to (d) are crucial to explain the saturation of OTOCs and its crossover
from the pre-Ehrenfest exponential growth.

4.2.3 Geometry of encounters in phase space

For our calculations it is necessary to quantify the encounter of trajectories in a phase
space region. This basic understanding has been provided in detailed analyses within
single-particle scenarios, and there is already a broad literature available [69, 72, 81, 109,
110, 112]. For convenience, and also to include the explanation of new OTOC-specific
modifications, we review and summarize the key steps here.

The main idea is that when two trajectories encounter each other in phase space, the
dynamics of their relative motion is well described by linearizing Hamilton’s equations
of motion around one of the trajectories. In this linearized regime, the relative phase
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space difference of nearby trajectories can be expressed in the local coordinate system
spanned by the directions towards the stable and unstable manifolds and the manifolds
given by the two constants of motion, as we have seen in our the discussions in section 2.2.
However, we have to demand that the encountering trajectories have (within a window
of O(heg)) the same values for their constants of motion, since otherwise a change of
the partner trajectory, which is followed outside the encounter region, is not possible.
Thus, the relative difference vector is expressed solely in terms of the 2(d —2) stable and
unstable directions.

To quantitatively describe trajectories a, o, 3, 5’ encountering each other in phase
space, we first choose one of the trajectories as a reference trajectory, say 3, and construct
the others from that trajectory. We take a time ¢’ at which we want a second trajectory
a to be close to 3. At the phase space point of 5 at t’, denoted by xg(t’), we place the
origin of a 2(d — 2) dimensional coordinate system, which is spanned by the local stable
and unstable directions e(ﬂl?s t) = el! (x5(t)), e(ﬂl?u () = el (x3(t')). In this frame, an
encountering trajectory «, which takes the same values of the constants of motion as 3,
is uniquely defined by vectors s, u through

IS

-2
Xo(t) = x5(t') + [sleg}s (¢) +wel), (t’)] . (4.27)
=1

Aslong as we are working in the linearizable regime of the relative Hamiltonian dynamics,
i.e. the components of the vectors s, u do not reach a given critical (classical) value +c,
Eq. (4.27) results in a well-defined phase space point. Since the Hamilton function H
does not explicitly depend on time this phase space point is sufficient to specify the full
trajectory a both for times before and after ¢’. Since both the stable and the unstable
directions are involved, the constructed trajectory « is exponentially diverging from (
for times smaller and larger than ', while it stays close to 3 around the time ¢'. The
reason why in Eq. (4.27) the phase space points of o and 3 are taken at the same time
t' is the very same which excluded a mismatch of times of legs on the same sides of
encounters in Fig. 4.2: Since the partner trajectories o/, 5/, which we construct in a
moment, change from 3 to « or vice versa within the encounter region, their complete
times would differ from ¢ in case of different times in Eq. (4.27). However, since we have
to find these partner trajectories in the corresponding sums over trajectories o/ and /3’
in Eq. (4.23) thus leading to a contradiction.

The missing two partner trajectories o', 3/, which follow the original trajectories
outside the encounter region and interchange the partners inside it, are also uniquely
identified by the vectors s, u. Their phase space points at time ¢’ are given by

d—2 d—2
X/Bl(t/) = Xg (t/) + Z Sle(ﬁl?s (t,) , X (t,) = Xﬁ(t,) + Z Ule(ﬁl’)u (t,) . (428)
=1 =1

The trajectory 3’ exponentially approaches 3 for times larger than t’, as the difference
between xg (t') and xg(t) is solely along stable directions. For times smaller than t',
we have to consider time-reversed dynamics, and the stable and unstable manifolds
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Figure 4.4: Visualization of the local relation between the phase space points of the four
trajectories involved in an encounter.

interchange their roles. Thus, for times smaller than ¢, 3’ exponentially separates from
5, and exponentially approaches « in the same fashion, since

Xa(t') = x5 () = > wel), (t). (4.29)

The same reasoning can be applied to /.

To summarize, a constellation of trajectories with a single encounter is described by
choosing one of the trajectories as a reference trajectory, a time ¢’ as time of the en-
counter, and vectors s, u to quantify the respective distances towards the other trajecto-
ries. The whole geometric constellation of the trajectory quadruplet we just constructed
is schematically depicted in Fig. 4.4.

So far, we have not yet specified the critical (classical) value ¢, which controls the
linearizable regime. It is chosen such that c¢? has the size of a typical classical action
scale and is large compared to heg. Its exact value is not of importance as diagrams
with action differences much larger than h.g essentially do not contribute to the results
of semiclassical calculations. Nevertheless, our final results depend on it as it manifests
itself through the quantitative definition of the Fhrenfest time,

1 c?
tg = =1 4.30
o= 3ios( ) (4.30)

which now admits the physical interpretation of the time scale for which under hyperbolic
dynamics details of the order O(heg) can grow to a size of the order O(c?) of a typical
classical action.

Note also that varying the time ¢’ in Eq. (4.27) changes the vectors s and u in the
co-traveling coordinate system according to the Hamiltonian dynamics. For instance
for ¢, ¢ inside the encounter region, the phase space points defined by (¢/,s,u) and
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(t",sexp[—A(t" — t')],uexp[A(t" — t')]) are actually describing the very same trajectory
«. This produces an overcounting of contributions when we integrate over ¢’ and is as-
sociated to the fact, that a constellation of trajectories is more related to the encounter
region rather than to the situation at a single time within the region. Such overcounting
can be compensated by dividing the contributions through the overall time the trajec-
tories spend inside the encounter region. To identify this time, we note that the borders
of the encounter regions are reached when the first components of s and u have grown
to the classical scale £c¢ at which the linearization breaks down. This introduces two
time scales, the stable and unstable time

C C

1 1
ts(s) = - 1o , ty(u) = =1lo . (4.31
«(s) P <ma><z‘:1,...,d—2(|5i|)) () P (maxz'=1,...,d—2(\uz‘|)> (4.31)

The encounter time, the time trajectories spend in a fully developed encounter region
as seen in Fig. 4.2 (d), is defined as the sum of these two times,

tenc (S, 1) = ts(s) + tu(u). (4.32)

Note that if the trajectories start and/or end inside the encounter region, as in Fig. 4.2
(a) to (c), the effective time of the trajectory within an encounter has to be reduced
accordingly, since the trajectories terminate before the boundary of the encounter region
is reached.

So far, the above considerations are rather general. Regarding encounter contributions
to OTOCs, there are further important issues to consider, which are specific to OTOCs
and, to the author’s knowledge, have not been emerged and not treated so far in the
existing works in semiclassical physics. These issues prove crucial in the semiclassical
understanding OTOCs and relate to the operators appearing next to the time evolution
operators in the definition Eq. (4.21). By introducing the semiclassical formalism, the
operators translated to classical, trajectory-related quantities. If the initial points of the
trajectories are contained inside the encounter region, we have to treat the corresponding
classical quantities which relate to initial points of trajectories in a correlated way, and
also use the local coordinates s, u to describe them.

In Fig. 4.2 (a) and (b), the beginning of the trajectories is inside the encounter region.
This requires to treat the difference of initial momenta in Eq. (4.23) through

d—2 d—2
o0 = =Y s [el) (O)L. R (O)L_ . (4.33)
=1 ¢ I=1 !

Similarly, if the final points enter the encounter region, as in Fig. 4.2 (a) and (c), we use

d—2 2
o o _ 1oz, o2 1o o\ _ 02 1 A=) [ ()
Qo955 = 2( og T8, > - 5( aj qﬂ,j) ~aj T 9 > ue [eﬁ,u (t)Lj ’
=1

(4.34)
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where we again used [],, and [], to denote components of the momentum and the
position quadrature sector of the phase space vectors, see Eq. (4.15). As we later ap-
proximate the square of the final points in Eq. (4.34) by its phase space average due to

(f) 2 . :
. to simplify expressions.

mixing, we already approximate them here by ¢, J

4.2.4 Density, amplitudes and action difference of diagrams with encounters

To obtain all possible contributions to Eq. (4.23) from trajectory constellations under-
going a single encounter, we first introduce integrations over the relative differences s,
u and time ¢’ at which these differences are employed. The integration volumes are
such that the linearizable regime, as limited by the critical values +c is covered, and the
encounter region around ¢’ is placed according to the diagrammatic class in Fig. 4.2.
Since the partner trajectories o/ and (' are uniquely given by the Egs. (4.28), the
four-fold sum over trajectories can be reduced to a two-fold sum. Furthermore, we can
correlate the remaining sums over « and 8 by introducing the density distribution

(27Theff)2 52d

e ) —X(xs(t)s0)] (4.35)

Pa,B (Sa u, t,) =

It utilizes a multidimensional Dirac-J function to implement Eq. (4.27), since for the
argument we defined
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%(x,s,u) = X + [sleg” (x) + wel) (x)] . (4.36)
=1

Note that Eq. (4.35) the encounter time tenc(s, u) needs to be adjusted in case of trajec-
tories ending inside the encounter.

The normalization (27heg)? in Eq. (4.35) is independently determined by performing
similar calculations for the identity 1 = (U|UT (&)U (#)UT(#)U(t)|W). It reflects that the
paired trajectories should all stay in a window of size hes near the submanifold defined
by the reference trajectory’s values for the constants of motion H and N.

It can be shown [81] that for the diagrammatic constellations in Fig. 4.2 the product
of amplitudes associated with the four trajectories reduces to the product of the squared
modulus of the amplitudes of the two trajectories o and £,

AoAw AgApg — |Aal?14p)?, (4.37)

where we also implicitly used that, as one can also show [81], the Maslov indices and the
sum of phases due to ordering sum up to zero.

Finally, the action difference of this system of four trajectories, as derived in appendix
A3, see also [69, 109] is found to be

Ro— Ry +Rs— Ry ~s-u+pl)-(q—qs). (4.38)

The term related to the initial momentum and the relative distance y = q; — q3 is
introduced as we substitute the trajectories o, o, starting at q; and qs, by nearby
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trajectories starting at q = %(ql +q5). This is required by the pairing of the trajectories
a, o before the encounter. It can, on the one hand, be justified by our demand of a
localized state ¥, which also contains the above variables qi, g5, see Eq. (4.23). On the
other hand, we can consistently assume that a large distance of this vectors produces
an action difference much larger than he.g and thus a vanishing contribution in the
semiclassical limit. The latter argument allows, also to consider the final result of our
subsequent calculations for physically realistic many-body states, such as Fock states.

4.3 Calculation of diagrammatic contributions

4.3.1 Contributions of four-leg diagrams

We now turn towards the actual calculations of the contributions of the single diagram
classes depicted in Fig. 4.2. For pedagogical reasons we start with the contributions of
the four-leg-encounters displayed in subfigure (d). The contribution of this diagram is
found by evaluating the integral

ce)( /dd /dd /ddq2/ddQ3/ddQ4\P* q+ )\Iz(q—g)

f
x Z 4 P1AsP (62— p0)) g Dglf ™ (4.39)
a-Q3—>Q2
B:a—qq

t—tyu(u)
/ d4-2 / d?2y /t dt,eﬁcﬂsu@[t7tenc(S,U)]pa75(S7u,t,),

Q(S

where we used the short-hand notation

/ dd25/ dd2u:/ dsl/ du1~~/ de_Q/ dug_o (4.40)

to abbreviate the 2(d — 2) integrations of the stable and unstable coordinates.

Most of the ingredients of Eq. (4.39) have already been discussed in detail in the
previous section. The special features of Fig. 4.2 (d) are represented by the boundaries
of the integration over ¢, which require that the encounter region does neither contain
the beginning nor the end of the trajectories. Additionally, the Heaviside step function
O ensures that encounter regions longer than the available time ¢ are excluded. Finally,
following the arguments after Eq. (4.38), and paving the way for later introducing the
Wigner function, Eq. (4.4), we already performed the variable transformation

a1 +q
(a1, 95) = (q,y) = (125,q1 - Q5> : (4.41)

to replace the coordinates q; and g5 in the arguments of the wave function by their
center of mass and the relative coordinates.
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We begin the evaluation of Eq. (4.39) by noting that by using Eq. (2.7) in Eq. (3.84) the
squared amplitudes |A,| 2 can be interpreted as Jacobian for a variable transformation
from final coordinates to initial momenta along a classical trajectory,
ops

aq®

1

Ao = ——
Aal” = G

. (4.42)

In combination with the sum over trajectories «, this allows us to transform the inte-
grations over qg = qg) into an integration over initial momenta ps. Trajectory-related
quantities labeled by « become then functions of trajectories with initial conditions

x3 = (qs, p3). For instance
(p9.a9) = (ps,a® (x50 ) - (4.43)

In the same spirit we use the sum over  with |Ag| % to transform the integration over
q4 to p, and f-labeled quantities become functions of x = (q, p).

The d-function in the density of encounters, Eq. (4.35) can be interpreted as classical
probability density for a trajectory starting at x3 to be at time ¢’ at a certain phase space
point which depends on q, p, s, u and ¢’. Within the integration, we can approximate
this probability density by a smoothed function. As the initial points x3 are not located
within the encounter region, it is then justified to utilize the mixing property of the
chaotic system, Eq. (2.47) to approximate p, g by

& (}\f/(x@ —%/x))
o e @

where Y(x) is the volume of the chaotic phase space submanifold,

S(x) = / 2/ 52 (ﬁg;;:f/@) . (4.45)

The interpretation of Eq. (4.44) is that every phase space point which shares the same
values of the constants of motions H(x) and N (x) is equally likely to be reached by the
classical dynamics of a typical trajectory in the chaotic region.

Together with the integration over initial phase space points x3, Eq. (4.44) introduces
an average over the accessible submanifold defined by the constants of motion. This
leads to the following substitution of initial momenta and final position:

(pi — pi)?a” (x3:8) — (0F — i) a” (x58))c » (4.46)

where the phase space average is defined as

) HE)\
)N e
ey '

fdexl(;Q 1{[(2
(6N, = ( -

(4.47)
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Note that the phase space point x, which is also used as label, defines the values of the
constants of motion H(x) and N (x) in this average. To be able to distinguish this phase
space average from the phase space average involving the Wigner function introduced
later, we denote Eq. (4.47) an ergodic phase space average.

For times larger than the Lyapunov time ¢;, = 1/|A| the final position of a trajectory
is independent of its starting point. This allows us to factorizes the average Eq. (4.46)

(05— 20) 0" (31)) = (B = 21) D) (@) - (4.48)

Again using the mixing property, we also approximate the remaining factor q(-f) (x;t) by
the phase space average (q;-)x.

Combining all the above considerations, and also introducing the Wigner function
according to Eq. (4.4) for the pure state p = |¥)¥|,

1 d, g y Y\ ipy
W - IV (q— 2 et 4.4
(a,p) (27Theﬂ‘)d/d yw <q+ 2) (q 2>e g (4.49)

we see that the contribution of four-leg encounters can be written in terms of a phase
space average weighted with the Wigner function,

CMI(t) = / dq / dpW(a,p)I""(q, p;1), (4.50)
where the phase space function to be averaged is given by

199 (q, pit) = (95— pi) ) (a)z FUO), (4.51)

and contains the ergodic phase space averages as discussed above, and the encounter
integral

1 ¢ a4 ¢ 4_9  Asul —tenc(s,u)
W)y = — — =2 =2 he > 0D gl ¢ . (4.52
F&O(t) )2 /Cd s/cd U eleft fone(5.1) [ enc(s,u)]. ( )

The calculation of this integral is performed in appendix A.4.2. We find, as exact result

FU) (1) = <2) "N —2) st (&%) sin ()

™

(3) By )

where Si denotes the sine-integral [113]

(4.53)

Si(z) = /Oz dz’ sz(/ZI) (4.54)

The result further contains the Ehrenfest time ¢ty from Eq. (4.30) as an indicator that
trajectory constellations with an action difference of the order of heg or smaller contribute
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the most in the diagram class (d) in Fig. 4.2. As we explained in detail in section 4.2.3
such constellations need times larger than the Ehrenfest time to form a close enough
encounter of trajectories to produce an action difference equal or smaller than heg.
Indeed, as the further analysis of Eq. (4.53) in appendix A.4.2 shows, in the semiclassical
limit heg < ¢, which implies Atg = log(c?/heg) > 1, we can well approximate the above
function by the Heaviside step-function O,

(41e) (1) A 0 ift <tgp ~ _
F'™e(t) {_1 >t Ot —tg) . (4.55)
The physical implication is now obvious, as diagrams depicted in Fig. (4.2) (d) contribute
to the OTOC a constant value after the Ehrenfest time.

4.3.2 Contributions of two-leg diagrams

We now turn towards the two-leg diagrams depicted in Fig. 4.2 (b) and (c). These are
characterized by an encounter region that contains either the starting or the end points
of the quadruplet of trajectories.

Encounter at the beginning

We start with diagram (b). Its contribution C'?1*(%)) is calculated from a similar expres-
sion as C(41°) Eq. (4.39), however with three major differences:

e Since the encounter region is at the beginning, the integration over ¢’ is over the
interval [0, t5(s)].

e The effective time in the encounter is ¢{c (t',u) = t' +t,(u) and thus smaller than

the encounter time in Eq. (4.32).

e The difference of initial momenta is expressed through Eq. (4.33) and adds addi-
tional terms depend on s and ¢’ to the integrand.

Apart from a different treatment of the density p, g, which here can be directly used to
cancel the integration over x3, we apply the same steps which led to Eq. (4.50) for the
four-leg encounter. Thus, formally we arrive at the same phase space average, however,
in this case the phase space function being averaged is given by

d—2
1@ (g pit) = (¢)2 Y [eg) (X)] [eél,) (X)] Fio® ) (4.56)
=1 bi b

where the encounter integral reads

2le, (b 1 ¢ ¢ 5  igu
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The details of the calculation of this integral are found in appendix A.4.3, and we refer
there for the exact analytical result. We further show there that in both the temporal
regimes t > tg and t < tg the contribution of this diagram is exponentially suppressed
compared to contributions of other diagrams. Consequently, diagram (b) in Fig. 4.2
neither contributes to the pre- nor the post-Ehrenfest dynamics of the OTOC.

Non-negligible contributions of this diagram arise in the vicinity of the Ehrenfest-time
tg. We therefore conjecture that this diagram, amongst others, is responsible for the
smooth crossover between the early-time exponential growth and the late-time saturation
of OTOCs. However, it is not possible to describe this crossover quantitatively within
this semiclassical framework, as for times ¢ = {g, our results become sensitive to the
classical value ¢ we chose as a sharp cutoff for the treatment of encounters.

Encounter at the end

The two-leg diagram class of Fig. 4.2 (c) is similar to the previous one. Here, it is the
final points of the quadruplet of trajectories that are contained inside the encounter. In
this case, the following modifications to Eq. (4.39) are required:

e The integration interval for ¢’ is [t — t,(u), t].
e The effective encounter time is £ (t',s) =ts(s)+ (t—1t').

e The product of final positions is expressed through Eq. (4.34). In one part of the
subsequent calculation, this leads to correlated final points (qf)x in the ergodic
average. In the other part the integrand admits additional terms which depend on
u and t'.

The contributions are given by

I(216,(c)) (q7 p;t) _ <(p; _pi)2>x (<q}2>x F(ZIE,(C)) (t)

d—2
1 ,
—Z O (xO(x;t ) (x® (x; ¢ F(2le(c)) £)
ey (xV(x; ey’ (xW(x; : ,
3 o [ (xOesn) | el (O0)] R
(4.58)
where the phase space integrals read
1 € ¢ g,
2le,(c _ d—2 d—2 ——s-u
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(2ley(c)) 4y _ 1 C a2 [C ga-2 s
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(4.60)

The details of the calculation of these integrals are found in appendix A.4.4. Asis argued
there, a simple change of variables transforms Fl(l,me’(c))(t) into the very same form as
Eq. (4.57), the phase space integral we solved for the two-leg diagram with the encounter
at the beginning. It is therefore obvious to conclude that this term is only contributing
to the crossover at time t ~ tg.

The contribution for F(2:(€)(¢) is found to be

F(2le,(C))(t) — <2>d_2 [Sid_2 (eAtE> — §id—2 (eA(tE_t)ﬂ . (4.61)

™

The analysis of the latter result uses the same arguments as for the contribution for
four-leg-encounters, and we find that F (216’(6))(75) only contributes for times larger than
the Ehrenfest time tg. It can, like F(me’(d))(t) be well approximated by the Heaviside
step function @,

FPe©) () = 0(t — tg), (4.62)

and thus also contributes to the saturation value of the OTOC.

The difference between the contributions of diagrams (c) and (d) is whether or not the
final position quadratures have to be treated correlated. Consequently, the combination
of diagrams (c) and (d) results in the variance of position quadrature variable, <q]2~>x -

(qj)i, in the phase space accessible by the trajectory starting at x.

4.3.3 Contributions of zero-leg diagrams

In this final section we calculate the contribution C'(%1®)(#) shown in Fig. 4.2 (a), where
the quadruplet of trajectories is fully contained within the single encounter, i.e. the
trajectories stay close to each other for the whole time.

The starting point for the calculation of C'(%1)(¢) differs from the one of the four-leg-
encounter C(11®), Eq. (4.39), in the following items (see also Refs. [114, 115])

e As the encounter stretches over the full time ¢, the integration interval for ¢’ is [0, ¢]
and the effective encounter time is téffp = t. There is no Heaviside step function

© in time any more.

e As the encounter time is fixed, the integration interval for the components of s
is reduced to [—cexp(—At’), cexp(—At’)] to ensure none of the stable components
grows larger than the maximal value ¢ in the available time ¢'. With the same
reasoning, the integration intervals for the components of u have to be taken as
[—cexp[—A(t — )], cexp[=A(t — t')]].
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e Both, the initial momentum difference and the product of final positions, have to
be interpreted in view of Egs. (4.33), (4.34) and be respected in the integrations
over s, u and when using arguments leading to the ergodic averages.

e The J-function in the density p, g of partner trajectories can again be directly used
to cancel the integration over xj.

After the initial transformations towards a phase space average of the form Eq. (4.50),
we find that the phase space function with the contribution of the zero-leg diagram has
the form

d—2
19 p5t) = 37 [el? (0] (el (0] [<q;2>x Ey D (@) (4.63)
L'=1 ¢ ‘
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with encounter integrals
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The details of the calculation of these integrals are found in appendix A.4.5, including
the discussion of their behaviour in the regime t < tg and t > tg. We find that Eq. (4.64)
is exponentially suppressed again for ¢ < tg and ¢t > tg, but contributes to the crossover
regime at t =~ tg. Also the second contribution, Eq. (4.65) is strongly suppressed for
times larger than the Ehrenfest time.
For t < tg the leading contributions are obtained for index sets with pairwise equal
indices {l,1'} = {m,m'}. For [ # l’, their contribution is found to be
(Ole,2) 2\ 4 q:d—4  Atp—t)\ 2M(E—t) [ [ AEE—t) ( At—-0)]?
Fpri () = —(W) ¢ SifTH (e ET e B [Sl (e B ) — sm(e E )} .
(4.66)
while for [ = I’, the result is multiplied by 2 and contains additional terms only con-
tributing for ¢ ~ tg. In the limit ¢ < tg, the above result is well approximated by
F2) (1) m= —heg?e? Ot — 1) (4.67)
which inserted in Eq. (4.63) reproduces the expected short-time behaviour of OTOCs
stated in Eq. (4.17).
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4.4 Summary

In the previous section 4.3 we found that each contribution of the diagrams (a) to (d)
in Fig. 4.2 to the OTOC takes the form of a phase space average,

C(t) ~ /ddq/dde(q,p)I(%p;t), (4.68)

where W(q, p), defined in Eq. (4.49), denotes the Wigner function of the initial state
and I(q, p;t) comprises all encounter diagrams.

4.4.1 Pre-Ehrenfest behaviour

We found that the dynamics of the OTOCs for ¢ < tg is fully described by diagram (a) in
Fig. 4.2, via Eq. (4.63) together with Eq. (4.66). This diagram represents a quadruplet of
trajectories which effectively follow a single, central solution of the mean-field equation.
It reproduces the result also obtained from a classical treatment of OTOCs.

To be more precise, the effective phase space function I (q, p;t) corresponding to this
diagram is found to be

d—2

2
I<(a,pi1) = (Z (9] el (x0x t>)}qj) Fe(t), (4.69)

=1

where the early-time exponential growth of OTOCs is contained in the function

F(t)= (2>d20462/\(tt1“3) S (e)‘(tE*t)) [Si (eA(tE*t)) — sin (e)‘(tE*t)ﬂ

2
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(4.70)
~ heg?e?MO(tg — t) .

The approximation involving the Heaviside step function 6 arises from the detailed anal-
ysis of the semiclassical limit Az < ¢, which implies Mg = log(c?/heg) > 1.

The last line in Eq. (4.70) indicates that F-(t) is strongly suppressed for ¢ > tg, which
reflects, as a consequence of the unstable mean-field behavior of the classical limit, the
vanishing phase space volume of the quadruplet of trajectories remaining close to each
other over longer times. Additionally, it explicitly uncovers the expected short-time,
classical exponential growth exp[2A(t — tg)] of the OTOC for ¢ < tg. This reproduces
the expected behavior for short times obtained from expanding the Moyal bracket and
the decomposition of the stability matrix, leading to Eq. (4.17). Our result additionally
contains the missing cutoff at the Ehrenfest time through (g — t) which terminates the
exponential growth at the Ehrenfest time.

4.4.2 Post-Ehrenfest behaviour

For t > tg, the only non-negligible contributions to OTOCs are found in the sum of
results from diagrams (c) and (d). As seen from Egs. (4.51), (4.58), with their tem-
poral behavior given in Egs. (4.53), (A.108), their combined contribution is given by
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Figure 4.5: Universal contributions to the time evolution of the OTOC C(t) for classically
chaotic many-body quantum systems before [F-(t), Eq. (4.70)] and after
[F~(t), Eq. (4.72)] the Ehrenfest time tg = (1/\)log(/N) marked by the
vertical dashed line. The insets show diagrams (a), (d), and (c) from Fig. 4.2,
representing interfering mean-field solutions. Not shown is the crossover
regime at ¢ &~ tg to which all diagrams from Fig. 4.2 contribute.

(neglecting terms not relevant for ¢ > tg)

L (@ pit) = {(h = p0) ) ({60 — ()3) Fo (). (4.71)
where
Fo(t) = <72r>d2 [SiH (e)‘tE) _gid2 (&“E*”)} ~ O(t — Ip). (4.72)

From the last line we see that the diagrams (c) and (d) are responsible for the saturation
after the Ehrenfest time, while their contribution is suppressed for ¢ < tg. Its description
requires to consider the interference of multiple many-body mean-field solutions and thus
cannot be described using mean-field approaches [116]. Physically, the diagrammatic
situation depicted in diagrams (c) and (d) corresponds to swapping forth and back along
distinctly different encounter-coupled mean-field solutions, thereby creating quantum
correlations and entanglement.

The saturation value of the OTOC is associated to classical quantities. The first is the
ergodic variance of the j-th position quadrature (Aq;)2 = (q§-2>x - <q§>i The second is
((pi —ph)?) = ( <p;2>x — (D)2) + (pi — (p}),)?, which is summing the ergodic variance
of the i-th momentum quadrature and the squared distance of the quadrature p;, as
provided by the Wigner function, to the ergodic average (p}). It is possible to evaluate
the ergodic averages by assuming that no site ¢ of the Bose-Hubbard model is special
and therefore taking <p;2>x R~ <ql’.2)x ~ (p;.2>x R~ <q§2)x to be equal. Further exploiting

the connection between péQ and q}2 with the particle density, Eq. (4.26),

d
T WO =5 3 (0t (). (4.73)

=1
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we find (p}%), ~ (¢/%)
(¢}), ~ 0, this yields

« ~ 1/d. Further assuming vanishing expectation values, (p}), ~

1\1
Io(x;t) = 0(t — tg) <p§ + d) 7 (4.74)
For an initial state |¥) whose Wigner function is sharply localized in phase space at
xo = (qo, Po), with M(xg) = 1, we thus find for ¢t > tg

N1 2
C(t) = /ddq/dde(q, p)Is(x;t) ~ (paﬁ d>d o (4.75)

where we used the same arguments as after Eq. (4.73) to estimate pgvi ~ 1/d. Corrections
of O(heg) can arise due to the finite width of the wave packet.

Interestingly, the same result, Eq. (4.75), holds if |¥) is an extended chaotic many-
body state with fixed energy and particle density, since then, the average over the
Wigner function equals an ergodic average. This allows again to use the argument
after Eq. (4.73).

4.5 Further remarks and implications

4.5.1 Generalization of the methods to OTOCs with more generic operators

The key ingredient to understand OTOC: is to use semiclassical techniques which trans-
late the quantum operators p; and ¢; to their corresponding classical partners while
keeping the quantum mechanical phase information. In the classical phase space, we
used the local linearization of Hamilton’s equations of motion to connect these classical
functions to the hyperbolic property of the chaotic system. Furthermore, the mixing
property produced variances of these phase space functions.

In view of these points, generalizing the methods for OTOCs of the form

\1/> , (4.76)

with generic operators A and B appears to be straightforward if the following assump-
tions are fulfilled:

e The operators 121, B are smooth functions of the operators §;, p;, ¢t = 1,...,d, in
the sense that we can write A, B as a sum of products of powers of position and
momentum quadrature operators.

e To avoid additional contributions to the overall action difference in the phase
factor in Eq. (4.23), which have to be considered within the semiclassical analysis,
the operators A, B are not allowed to depend on feg . Hence, for instance,

displacement operators such as exp(—(i/fiefr)yp;) would require a refined treatment.
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Within the scope of these assumptions, we expect our methods to apply. The classical
functions corresponding to the quantum operators are constructed by replacing opera-
tors §;, p; in the expansion by the correspondlng traJectory—based equivalents, ¢.e. initial
position and momentum quadratures in A, and final ones in B. Any dependence on
powers of heg of single terms in these expansion can be dropped as we are working in
the leading order semiclassical limit heg < ¢®. We expect these terms to arise from
different ordering of the quantum operators §;, p;- They can be avoided from the be-
ginning by using operators and classical functions which are linked to each other by the
classical-quantum correspondence principle as provided by Weyl-symbols and Wigner
transformations [117].

Denoting the classical functions by A(q,p) = A(x) and B(x) it is straightforward to
see that in the integrand of Eq. (4.23) we substitute

(p(i) pfj)l)qu,)] (pfg)l pg/),-)qgfj (4.77)

() A0 () ) - aGE)Jo). e

For diagrams (b), (c) and (d) of Fig. 4.2 the beginning and/or the ends of the trajectories
are not contained inside an encounter region, and we approximate parts of the above
expression by their ergodic averages. Note that as o, 3 start at phase space points which
are associated with the Wigner function in Eq. (4.68), A(x g)), A(x (1)) turn into A(x).
Like p; in Eq. (4.71) they are treated as constants in the ergodic average Eq. (4.48), but
are later averaged in the phase space average, Eq. (4.68), involving the Wigner function.

For diagrams (a), (b) and (c) in Fig. 4.2, the initial and/or final points of the trajec-
tories are contained within an encounter, and thus we have to express the corresponding
functions through the local hyperbolic variables. Equations (4.33, 4.34) are thus modified
to

d—2

A(xé?) — A(xg)) ~— [gj{l (xg))} : Z s e)‘t/eg?s (0) (4.79)
=1
d—2

1) - 4(8) ~ -5, &) el o 80

=1
B()(;))B(X(ﬂf)) ~ B2 (X(ﬁf)> B % ([gf (xg))} S e)x(t—t')e(ﬁl’)u (t)) 2 (4.81)

This changes the phase space function I(q,p;t) in Eqgs. (4.51, 4.56, 4.58, 4.63), since
it now uses different ergodic averages and adjusts the terms involving the stable and
unstable directions. However, the encounter integrals F'(t) in Eqgs. (4.52, 4.57, 4.59,
4.60, 4.64, 4.65) remain the same. Therefore, the result of the OTOC for operators
fulfilling the above assumptions is thus obtained by adjusting the classical information
in the phase space functions I and I in Egs. (4.69, 4.71).
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It is straightforward to see, that this reproduces for times ¢ < tg shorter than the
Ehrenfest time

et~ [ aty [apwiap)({Bex (6. A00})" (182)

while for times larger than the Ehrenfest time, ¢t > ¢ty the saturation value is determined
by

C(t) ~ / dg / a'pW(a,p) {(A(x) - AX))*) ((B)2), - (BK)):).  (483)

X

4.5.2 Generalization towards a Lyapunov spectrum and general hyperbolicity

The assumption of uniformly hyperbolic dynamics, with moreover taking all Lyapunov
exponents to be equal, is a very common approximation for the analysis of chaotic
classical systems, and is used, for instance, in Ref. [33]. For a physically realistic many-
body system, this seems to be rather restrictive, but, as we argue in the subsequent
lines, this assumption is only needed to heavily reduce the amount of calculations and to
simplify the technical aspects of our work, such that a pedagogical presentation of them
is possible. The essential physical interpretations of OTOCs remain valid when lifting
this assumption, as our main results for the OTOC in the limits of times much smaller
and much larger than the Ehrenfest time still hold true for generic hyperbolic dynamics.
As we discussed in section 2.3.2, within generic hyperbolic dynamics each phase space
point x admits a set { A1(¢;%),...,Ag_2(t;x) } of exponentially growing stretching fac-
tors, representing unstable hyperbolic dynamics, while their inverses represent stable
dynamics, see the decomposition of the stability matrix, Eq. (2.18) and the pairing rule,
Eq. (2.28). Within our studies of the OTOC and for times larger than the Lyapunov
time ¢, (the minimal time required to experience hyperbolic dynamics) we introduced
the Lyapunov exponents by approximating the stretching factors by their asymptotic

behaviour,’
Ai(t;x) 2 it (4.84)

For the main contributions to OTOCs depicted in Fig. 4.2, multiple trajectories are
coupled to each other within an encounter region. In such regions phase space points
of the trajectories are in close vicinity of each other, and by assuming continuity of the
stretching factors of nearby trajectories we can conclude that each of the trajectories

"Since we do not take the limit ¢ — oo within our considerations of the OTOC, the set of Lyapunov
exponents obtained from this approximation might be different from the one obtained from their
mathematical definition in Eq. (2.16). A difference might happen if two uniformly hyperbolic classical
chaotic systems with different Lyapunov spectra are weakly coupled to each other. For a limited time,
a trajectory launched in one of the subsystems is subject to that subsystems hyperbolic dynamics,
and the stretching factors report exponential growth with the Lyapunov exponents of the subsystem.
For long times, after multiples of the dwell times 7q, the mean time a typical trajectory stays in the
single subsystems, the stretching factors accumulate exponential growth subject to the Lyapunov
exponents of both subsystems. In the limit of infinite time this results in a spectrum of Lyapunov
exponents which can be interpreted as a weighted average of the spectra of the subsystems.
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involved in the encounter admits the same spectrum of Lyapunov exponents. The phase
space point x fixing this spectrum can be taken as one of the starting points of the
trajectories. By choosing here the initial conditions of the reference trajectory 3, we
associate this point to the ones provided by the final phase space average involving
the Wigner function, Eq. (4.68). For the analysis of the diagram classes in Fig. (4.2),
which lead to the phase space functions I(x;t), we can thus assume a fixed spectrum
of Lyapunov exponents, as its dependence on a phase space point only needs to be
considered in this final phase space average.

Let us thus assume x to be fixed and we take uniform hyperbolic dynamics with a
spectrum { A1 (x),...,Ag—2(x) } of positive Lyapunov exponents. For the subsequent
arguments, we drop the dependence on x. Pairs of stable and unstable directions are
are associated through their indices with their corresponding Lyapunov exponent \;.
Finally, the Ehrenfest time is defined as in Eq. (4.30), where A is taken to be the largest
positive Lyapunov exponent of the spectrum.

The consequences of considering a spectrum of Lyapunov exponents in the semiclas-
sical treatment of the OTOC is reflected in two modifications. First, we need to adjust
our treatment of the initial momentum quadrature difference and the product of final
position quadratures in case of correlated initial or final conditions of the trajectories,

d—2
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Second, the times ts (t,) the first stable (unstable) component needs to grow to the
critical value ¢ in Eq. (4.31) are altered to

t(s) = min (Al log<’;’)> . tu(u) = min (Al log<’;’)> . (4.86)

While these modifications do not affects the arguments leading to ergodic phase space
averages and the generic structure of the contributions, Eq. (4.68), it does change the
encounter integrals. Their calculation requires much more work and further,(so far
unknown) techniques to resolve the minima in Eq. (4.86) to be able to calculate the
encounter integrals. However, we do not expect that this further complication in the
semiclassical treatment of OTOCs results in further information going beyond the phys-
ical interpretation we have drawn so far from our semiclassical analysis of OTOCs. To
understand this, one can investigate the implications of a spectrum of Lyapunov expo-
nents in the case of the zero-leg diagram, where due to the absence of a dependence on
ts(s) and t,(s) the evaluation of integrals is still possible.
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For instance, we found within our studies that contributions originating from Fl(lgl;i), (t)

for {1,I'} = {m, m'} contained the short-time exponential growth of OTOCs. For the
generic hyperbolic case, also taking m = I,m’ = I', | # l’, this encounter integral is

modified to
(0le,2) 1 t 42 ceHit' ce=i(t=t") ;
Eupn” () = / dt’ / ds'/ du; eTer ™™
wu (1) (2mher) =2t Jg 11:[1 N W R
i Al

’
co— M (t—t")

ce’Alt/ i
X / dsl / dul e@slulslule)\lt (487)
—ce— Nt —ce— M (t—t")

At A (t—t")

ce ce” ;
=S U
X dsy duy efer ™V sl/uye)‘l’t
—ce7>‘l’t’ _Cefxl,(tft’)

Note that the exponentially growing factor in the integrand contain the Lyapunov expo-
nents labeled by the same indices [, 1" as of the encounter integral Fj;;;. They originate
from a correlated consideration of the initial and final points according to Eq. (4.85).

Using Eqgs. (A.71) and (A.73), the evaluation of the integral is straightforward and
yields

(0le,2) 2\ A+ i A,
€, 2 ’ . — . —
F}l/ll’ (t) = - (71') heff e( 1+ ) |:Sl <heﬁe lt) — Sll’l<hmcfe lt):|

c? 2 2 (4.88)
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where we observe that the multiple Lyapunov exponents different from A; and Ay only
appear in the arguments of the Sine-functions Si(z). As we discuss in detail in the
appendix A.4, we either approximate this function by a linear Taylor expansion to explain
the strong suppression after the Ehrenfest time, or we use the asymptotic value Si(z) ~
/2 for z — 0o to obtain a simplified analytic expression for ¢t < tg. In both cases an
explicit dependence of the result on these additional Lyapunov exponents is suppressed.
Indeed, following the same argumentation as in appendix A.4.5 we can approximate

i ()  ~ et — 1), (4.89)

which, used within Eq. (4.63) reproduces the expected short-time behaviour of OTOCs
as stated by Eq. (4.17), however now explicitly including the spectrum of Lyapunov
exponents to reproduce the derivative in Eq. (4.16).

Based on this observation, for the other diagrammatic contributions explaining the
saturation value of OTOCs, we thus conjecture also a masking of the Lyapunov exponents
through functions which are insensitive to their precise values.
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4.5.3 Non-ergodic many-body dynamics

For our studies, and more exactly when we introduced ergodic averages in Eq. (4.47),
we assumed that the submanifold in phase space defined by the constants of motion
H and N, see Eqs. (4.25) and (4.26), fulfills the mixing property (see section 2.3.1 for
an exact definition). However, the nonlinear mean-field dynamics associated with the
classical limit of the many-body Fock space is much less understood [77, 118, 119] than
the classical dynamics within single-particle systems, and most likely it admits more
complex behaviour such as mixed regular-chaotic dynamics, where regular islands due
to local constants of motion emerge within the chaotic sea in the classical phase space,
or diffusive behaviour. The propagator Eq. (3.83) is not restricted to chaotic dynamics,
but also allows investigating these scenarios.

For times shorter than the Ehrenfest time the result obtained from the expansion
of Moyal brackets in section 4.1.2 should still be reproduced. Since this is based on
the stability of a single solution of the mean-field equations we expect our semiclassical
analysis to produce, for any system, the same interference mechanism as depicted in
Fig. 4.2 (a), i.e. the dynamics of the involved trajectories in the semiclassical treatment
essentially follow a single, central trajectory.

For times larger than the Ehrenfest time one needs, in case of regular motion, the
knowledge of all trajectories to investigate the interference mechanism, rendering C(t)
strongly system-dependent. Post-Ehrenfest behaviour of the OTOC has thus to be
studied individually for each system.

Mixed regular-chaotic or diffusive systems may be treated by a modification of the
ergodic phase space average to account for a restricted exploration of the accessible
phase space. Ultimately, this can also lead to a time-dependence of the OTOC after the
Ehrenfest time in case of a growing accessibility of phase space regions in time, such as,
for instance, for Lorentz gases, as we see in our discussion in section 4.5.5.

4.5.4 Time-reversal invariance and higher-order quantum corrections

The diagrams in Fig. 4.2 do not contain trajectory loops, where a trajectory partially
follows the time-reversed version of another trajectory, see, for instance, Fig. 4.6 (a). This
implies that our results hold for systems both with and without time-reversal symmetry.
Diagrams involving more than one trajectory encounter generally yield further contri-
butions that can be susceptible to time-reversal symmetry breaking. However, note that
an encounter region is accompanied by a partner density similar to Eq. (4.35), which
is proportional to the inverse volume of the chaotic phase space submanifold, (x)™!,
see Eq. (4.45). This proportionality is a consequence of limiting the free exploration
of the individual trajectories in order to produce their encounter in phase space, and
ultimately suppresses diagrammatic contributions with n encounters by a factor pro-
portional ¥(x)~""! compared to the contributions of the leading diagrams in Fig. 4.2.
Furthermore, since the formation of an encounter with a small enough action difference
requires a minimal time, corrections due to multi-encounter diagrams are expected to
contribute to the OTOC after times which are multiples of the encounter time tg.
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Figure 4.6: Examples for diagrammatic contributions to the OTOC with more than one
encounter involved. In (a), one of the legs of Fig. 4.2 (d) is decorated with
a loop. During the loop o follows the time-reversal of «, rendering the
contribution of this diagram sensitive to mechanisms breaking time-reversal
symimetry.
In (b), in each of the encounters all four trajectories participate and inter-
change their partners. In order to fulfill the boundary conditions of the
trajectories, an odd number of such encounters is required.

As a final remark, for the diagrams with a single encounter depicted in Fig. 4.2, the
factor ¥(x)~! is compensated by two of the five integrations in the integral representa-
tion of the OTOC, Eq. (4.23). This is the reason why at the Ehrenfest time tg their
contributions are of the same order than the results from a classical, mean-field treatment
of OTOC:s.

Examples for higher order diagrams are shown in Fig. (4.6) and are similar to the
diagrams which have been investigated in the context of shot noise in electronic transport
through chaotic cavities [110]. Their evaluation for OTOCs requires further research and
is beyond the scope of this thesis.

4.5.5 Small-h limit and single-particle systems

To perform our semiclassical calculations for OTOCs we only needed to exploit the
formal structure of the semiclassical approximation of the propagator for Bose-Hubbard
models, Eq. (3.83), i.e. its appearance as coherent sum over mean-field solutions -y, where
the phase factor contains Hamilton’s principal function R, and the amplitude encodes
the stability of the solution as a derivative of R, w.r.t. the boundary conditions of the
trajectory. This structure is not exclusive to the propagator for Bose-Hubbard model,
but is also found for the original Van Vleck-Gutzwiller approximation of propagator
[1, 2] in the semiclassical limit of small . Our semiclassical calculation of OTOCs in
the large-N limit can therefore be generalized to systems of N particles in f spatial
dimensions, including the quantum chaotic single-particle case N = 1, treated in the
complementary semiclassical “A — 07 limit. For such systems, the effective Planck’s
constant is feg = h/S ~ A\qp/L, where A\gp is the de Broglie wavelength and S and L are
typical actions and length scales of the chaotic classical limit. By using the Van Vleck-
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Gutzwiller propagator [1] in d = f - N dimensions in the integral representation of the
OTOC, Eq. (4.23), we can immediately conclude from our results that the exponential
increase of the OTOC C(t) is determined by the leading Lyapunov exponent Ay of the
corresponding classical N-particle system (see, for instance Refs. [53, 120] for N = 1).
Furthermore, the corresponding Ehrenfest time, at which the OTOC displays the onset
of saturation, is identified to be tg™) ~ (1/An)log(heg ') ~ (1/An)1og(L/AaB).

The saturation value of Cy(t) for t > tg™) involves ergodic averages, which we can
attempt to evaluate using similar techniques as those used to arrive at Eq. (4.75). For
instance, if we consider Cn(t) = (|[p;, ;(¢)]|?) for chaotic billiards, where here p; and §;
indeed represent momentum and position operator of particles, then the saturation value
is again formally determined by the phase space function in Eq. (4.71). To estimate the
ergodic averages involving the momenta, we use the classical Hamilton function of the
system,

0, ifqe

oo, else

(4.90)

2
H( p)ZH;lLJrV(q), V(q)Z{

where ) denotes the set of points within the bounds of the billiard, and for simplicity,
we assume equal masses in case of more than a single particle, N > 1. Trivially, since
we do not have the system moving as a whole, the momentum averaged over the chaotic
energy shell has to be 0, (p}), = 0. Furthermore, due to energy conservation

W)y (4.91)
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Under the assumption that no component of the momentum vector is preferred in the

system, we thus arrive at <p;~2>x = HpQH /d, and therefore

2
2 > pll
(i =P ) =pi + =1 (4.92)
The ergodic variance in position equals the variance in position of the geometry of the
billiard, and we can estimate

A(g))? = {g))x — {aj)s o< (£)* = L2, (4.93)

where £ denotes the typical diameter of the system, such that £f yields the volume of
the billiard in configuration space. Moreover, £ sets the typical length scale L of the
system, since this length also estimates the distance the particle travels between two
bounces of the boundary.

At last, within the final average involving the Wigner function we can re-express HpH2
through the de Broglie wavelength,

T 2
/ddq/dde(q,p)lel2 = (2)\37: - (4.94)
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This also indicates that the phase space average of p? is of the order of (27h)?/(dA\3g),
which we can use as a rough estimate.

Combining the above considerations we arrive at the following estimate for the satu-
ration value of Cy(t) for t > tg™®V)

2((27h)2L?  S?
Cnit) " ——F— x —. 4.95
N ( ) d )‘(21]3 d ( )
Note that here we have a different scaling with the dimension d compared to Eq. (4.75),
ultimately due to the different role played by q within the classical Hamilton functions
of the billiard and Bose-Hubbard models. Furthermore, the typical action S = h/heg
appears in the final result. This can be attributed to the fact that the operators p;, §; are
scaled such that their commutator, [§;, p;] = id;jh, is related to h rather than heg = h/S.

Employing this line of reasoning, it is further possible to view the results in Ref. [53]
as a quantitative numerical confirmation of our semiclassical findings.

Interestingly, while for billiards we have L = £, for many systems we can have L < L.
An example for such a system is the famous Lorentz gas [82], where a point-like particle
scatters of randomly positioned disks or spheres for d = 2 or 3, where the diameter of the
scatterers sets the scale L®. In such systems the dynamics is hyperbolic only up to the
Ehrenfest time tg(!). After this time it becomes diffusive, implying in Eq. (4.71 a linear
growth in time of the variance (Aq;-)2 ~ Dt with the diffusion constant D. This directly

affects our result Eq. (4.71) for the OTOC, as beyond the Ehrenfest time TS) we expect
C(t) to further increase linearly in time before it finally saturates at the Thouless time
L£2/D.

8Ehrenfest time effects in Lorentz gases were studied, e.g. , in Refs. [66, 121, 122].



5 Al’'tshuler-Aronov-Spivak oscillations for
interacting bosonic atoms

While in the last chapter many-body interference of multiple, different
solutions of the bosonic mean-field equations was needed to explain the
saturation of OTOCs, we here turn to a scenario whose explanation
requires an explicit study of the mean-field equations themselves: the
influence of interaction on Al'tshuler-Aronov-Spivak (AAS) oscillations
in the coherent transport of cold atoms through an Aharonov-Bohm
(AB) setup. This setup consists of two semi-infinite waveguides at-
tached to a ring structure penetrated by a synthetic gauge field with
tunable flux ®. Within the ring, the atoms are subject to both a weak
disorder potential and a weak atom-atom interaction.

In this chapter we present the Bose-Hubbard Hamiltonian we use as
model for the discretized AB setup and derive its dynamical mean-field
equation, the Gross-Pitaevskii equation, for the coherent transport of
cold atoms through the ring. For weak interaction, we show that a scat-
tering approach involving the Green’s function of the interaction-free
system formally solves the stationary scattering problem. We discuss
that for weak disorder the Green’s function admits a semiclassical ap-
proximation as a sum of scattering paths through the ring, in which
disorder is reflected as an additional contribution to the phases accu-
mulated along the paths.

Based on this semiclassical representation we qualitatively explain for
the noninteracting case the AAS oscillations observable in the flux-
dependent transmission through the ring. To motivate the theoreti-
cal study of the system including interaction in chapter 6, we further
present results obtained from a numerical treatment by R. Chrétien et
al., which show the influence of interaction on these oscillations.

In the last part, we have seen that many-body interference of distinct, but correlated
mean-field solutions is the mechanism explaining the saturation of OTOCs. The mean-
field problems itself, which is not required to be solved explicitly, appears in the OTOC
in the form of classical quantities such as the Lyapunov exponent and phase space
averages. However, there are also scenarios where interesting phenomena can already be
attributed to wave interference at the level of the mean-field wave equations themselves.
In this part, we turn to such a case with the study of Al’tshuler-Aronov-Spivak (AAS)
oscillations seen in the flux-dependent reflection and transmission of matter waves of
interacting bosonic particles in the Aharonov-Bohm (AB) setup.
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A system to study AB and AAS oscillations is an AB setup, where two semi-infinite
waveguides are attached at opposite sites to a waveguide ring structure. In the trans-
port of waves through such a structure, a gauge field (e.g. a magnetic field for electric
waves) encircled by the ring results in additional phases the waves accumulate. These
are proportional to the enclosed flux ®, remarkably, even without the gauge field pro-
ducing a classical force field in the waveguides. This is known as Aharonov-Bohm effect,
which is here observable in oscillations in the transmission as a function of the enclosed
flux and is attributed to the interference of waves following the two arms of the ring.
When introducing an additional disorder potential within the ring, the disorder-averaged
transmission reveals Al’tshuler-Aronov-Spivak oscillations with double the frequency of
the AB oscillations.

In the next two chapters we study AAS oscillations for interacting bosonic matter
waves, as here interaction amongst the particles leads to an inversion of AAS oscillations.
This work has been done in collaboration with R. Chrétien, J. Dujardin, C. Petitjean
and P. Schlagheck and has been published in Ref. [30]. The contents of this chapter
are the presentation of the system we study, of the basic theoretical concepts, as well
as of the numerical findings, and have been provided to me by my collaborators. My
contribution, a semiclassical diagrammatic treatment of the problem, perturbative in
the interaction strength, aims at an understanding of the numerical findings and is the
subject of chapter 6. It builds on the theoretical framework derived in this chapter.

In order to provide a basic understanding of the underlying interference mechanism
leading to AAS oscillations as an effect in general, we want to utilize the theoretical tools
we provide for the bosonic matter wave in the limit of vanishing atom-atom interaction.
We therefore shift the explanation of AAS oscillations to the second section of this
chapter, and first introduce the system with the basic theoretical framework.

5.1 The Aharonov-Bohm ring with cold atoms

5.1.1 Bose-Hubbard Hamiltonian

The bosonic quantum many-body system in which we want to study AAS oscillations is
schematically depicted in Fig. (5.1) (a). It is an interferometer setup built by two semi-
infinite waveguides for guiding matter waves of cold bosonic atoms, which are attached
to a central ring structure encircling an artificial gauge field. Interparticle interaction of
the atoms is assumed to be limited to the ring structure, where additionally we assume
a weak disorder potential. To generate a steady current of atoms into the waveguides
and towards the ring structure, the left waveguide is weakly coupled to a Bose-Einstein
condensate (BEC) with initially N — oo particles at temperature 7' = 0 and chemical
potential u. By an adiabatic ramping of the coupling, this results, in the limit of long
times, in a well-defined stationary scattering state of the system.

Within the numerical work of R. Chrétien et al., this system is modeled by a Bose-
Hubbard Hamiltonian arising from a discretization scheme of the continuous system of
the AB setup in Fig. 5.1 (a) as described in Refs. [35, 36]. The semiclassical treatment
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(a)

Aharonov-Bohm
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Figure 5.1: (a) Sketch of the investigated AB ring structure. A Bose-Einstein condensed

cloud of cold bosonic atoms is coupled to the waveguide left to the ring and
acts as a reservoir. Through an outcoupling mechanisms a current of atoms
towards the ring structure is produced. Within the ring, the atoms experi-
ence a weak disorder potential, a gauge field ® and a weak particle-particle
interaction. (Figure adapted from Ref. [30])
(b) Discretization of the system as preparation for the numerical study by
R. Chrétien et al. The system is subdivided into four regions, the two waveg-
uides (Lr, L), the ring structure (R) and the BEC as the source (S) of
atoms.(Figure taken from Ref. [30])

of AAS oscillations in chapter 6 is based on this Bose-Hubbard Hamiltonian and the
parameters contained in that. We therefore use the Bose-Hubbard model as a starting
point to derive the theoretical concepts necessary for our study.

The discretized version of the AB setup is schematically depicted in Fig. 5.1 (b). To
write the Bose-Hubbard Hamiltonian, we split the system into four parts, the left and
right waveguides L1,, LR, the ring geometry R and the source S. The Hamiltonian of
the system is then given by

H=Hg +Hg + Hey + Hs + Hsey + Her, (5.1)

where the Hamiltonians of the separate subregions are
A ~ ~ 6 A A~ A~ A
A= Y [Egbgba - 7(bgba,1 + bL_lba)} :
a=—0o0
o0

ey = Y [Butlin — 2 (Lbosa + b)) |
a=Ngr
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Hs = ubkbs (5.2)
o= 3 [0+ Vi + 2]
a=0 o 2 e
_N§2 Es it b0 iih  oi0)| _ B (it 0, 7t i
2 [ 5 ( ot 1ba Lbat1€ )} ( 0bNR 1€ +anilboe ),

and the terms coupling the different regions are
Hsey = (8)b]gbs + 1™ (1)bfbas

e — -2 (iﬁ_ o B+ b+l m) | (5:3)
Here, I;L and b, denote bosonic creation and annihilation operators for particles at site
«a within the waveguides and the ring structure. The creation and annihilation operators
for particles in the reservoir BEC S are denoted by Bg and bg.

Within the waveguide structure we choose the indexing such that negative indices
denote the sites in the left semi-infinite waveguide, and « > AN the ones in the right.
The missing indices in the range 0,..., Ng — 1 label the sites in the ring in clockwise
direction, with Nz being the total number of sites within the ring. We choose N to be
an even number, and the sites labeled by a = 0, Nz /2 couple to the left, respective right
waveguide. Finally, the site in the left waveguide to which the reservoir § is coupled is
also referred to as ag.

The onsite energies Fs and the hopping terms —Fs/2 are expressed in terms of the
energy scale Es = h%/(mé?). Assuming a one-dimensional free motion along the waveg-
uides, this scale arises from discretizing the continuous system by a chain of sites at dis-
tance 9, which transforms the kinetic term according to the finite difference discretization
scheme

12 Pf(x) B fle+d)+ flz—0)—2f(z)

2m 022 2m 52 (5.4)
= Bsf(x) — 22 (f(e+0) + flz ).

Within the ring, the atoms are subject to a gauge field [21, 22] which acts in an equivalent
way as a magnetic field for charged particles. In the Bose-Hubbard Hamiltonian, it
appears through an additional phase factor exp(%if) containing Peierl’s phase [123],
which is multiplied to the hopping parameters. The signs are chosen such that its
contribution to the overall phase obtained from hopping along the complete ring in
clockwise direction is given by the flux enclosed by the ring, N6 = ®.

The source is assumed to be a BEC at temperature T' = 0 with initially N (¢ = 0) — oo
particles at a chemical potential u. The condensate weakly couples to a single site, la-
beled by as. For the numerical work performed by R. Chrétien, the coupling mechanism
is controlled through the function x(t) = O(Es/+/N(0)), which is adiabatically increased
from zero to a finite maximum value in infinite time,

k = lim £(t) (5.5)

t—o00
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such that N(t)|x(t)|* remains constant. As we will argue in subsection 5.1.3, this pro-
duces a steady current of particles into the waveguide and towards the Aharonov-Bohm
ring and establishes a well-defined scattering state with energy u and with a well-defined
current towards the ring structure after a long enough propagation time [124]. Within
the waveguide, we will see that in the mean-field treatment this scattering state is a
superposition of plane waves, whose wave number k is related to the chemical potential
1 through the dispersion relation of the discretized system

Es(1 —cos(kd))=p < k= larccos 1- 2. (5.6)
0 Es

This also allows us to associate a wavelength A = (27)/k to the atomic wave.

Within the ring we allow particles to interact with each other through on-site in-
teraction whose strength is controlled by the parameter g. As a physical quantity, this
strength is proportional to the s-wave scattering length as from the particle-particle scat-
tering problem in 3 dimensions and can be tuned by the means of Feshbach resonances
[11]. Further dependencies of this parameter are provided by the confining potential
forcing the particles to the one-dimensional motion, see for instance Ref. [31].

Additionally, the ring is subject to a potential describing weak correlated disorder.
Numerically, it is produced by

N
& J 52
Vo, =W ZN: e exp<—wﬁ >77a+5, (5.7)
p=—R 11

where here, and only here, for convenience, the index a + [ appearing in the summation
has to be understood modulo N to again produce a site within the ring. The param-
eters 7, are independent Gaussian random variables with zero mean and unit variance,
such that (na7a/) = daas- The sum correlates these random values over a correlation
length o > ¢ while the amplitude Vj controls the disorder strength. This produces a
disorder potential which varies slowly over the distance of the correlation length o. In
the ensemble of realizations of disorder, the mean of V,, is 0 and the standard deviation
is Vp.

It is worth to specify already here the relation of the different length scales introduced
by the disorder. In order to be able to treat the disorder potential semiclassically,
we need to demand that the disorder strength is weak compared to p and that the
correlation length o is large compared to the wavelength A. Furthermore, to observe
AAS oscillations, the length L = §Nz /2 of one arm of the ring has to support multiple
variations o of the disorder. Finally, we want to avoid localization effects requiring that
L is much smaller than the localization length lj,.. For Gaussian correlated disorder,
this length is given by [125]

Rt k?

— o exp(4k30?). 5.8
S p( ) (5.8)

loc =
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Combining these restrictions and including § as the smallest length scale of the system,
we arrive at

I KA o <L L < g - (5.9)

In order to simplify our notation for the next sections, we combine the parameters in
such a way that the Hamiltonian takes the compact form

B = 3 [hablbo + L2845 baba] + 3 Tuarbibar + bl + w(0Lbs + #* ()B5bas
(0% oo’

(5.10)
where h, contains the onsite-energies Es5 and disorder V,, and J,, denotes the hop-
ping between sites, including those towards and from the ring, as well as Peierl’s phase
exp(+£if). Finally, we set g, = 0 within the waveguides, and g, = ¢g within the ring.

5.1.2 Mean-field equations

The mean-field equations of the system are given by the Hamilton’s equations of motion,
Eq. (3.86), we found in the classical “N — oo” limit of the Bose-Hubbard model. In an
alternative view, they can also be derived from the Heisenberg equations of motion for
the annihilation operators of the system,

. dl;a(t) T 7
ih— = = [H ba(t)}

= haba(t) + Y Jaarber(t) + gabl,(£)ba(t)ba(t) + Sacsk(t)bs(t) (5.11)
ihdbjt(t) = —[A.bs(0)] = pbs(t) + K" (Db (1.

Here, the mean-field equations arise when substituting the creation and annihilation
operators by complex scalar fields, ba(t) — Wa(t) = (ba(t)) and bs(t) — Us(t) =
(bs(t)), representing their mean value. Apart from a rescaling o (t) = $o(t)V'N,
this results in the very same set of equations as in Eq. (3.86). For the study of AAS
oscillations, we use the set of equations for U,,.

Often, especially in the continuous case, one refers to the dynamical mean-field equa-
tions, obtained from approximating the bosonic field operators by complex variables, as
Gross-Pitaevskii equation [24, 25].

It is possible to eliminate the explicit treatment of the source from the dynamical equa-
tions. To do so, we make the ansatz W, (t) = W, (t)e~ O/MHt and Wg(t) = Ug(t)e=W/Mut,
This transforms the mean-field equations into

ihd\lljt(t) = (ha — 1)¥a(t) + Z JaarUar(t) + gV ()0 ()W () + dnask(t)Us(t),
1@ _ w0 65.12)

dt



5.1. The Aharonov-Bohm ring with cold atoms 91

As we argued in the last section, we assume that the coupling x(¢ O(Es/+/N(t)) to
the source is weak and adiabatically ramped such that N(t)|r(¢ )| becomes a constant
in time. Since we assume that initially the number of particles in the source |¥s(0)| 2=
N(0) is much larger than the occupations at the sites in the rlng structure, we can
conclude from the Eq. (5.12) that Us(t) = /N (0) Texp(— -2 fo ds|k( )| ) [124]. Since
the coupling is assumed to be small, we can therefore approxmlate Us(t) = /N(t) as a
real value and assume that the phase of x(t) does not depend on time, such that we can
also consider the product /N (t)k(t) as a constant in time. This allows us to neglect
the second equation in Eq. (5.12) and we arrive at

dPa(t)

in
BT

= (hg — ) + Z JaaVar () + ga W) Ua(t)Ua(t) + Suas k(1) /N(2) .
~————

indep. on t

(5.13)
As we will see in detail in the next section, the role of the source is to produce a steady
current of particles into the system at well-defined energy p. This current has its source
at site ag, leaving the site in both directions of the waveguide. One part of this steady
current scatters through the ring structure, producing back-reflection and transmission
of waves. For long enough times, the dynamics are expected to become stationary and
the state of the system in the mean-field treatment is then described by a well-defined
scattering state solving the nonlinear equation

0=(ha =)V + Y Joa Vo + ga¥h¥aTa + daashi(t) /N (2). (5.14)

al

Our theoretical concepts derived in the subsequent sections are based on this equation
for the stationary scattering state.

5.1.3 Reflection and Transmission

Within the waveguides and for o # as, Eq. (5.14) takes the form

E
7‘5(%“ + W, ), (5.15)

whose solution is given by a superposition of plane waves at energy u. Since we use
the source to produce the only plane wave traveling towards the AB ring, the scattering
state describing the stationary solution of Eq. (5.14) admits the following form in the
waveguides:

0= (Es — p)¥q —

elokd 4 R(@)e—iak5)} B {xy% + UL foras < a <0, (516)

« { T((I))el(afNRJrl)ké \IJS’P:‘_ for a > N’R7

where the wave number k is defined as a function of p through Eq. (5.6). With \I/£ % we
denote the contributions of the plane wave associated to a wave number 4k in the left
(X=L) or right (X=R) waveguide,

\11514_ — Ae 1011657 \Ilg,L— _ AR(q))efiaké’ \IJSFE’_ _ AT( ) i(a—Ngr+1)k ko (517>
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We will later obtain the overall amplitude A in Eq. (5.16) from a detailed consideration
of the source. The complex amplitudes R(®) and T'(®), the reflection and transmission
amplitude, comprise the interference phenomena taking place within the scattering re-
gion, converting the incident wave into two outgoing waves, either back-reflected into the
incident waveguide, or transmitted to the opposite one. They explicitly depend on the
parameters of the scattering region and on the enclosed flux ®. Their squared modulus
|R(®)|? and |T(®)|?* are referred to as reflection and transmission probabilities and they
describe the coherent transport of the atomic matter waves through the ring. They are
the central objects of interest in observing the AAS oscillations.

To understand the interpretation as probabilities, let us introduce the particle current
density. Its definition for the continuous one-dimensional system is given by [92]

%
(2,1 = 2%1 (W*(m,t)(w - \I/(:U,t)aqja(;’t)> , (5.18)
from which its version for the Bose-Hubbard model is obtained by discretizing the deriva-
tive operator
Of(x)  flxz+6)+ f(x)
or 5 ‘
This yields that the current density through site a in the waveguide is calculated by

(5.19)

. E6 * *
Jo = iy [WaWars = ¥hyr W) - (5.20)

Inserting Eq. (5.16) into Eq. (5.20), we obtain

_ Es|AP? {sin(ké) - |R(<I>)]251n(k5)} CfE ke forast+l<a< -1,
“h |T(®)[? sin(k) jam for a > Ng,

(5.21)
where ji’fb for X=L, R are the currents calculated by Eq. (5.20) using the individual
plane waves \11531, Eq. (5.17).

Within the waveguides, the currents in Eq. (5.21) do not dependent on the choice
of site a within the ranges specified. Moreover, we are able to interpret reflection and
transmission probabilities as the fraction of the incident current which is reflected or
transmitted into the outgoing current. Mathematically, we find for s + 1 < a < 0 and
o > NR,

'EL (s '»CL '»CR

2 “Ja,~ <‘7a ]a’+> 2 Ja+

R@)P = —e= = X2 2 ) = e (5.22)
ja7+ jOt,-f— .704,-{-

Finally, the conservation of particles translates into conservation of currents, js,L L=
ji‘j_ - j(ﬁL_H from which we conclude immediately |R(®)|* + |T(®)|* = 1.

Either Eq. (5.16) or Eq. (5.22) can be used to calculate reflection and transmission
probabilities. Indeed for the numerical treatment, Eq. (5.22) is used, while the theoretical
study in the next chapter focuses on finding an analytical expression for \IléL_ and \IlgffF
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However, both approaches require the identification of the amplitude A of the incident
wave generated by the source term.

Let us focus on the left waveguide alone and extend it to an infinite waveguide. The
mean-field equation including the source reads

Es
0= (Es — )V, — 7(\Ila+1 + Uo1) + Saask(t)\/N(t), (5.23)

where the product £(t)+/N(t) is understood to be constant in time. The solution to this
equation is found to be

KEVNE)  iksla—
Vo= 1= " loas], (5.24)

Comparing this solution for a > as to \I/§L+ in Eq. (5.17) allows us to immediately
identify the amplitude A as

KOVNE)  iksas . KE)VN() ei|a5|k5:’i(t)vN(t) ilag|ké

= ——e = - Y e , 5.25
pu— Es(1 — etk?) iv/u(2Es — 1) iEs sin(kd) (5.25)

where we used Eq. (5.6) as well as
Essin(ko) = \/p(2E5 — 1) (5.26)

to rewrite the solutions. The squared modulus |A|? can be interpreted such that the
source generates a mean constant particle density in the clean infinite waveguide,

N()|x(t)*
75 =W, > = 2o 5.27
Using this density, the reflection and transmission probabilities are obtained as
2
| e
R(®)|" = +— T(®)* =+—-. 5.28
R@)P =)= (5.28)
Finally, the current generated by the source is found to be
E 1 N(@#)|k()
77 = i = 2| A sin(ké) = 1 NOl@F (5.29)
h h\/u(2Es — )

5.1.4 Green'’s function approach and the role of disorder

For a weak enough interaction together with adiabatic ramping of the source, we can
treat the stationary scattering problem in Eq. (5.14) as an effectively linear scattering
problem. The problem is then formally solved by the ansatz

Uy =Y Gaw(1)Qur (5.30)
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which involves the (retarded) Green’s function for the system without interaction,

Gt = (el = i (o (1~ 1)

o/> (5.31)
where |a) = b, |0) and

Ho =) halaal + ) Jaar la)d] . (5.32)

The source as well as the nonlinear interaction term are combined into
Qa = 9alVal’ Vo + Saas VN (1)A(H) .- (5.33)

This transforms the stationary mean-field equation, Eq. (5.14), for ¥, into a self-
consistent equation,

Uy = /N()E(t)Gaas ( +ZGW )9 |V |* Vo, (5.34)

similar to Dyson’s equation [90], but with a nonlinear reappearance of ¥, on the right
hand side. This equation marks the starting point for a perturbation theory in the small
interaction parameter g.

In order to start this perturbation theory and to shed light on the involved interference
mechanism leading to AAS oscillations, we aim at a suitable semiclassical representation
of the Green’s function, Eq. (5.31), in terms of interfering classical paths. To do so, let
us first consider the infinite discrete waveguide. Its Green’s function can either be found
by solving the defining equation (u — ﬁo)@(u) = 1, or by comparing Eq. (5.24) with
Eq. (5.34) for g, = 0. We get

free / 1 ikd|a—a’ 1 ig(a,o,
G (CM,O[,,U,) - iEasiin(kzé)e | | = 71E551n(k‘5)eh ( #)- (535)
This Green’s function describes plane waves emitted from site o/, since the sign in front
of the wave number is specified by sign(a — '), i.e. the relative position of o w.r.t.
o/. The argument of the phase factor can also be interpreted as the discrete version of
the reduced action S = f;ﬁ p dq, which integrates the momentum along the direct path
linking o’ with a at energy p. Its discrete version is calculated by (taking o > o)

(o, a', ) Z arccos(1—>5_ Z ké = ké(a— o). (5.36)

This can be generalized to the Green’s function of the Aharonov-Bohm ring. We can
interpret the junction sites @ = 0, Nz /2, at which the waveguides are attached to the
ring, as single-site scattering centers. Without disorder, we have free motion along the
branches of the ring, thus yielding a multiple scattering problem of the junctions. It can
be shown [126] that its solution has the form of a summation over all possible scattering
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paths -, i.e. paths linking the sites o’ and a with multiple intermediate scattering events
at the junctions and plane wave motion between those,

— 1 18
Goor (1) = B sn(k5) > Ajendr, (5.37)

' —a
n

Here, S,/h = kdn, denotes the accumulated reduced action, with n., the number of
sites passed by the scattering path, thereby counting multiple visits. The amplitude
Ay = r™rt™t weights the paths contribution by the product of powers of the reflection
and transmission matrix elements r, ¢ according to the numbers n., , and n., ; of scattering
events at each of the junction sites & = 0, Nz /2. The numerical values for the parameters
r and ¢ are obtained from an analysis of the scattering problem at a single Y-junction.
This analysis is found in appendix A.5. Note that continuity and current conservation
leads to the relations

1+r=t, |r?+2t*=1. (5.38)

We now turn the AB ring including the disorder potential. Remember that we assumed
that the strength of disorder is weak compared to the chemical potential, Vp < p, and
that it is slowly varying on the length scale of the wavelength A, since the correlation
length o > A is long compared to the wave length. This allows us to neglect back-
reflection within the branches of the AB ring, and the scattering paths in the summation
for the Green’s function, Eq. (5.37), are left unchanged. Disorder is, however, accounted
for in a modification of the accumulated phase. For instance, the action S, accumulated
from a single exploration of the upper (“u”) branch is found to be

N Fi
1 R i p—Va
hSu< 5 1,0,,u> = az:% arccos(l o >
Nr
2 " 1
~ Z arccos(l — ) -V, (5.39)
o Es p(2Es — p)
Y Fi
_NRps L
2 ko Essin ks az:% Va,

and similarly for the action Sq accumulated from a single exploration of the lower (“d”)
branch.

We can also understand this approximation as to arise from a semiclassical treat-
ment of disorder, where the weak and smooth disorder potential is incorporated into the
Green’s function by means of semiclassical perturbation theory. This leads to a summa-
tion over paths of the unperturbed system, while an additional phase accumulates the
disorder potential along the path [95].

For the investigation of AAS oscillations, an average over an ensemble of disorder
configurations is required. For our analytical predictions, this can be used for a further
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simplification. Within the disorder average, using the statistical properties of V,, the
mean value of the the accumulated phase due to disorder is found to vanish,

Ng Ng
1 2 1 2

) = - N =0, 4

<Egsin(k5)azzo >d. E(;sin(ké)azzoa/ Jais =0 (5:40)

However, by choosing the length L of the branches long enough (where long enough
depends on the strength Vj), we can achieve that the variance of the accumulated phase
fulfills

Nr 2

<W;va > > 72, (5.41)

dis
In this case, we can safely assume that e%s“, e#%4 can be considered as independent
random complex numbers, uniformly distributed along the complex unit circle. Finally
also including the flux ® = Ng# through the center of the AB ring, this allows us to
replace

eiSu = oi(PuEF)  oiSa  (i(®aFF) (5.42)

where @, ®4 are uniformly distributed random phases taken from the interval [0, 27).
These phases represent the addition to the overall accumulated phase, which is obtained
each time when a scattering path uses the upper, respective lower branch of the ring
to travel between junctions. A non-vanishing flux contributes an additional phase ®/2,
where the sign distinguishes between clockwise (4) and anticlockwise (—) direction.

With the above assumptions, we see that details of the individual disorder configu-
rations are comprised in the two parameters ®,, ®4. Moreover, with the substitution
Eq. (5.42) the average over an ensemble of disorder configurations transforms into aver-
aging the phases ®,, ®4 over [0,27). For instance, the disorder averaged transmission
probability is obtained by

27 2
(IT(®q, g, @)2) = /0 do, /0 dDq [T (B, Ba, )2, (5.43)

(2m)?

where T'(®,, 4, ) is the transmission amplitude of an individual disorder configuration
giving rise to phases ®,, ®4. This reformulation of the disorder average is an important
step, as for non-negative integer ny, ny, nq,nj; € Ny, we have the identity

1 2 2 . L . L
(277-)2/0 d@u/o d@d el(nu nu)(pll+1(nd nd)q)d = 5nu7n116nd,n£l . (544)

Its relevance becomes clear, when we assume that the phase of the integrand in Eq. (5.44)
arises as an action difference of scattering paths, as, for instance, in the squared modulus
of the Green’s function,

Y A A eSS (5.45)

¥,y a—)a

2
}Ga’a, () } (E5 sin(kd))
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Figure 5.2: The left side shows the AB setup with a BEC as a reservoir coupled to the left
waveguide. For weak enough disorder, back-scattering within the ring can
be neglected and we can replace the setup by the quantum graph shown on
the right. It consists of two semi-infinite bonds representing the waveguides,
two vertices representing the junctions between the ring and the waveguides,
and two finite bonds for the upper and the lower arm of the ring.

Here, ny,nq and n),n); from Eq. (5.44) can be understood as to count the number of
explorations of the upper and the lower branch of the ring for paths v and 4/, while
complex conjugation of one of the Green’s function is responsible for a negative sign in
front of nf, n}. The relevance of Eq. (5.44) is now obvious: Only those pairs of scattering
paths survive the disorder average which share an equal number of explorations of the
upper, respective lower branch of the ring. This introduces correlations amongst the
scattering paths, which allow us to obtain a physical interpretation of AAS oscillations.

At this stage, it is useful to introduce also a graphical, diagrammatic representation to
visualize the individual scattering paths « in Eq. (5.37). For that reason we understand
the AB ring as a quantum graph consisting of two semi-infinite waveguides, which are
on opposite sides attached to a ring structure via two junctions, see Fig. 5.2. In this
quantum graph, a scattering path 7 in the coherent summation Eq. (5.37) appears as
a sequence of single, full explorations of the branches, with intermediate reflective or
transmittive scattering at the junctions. This motivates the definition of the following
diagrammatic representations for scattering at the junctions, and the intermediate full
explorations of branches in the ring,

RICSS

R ), (5.46)
. > . o
=D (e
For completeness, note that the beginning and the end of a path lead to additional phases
which result either from direct propagation of the initial site to the first contact with one
of the junctions, or from the last scattering event at the junctions to the final site. In the

diagrammatic representation, we also visualize their contribution by an directed arrow
which starts or terminates at a site. To obtain the associated phase factors, we either
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use a plane wave in the waveguides, or in the ring we truncate the sum in Eq. (5.39) and
add the appropriate phase due to the accumulated flux. Taking for instance o = ag
and « as a site in the upper part of the ring, the Green’s function takes the form

Guos) = s | L+ L Nt Q P PN

1E5 sin(kd)

_ ellas|ko iS(c,0,p)+icd i q>u+ 15 “Rou N—R—a 0
NR

L ei(®a-2), i (o, 2R ) —i (2R —a)0 +ei(¢>u+¢d)ei5‘(a,0,u)+ia9+.”).

As we will see in a moment, a detailed consideration of these additional phases is not
necessary since for the calculation of reflection and transmission probabilities we find
that these phases appear only in pairs canceling each other.

5.2 Numerical predictions for Al'tshuler-Aronov-Spivak (AAS)
oscillations

5.2.1 The noninteracting case

We are now at a stage to show and qualitatively explain the AB and AAS oscillations
for the noninteracting case. Both phenomena are displayed in Fig. 5.3, which show the
transmission probability |T(®)|? as a function of ® and for different disorder strengths.
The data were obtained by R. Chrétien et al. from numerical simulations of the mean-field
equation Eq. (5.13) with g = 0 and, in case of non-vanishing disorder, were averaged over
an ensemble of realizations of disorder. The transmission probability is then calculated
through the fraction of currents, Eq. (5.22).

In the case of vanishing disorder in the ring (black line in Fig. 5.3), the transmission
probability as a function of the enclosed flux ® displays oscillations with a periodicity of
27. Here, the perfect suppression of transmission at ® = = is attributed to the horizontal
axial symmetry of the ring. To understand this, let us first express the transmission
probability using Egs. (5.28) and (5.30) through the Green’s function and express the
latter by the scattering path representation of the Green’s function, Eq. (5.37). For «
in the right waveguide, this leads to

T(®)]* = EF sin(k8)|Gaas (WP = > A A%er(5757) (5.48)

¥,y g —a

Outside the ring, each path displays plane wave motion, and their contributions to the
overall action cancel each other within the action difference in Eq. (5.48). Within the
ring each of the paths performs an odd number of explorations of the single branches to
finally reach the junction coupling to the right waveguide. The phase factor attributed to
encircling the flux is thus of the form exp(i(2m +1)(®/2)), where m € Z. If we mirror a
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Figure 5.3: Noninteracting simulation of the transmission through the AB ring, Fig. 5.1
(b), as a function of the enclosed dimensionless flux ® = Ng6 for different
strengths Vj of disorder. The curves are obtained from numerically solving
Eq. (5.13) with g/Es; =0, u/Es = 0.2 and Ng = 200. In case of Vj # 0, the
data have been averaged over 20000 realizations of the Gaussian correlated
disorder with correlation length ¢ = 204§. In the absence of the disorder po-
tential in the ring, AB oscillations (solid black) with a period 27 appear and
show a perfect suppression of the transmission for ® = 7. When increasing
the disorder strength and averaging over many disorder realizations, the AB
oscillations smoothly turn into AAS oscillations of half periodicity 7. (Figure
adapted from Ref. [30])

path ~ along the horizontal axis, we obtain another unique scattering path 7, for which
the amplitude A, = A5 and the flux-independent part of accumulated action remain
the same, but since clockwise motion converts into anti-clockwise, the accumulated flux
phase of 4 bears the opposite sign. The phase difference between ~ and 7 is then of the
form exp(i(2m + 1)®), which for ® = 7 becomes —1. Upon summation this leads to
destructive interference of the contributions of the two paths, and ultimately, since each
path has such a unique partner, to a vanishing of the Green’s function for ® = 7.

By including disorder and increasing its strength, we begin to approach a regime,
where our assumptions of the random phases ®,,®4 in Eq. (5.42) become valid, while
the inequalities in Eq. (5.9) still hold true. This is seen in Fig. 5.3 as the smooth
conversion of AB oscillations into AAS oscillations with half the period. This doubling
of the frequency is ultimately attributed to the disorder average.

As we argued in section 5.1.4, only those pairs of scattering paths v, 7" in Eq. (5.48)
survive the disorder average, which share the same number of explorations of the indi-
vidual branches. The doubling of the frequency is now best explained at the level of the



100 Chapter 5. AAS oscillations for interacting bosonic atoms

reflection probability. Choosing o = ais, we find, using Egs. (5.28), (5.16), (5.17) and
(5.34),

as,+

= Y A (=1 Ty, 20, @),

¥,y g —a

2
yR(epu,cpd,@)y?:Egsin‘z(ka)‘aasas (1) — U ]
(5.49)

where we subtracted \Ilaf; o from the Green’s function since this constitutes to the direct
path of zero length between ag and itself. The remaining paths 7, v undergo at least
one scattering at the left junction to contribute to the reflected wave ‘IIE L

Each of the paths in Eq. (5.49) has to perform an even number of exploratlons of
branches to be able to return to the incident waveguide. The scattering path therefore
collects an even number of flux-dependent phases ®/2, making the overall flux accu-
mulated in the phase of a path a multiple of ®. To survive the disorder average, a
scattering path v needs to be paired with a partner v which shares the same amount of
visits both of the upper and the lower branch. An obvious partner is found by setting
~" = ~, producing a flux-independent contribution. Other partners might also exist,
which transverse the branches in different order and different directions compared to
v. Since half of the explorations of branches have to be towards the left and the other
half towards the right junction in order to return to the incident waveguide, the overall
encircled flux of the individual paths can only differ by a multiple of 2¢. This explains
the doubling of the frequency of AAS oscillations compared to AB oscillations.

To illustrate the above arguments, we perform the calculation of the reflection prob-
ability by just using the shortest scattering paths with at most three scattering events
at the junctions. Using the diagrammatic representation from Eq. (5.46), we find

‘R(q)u,q)d,q) |? -I-f\-l-w @ @—I—O rt

Within the disorder average, this leads to

(IR(@®y, @4, 8))

. (5.50)

dis

e

=|r \ +2|7‘\ |t| + 2|t|® (1+cos(2€[>)) r t)lo

2

- - +0((rnt)°)  (6:51)

.

While the first three diagrammatic terms display interference with themselves, the last
term containing time-reversed partners results in the flux-dependent contribution to
(|R(®y, Bg, ®)|*) g This also reveals the connection of AAS oscillations to weak lo-
calization [127, 128], where the interference of a scattering path with its time-reversed
partner leads to an enhancement of the reflection probability, which is sensitive to a
time-reversal symmetry affecting mechanism, such as the synthetic gauge field encircled
by the ring.
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Figure 5.4: Mean-field simulations of the transmission through the disordered AB ring,
Fig. 5.1 (b), as a function of the enclosed flux ® = N80 for different strengths
of the interaction. The curves are obtained from a Gross-Pitaveskii simula-
tion with p/Es = 0.2, Ng = 200, |x(t)|\/N(t)/Es = 1, Vo /Es = 0.0238. The
data have been averaged over 20000 realizations of the Gaussian correlated
disorder with correlation length ¢ = 204. Increasing the interaction strength
preserves the m-periodicity of AAS oscillations, but flattens the amplitude
for very weak interaction strengths g/FEs < 0.0002. For larger interaction
strengths, g/Es > 0.0002, the curve is reversed, since former maxima at
® = 7/2,3mw/2 become minima, thereby transforming the minima at ® = 0,
into maxima. (Figure adapted from Ref. [30])

5.2.2 Inversion of peaks of the AAS oscillations for interacting cold atoms

We now turn to the interacting case and get a first intuition on the influence of particle-
particle interaction on AAS oscillation in the transmission. Fig. 5.4 shows the trans-
mission through the AB setup as a function of the flux ®. As for the noninteracting
scenario, the data have been obtained by R. Chrétien et al. by numerically solving the
mean-field problem Eq. (5.13). The disorder strength is taken sufficiently strong such
that in the noninteracting case AAS-oscillations are observable, see the green line in
Fig. 5.3.

The observations we make from the numerical data are the following: when increas-
ing the interaction strength g and averaging over many disorder realizations, the AAS
oscillations keep their w-periodicity, but get flattened for a weak interaction strength,
g/Es < 0.0002. This indicates that the corrections to the non-interacting AAS oscil-
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lations also bear themselves a dependence on the flux ®, with a maximal amplitude
at ® = 7/2,37/2, and minimum at ® = 0,7. When further increasing the interac-
tion strength g/Es > 0.0002, this ultimately leads to an inversion of the peaks, since
the maxima at ® ~ 7/2,37/2 turn into minima, thereby transforming the minimum at
® = 7 into a maximum. This is similar to what has been observed in the back-reflection
probability in the coherent transport of cold atoms through a two-dimensional disorder
potential [28].

We aim at a diagrammatic treatment of the observed AAS oscillation for interacting
cold atoms in chapter 6 of this thesis.

5.2.3 Truncated Wigner approximation and its relation to the mean-field
approach

Before we start our analytical investigation of AAS oscillations, we like to further moti-
vate our focus on an individual solution of the stationary mean-field equation, Eq. (5.14),
by also discussing the truncated Wigner method and its numerical predictions regard-
ing AAS oscillations. A detailed derivation of the truncated Wigner method is found
in Ref. [129, 130], see also Ref. [124] for details of its application towards the Bose-
Hubbard model. To put the method into context with the semiclassical approximation
of the propagator for the Bose-Hubbard Hamiltonian, Eq. (3.83), there are works [33,
35, 36] showing that the truncated Wigner method is equivalent to the so-called diagonal
approzimation in the semiclassical limit “N — oo”. This approximation is applied when
dealing with a double summation of mean-field solutions, as it appears in the product of
the propagator with its complex conjugate version. For the diagonal approximation, the
double sum is reduced to a single sum by choosing pairs of identical mean-field solutions.
As was the case for the zero-leg-loops in the discussion of OTOCs, see Fig. 4.3, the re-
lated quantum phenomena is then described through the dynamics of single mean-field
solutions, averaged over their initial conditions.

The truncated Wigner method aims at a description of the dynamics in quantum
bosonic many-body systems with a large number of particles. To be more precise, it
is used to calculate the time evolution of the quantum average of an observable by
expressing it as the phase space average, similar to Eq. (4.5), involving the Wigner
function of the time-evolved density operator,

(A(t)) = Tr(ﬁ(t)A) - / AT W (T, T, ) AT, T, (5.52)

where [d??W¥ = [d?Re(¥) [d?Im(¥)’. Here, a more general definition of the Wigner

function is used,
d
tr [ﬁ(t) exp (2 (ﬁiéz - Bﬁ)i) )] :

=1
(5.53)

d

W(®, O t) = % /dZdﬂeXp [Z (B — B;07)

=1

'If we, in analogy to Eq. (3.21), interpret ¥ = /1/2fi.g(q+ip), we arrive at the formalism as presented
in section 4.1.1 for quadrature states.
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Accordingly, replacing p(t) by an arbitrary operator A in the above formula yields the
Wigner-Weyl transformation A(W, ¥*) of this operator. Within this formalism, the von
Neumann equation of the density operator, ih dp(t)/dt = [H,p] (), translates into a
partial differential equation for the Wigner function. This equation involves third order
derivatives of the Wigner function with respect to q and p, which solely originate from
the interaction terms in the Hamiltonian. By neglecting these higher order derivatives,
i.e. “truncating” the equations of motion, one obtains a so-called Fokker-Planck equa-
tion, which can be mapped to a set of ordinary differential equations, interpretable as
equations of motion of a Hamilton formalism. Along the trajectories which solve these
equations of motion, the Wigner function remains constant. Using the conservation of
phase space volume, one finally performs a variable transformation in Eq. (5.52) along
the classical trajectories to express the Wigner function by its initial value, while the
phase space function is now evaluated at the phase space points of the trajectories at
time £,

(A(t)) ~ /dexI/W(\If',xI/*,o)A[xI:(t;xI:’,\I/*),\I/*(t; \Il’,\I/*)]

(5.54)

= (4]w( qf’,ql’*),ql*(t;m’,w/*)bw ,

where (.);;; denotes the average of the initial conditions with the Wigner function, as

shown in Eq. (5.54). This explains the importance of the truncated Wigner method:

instead of solving a computationally demanding or even impossible, high-dimensional

partial differential problem to obtain the Wigner function at later times, one instead

solves ordinary differential equations, whose initial conditions are sampled by the initial
Wigner function at time t = 0.

To numerically treat AAS oscillations for the disordered AB ring with interacting
bosonic particles within the truncated Wigner method, the dynamics described by the
Bose-Hubbard Hamiltonian in Eq. (5.10) needs to be limited to a finite number d of sites.
This is done by cutting the waveguides after a finite number of sites and introducing
absorbing ends to prevent back-reflection. The dynamical equations of motion found
within the truncated Wigner method are given by

1hd\1/di(t) = ha\IJa(t) + Z] Joaar Vo (t) + 9o <|\I’a(t)|2 — 1>\Ifa(t) + 504,045/{(15)\1’3(75) ,
iﬁdlp(;(t) = pWs(t) + £ () Tag (L),

(5.55)
where the parameters h, now also contain the absorbing potential within the waveguides.
Compared to the mean-field approach leading to Eq. (5.12), we see that the term related
to interaction is treated slightly different. However, in the limit of a large number of
particles N — 0o, the equations coincide, as we can expect a large occupation | (t)[?
of site «a, allowing us to neglect the additional term.

Initially, the sites in the waveguides and the ring are unoccupied, while the source
contains a Bose-Einstein condensate with a large number N of particles. The latter can
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be well approximated by a coherent state with label ®s = /N, as described in section
3.1.4. Since the vacuum state is itself a coherent state, the initial many-body state for
the full system is a coherent state |®), where ®, = 0 for sites « in the waveguides and
the ring, and ®s = v/N.

The Wigner function for a coherent state is a Gaussian density distribution, which
can be factorized into Wigner functions of the single sites. It is given by

Wa(a)ar Us, (1), U5) = (i) exp<—2\ws - mf) I (j) exp (21w f?) .

=Weoureo (s Us) Waystem(¥a)a, (¥2)a)
(5.56)
Here, we can understand this Wigner function as a probability density for complex
Gaussian random variables. Therefore the average in Eq. (5.54) is obtained by sampling
the initial conditions of the dynamical Egs. (5.55) according to a Gaussian distribution.
To further simplify the problem, it is possible to eliminate the source from the numer-
ical treatment. From Eq. (3.40) we see that the relative uncertainty of the occupation
ng/N for &5 = VN is given by 1/ VN and decreases with the number of particles.
This allows to neglect the fluctuations in ®s and treat the source purely classically,
Waowree(¥s, ¥s) ~ §2(Us — v/N). Moreover, by taking an appropriate ramping of the
coupling k(t), such that k(t)y/N(t) becomes a constant, one can completely remove the
source from the dynamical equations (5.55) and focus on the sites in the waveguide and
the ring,

dWa(t)

in
BT

= (ha = W) ¥a(t) + Y JaaVar(t) + gal|La(t)]® = 1)¥a(t) + daask(t)V/N(2)

(5.57)
whose initial conditions are sampled by Wystem ((¥a)a, (¥})q) alone.
To obtain the transmission probability, Eq. (5.22) is used, which requires the calcula-
tion of the current, Eq. (5.20). Within the truncated Wigner method, this leads to the
calculation of

ol = 8 (W5 () W2 (6) — Wi () (t))y - (5.59)

The transmission probability is found by first propagating the system long enough to
establish a stationary state, and normalizing the obtained current to the incident current,
Eq. (5.29) generated by the source,

IT(®)]* = lim % (5.59)
t—00 i
To investigate AAS oscillations, the above transmission has to be calculated for and
averaged over an ensemble of disorder configurations.
Within the truncated Wigner approach, we can moreover first average the fields ¥,
themselves within the Wigner average Eq. (5.54). This contribution is expected to behave
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Figure 5.5: The transmission through the AB ring as a function of the enclosed flux ® =

N0, shown for different interaction strengths g, while keeping constant the
product (g/FE5)p?d = 0.0055 of interaction strength with the mean particle
density generated by the source. Shown are both the results from a truncated
Wigner simulation and the numerical solution of Eq. (5.13), with u/Es = 0.2,
Nz = 200, Vo/Es = 0.0238. Each data point results from an average over
20000 realizations of the Gaussian correlated disorder with correlation length
o = 200, each with 100 samples of the initial conditions. The particle density
p?8 generated by the source is related to the coupling strength N (¢)|r(t)|?
via Eq. (5.27). For this set of parameters, the inversion of AAS oscillations as
a result of interaction has fully developed. By tuning g and p?§ we leave the
regime where the system is described by a single solution of the mean-field
equation, Eq. (5.14), (black line in the figures), and a treatment based on
the truncated Wigner method is required. Within this method, the average
in Eq. (5.54) over multiple distinct solutions of the mean-field equation leads
to a flattening of AAS oscillations. (Figure adapted from Ref. [30])
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according to a single solution of the mean-field Eqgs. (5.13), whose initial conditions are
given by the center of the Gaussian distribution Wystem. Quantities calculated from
these averaged fields are then labeled coherent. For instance, the coherent part of the
current and the transmission probability is given

0 = G [ )y (B — (FaEy (Fesa O]
T (5.60)
o] - o 510

The incoherent parts are finally defined by the difference of the quantities, as obtained
from the truncated Wigner method, to their coherent parts,

) = GaO)y — 30, [T @) = @) - [T @)

(5.61)

The numerical results obtained with the truncated Wigner method confirm this expec-
tation, as is seen in Fig. 5.5. There the transmission probability (red lines) as a function
of the enclosed flux is plotted, as well as its coherent (blue dashed lines) and incoherent
part (blue dotted lines), for different values of the interaction strength g/Fs and the
mean particle density p?d, Eq. (5.27), while keeping the product p?dg/Es fixed. As
we will understand in the next chapter, the latter product arises from the perturbation
theory motivated by Eq. (5.34), and the above manipulations leave the solution of the
stationary mean-field equations, Eq. (5.14) unchanged. Indeed, we see in Fig. 5.5 that
the shape of the coherent part of the transmission (dashed blue lines) essentially follows
the predictions of the mean-field solution (black lines).

For a large mean particle density p?d and weak interaction strength g, Fig. 5.5 (a)
to (d), we are in the regime of validity of the mean-field approach, i.e. the system is
well described by a single solution of the mean-field equation Eq. (5.14). The truncated
Wigner method essentially follows this solution. When we decrease the mean particle
density p?4 and simultaneously increase the interaction strength g, we see from the the
growing influence of incoherent part (dotted blue lines) that additional solutions of the
mean-field equations start to play a role in the average Eq. (5.54), ultimately leading to
a complete flattening of AAS oscillations in Fig. 5.5 (e) and (f).

Since the numerical predictions in Fig. 5.5 indicate that the main influence of interac-
tion on AAS oscillations can be understood at the level of a single, central solution of the
mean-field equation, this motivates our theoretical investigation in the next chapter.



6 Diagrammatic approach towards
Al’tshuler-Aronov-Spivak oscillations

In this chapter we want to present a semiclassical, diagrammatic ap-
proach to obtain analytical expressions to explain the role of interaction
in Al'tshuler-Aronov-Spivak oscillations in the transport of a bosonic
gas through a disordered Aharonov-Bohm ring. The theory is based
on the mean-field treatment of the problem and relies on resumming
contributions of scattering paths found for the noninteracting system.

In this chapter we present an analytical treatment of AAS oscillations in the coherent
transport of cold bosonic atoms through an AB ring with disorder. This treatment
aims at solving the stationary mean-field equation by a scattering ansatz, utilizing the
Green’s function for the noninteracting mean-field Hamiltonian and taking the particle-
particle interaction as a weak perturbation, see Eq. (5.34). For an appropriately chosen
weak disorder strength, we have seen that the Green’s function admits a semiclassical
approximation in the form of a summation of all scattering paths linking an initial
with a final site, Eq. (5.37). The disorder average itself translates into an average of
the flux-independent part of the phases ®,, ®4 accumulated by a path from a single
exploration of the upper, respective lower branch of the ring. The main idea for the
theory presented here is to perform exact resummations of the intermediate sequential
part of the scattering paths, which describes the motion alternating inside the ring
between the two junctions to the waveguides. For theses resummations we discriminate
between the various boundary conditions, 4.e. the initial and final junction site of the
sequence, as well as from which direction a scattering path is allowed to enter and
leave the sequence. These considerations allow us to write the Green’s function of the
noninteracting system and find analytical expressions for the reflection and transmission
probability as functions of the flux ® and disorder phases ®,, ®4. Furthermore, we
are able to tackle the perturbation series for the interacting problem, and can also
identify an analytical expression, which, upon average over the disorder phases, yields
the corrections for the transmission and reflection probabilities.

The results presented in this chapter mark my contribution to the work studying AAS
oscillation in the transport of an interacting bosonic gas through a disordered Aharonov-
Bohm ring, and are published in Ref. [30].
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6.1 The noninteracting case

We base our theoretical efforts in this chapter on performing the coherent summation
over all scattering paths for the noninteracting Green function, Eq. (5.37). It relies
on the important observation that for a scattering path both the exploration of the
branches and the scattering of the junctions contributes a multiplicative factor to the
scattering paths contribution to the sum in Eq. (5.37), leading us to the definition of the
diagrammatic rules in Eq. (5.46). This allows us to separate the direct paths between
the initial /final site and the junction, and we can focus on the intermediate sequential
part oscillating between the two junctions. For instance, for the diagrams depicted in
Eq. (5.47)

Wy — N e f/‘)\]x./’q (6.1)

0

o o — 0 o N\ .
e « AR
ﬁ Q g u m] ) =
(62 as as 2

where the expressions within the brackets are built only by the elements depicted in
Eq. (5.46). They represent the intermediate behaviour of a scattering path, oscillating
multiple times in the between between the two junctions.

To sum up these intermediate sequences, we first group the paths depending on which
junction they start and end, and how a scattering path may enter and leave the sequence.
As we see in the next sections, it is possible to sum up these groups of paths, sharing
the same limiting conditions. This leads to new effective diagrams where we encodes
the common boundary conditions in the shape of the diagram and use the color red to
indicate a resummation.

6.1.1 Basic resummation of diagrams

One of these resummed diagrams is given by 6 which can be interpreted as a resummed

transmission diagram. Following our description above, it comprises the contribution of
the sum of all trajectories which approach the left junction from the lower branch, have
an arbitrary number of explorations of upper and lower branches of the AB ring, before
they finally leave to the upper branch of the ring. Explicitly writing the sum in terms
of diagram, this yields

((ﬁ@@@ (6.2

In the same way we can define the diagrams ¢ ; as the resummation of paths

traversing a junction, while both the beginning and the end of the trajectories remain
within the ring. Scattering paths which start and end at the same junction, whose
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beginning and end are extendable into the same branch of the ring are represented by
r, Y and 7 We can interpret these latter diagrams as resummed reflection diagrams.

Quite obviously, after two subsequent visits of any of the branches of the ring, one
arrives back at the junction one started. It is therefore easy to see that any of the scat-
tering paths contained in the set of a resummed diagram is constructed by successively
extending it through the exploration of two branches, forth to and back from the oppo-
site junction. This is the main idea, leading to self-consistent equations which couple a
resummed reflection and transmission diagrams. For instance, we find

(:(+f\+©+@+w,
‘*‘*f\@@w

The right hand sides of these equations are linear in the resummed red diagrams. To
make this point even more clear, we can rewrite the above expressions in a diagrammatic
version of a matrix-vector product,

o [T O a ] ey
WA\ /(”\+Q O+M WS

:A((bll )¢’d 7@)

To obtain analytic expressions for the resummed diagrams, we have to solve this equa-
tion. This is done by a simple matrix inversion,

< = (H_A(q)uaq)dv(b))_l (
k‘ =X(Pu,Pq,P) %

Using the representations from equation (5.46), the matrix X (®,, @4, ®) is found to be

X(Py, Py, D) 1_ﬁ_© _O_w

1 — 1262i%0 _ (261 (@ut®at®)  _pel@utPa—D) _ ppe2i®a
= 2D, (@utPat®) | _ 261 (Put®a—®) _ . 2,2i%g (6.6)

= X(®,, dq, D)L <i> . (6.5)

—rte — rte
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Provided that the determinant D(®,, ®4,®) = det[X (P, g, P)] does not vanish, the
inverse of this 2 x 2 matrix exists,

X (@, ®q,®) 7"
e 4D((I)u7 @d, @) Tt(emq)“ + e1(<1>u+cbd+'1>)) 1 _ ,',.2e2i¢’u _ t2€1(t1>u+<l>d+<b) )

where

D(®y, By, B) = det(X (Dy, g, D)) (6.8)
=1—? (ez@“ + eQi(I’d) — 2426 (Put®a) cos(®) + (r2 — t2)2e21(¢“+¢d) )

In order to obtain expressions for the resummed diagrams { and w e have to insert
(6.7) into (6.5). This leads to the matrix-vector product

1 — r202Pa _ 426i(Put®a—@) rt (621% + ei(c1>u+<1>d—<1>)) "
"t (62i<I>u + ei(<1>u+c1>d+q>)) 1 — p2e2i®u _ 426i(@ut@a+®) | |

. 6.9
(14 (2 _t2)e1(q)u+¢‘d*<b)) (6.9)
= - (2 i)y )
Thus, the resummed diagrams are found to be
1 2 42 Wi( Pyt Pg—P) 1 — (12 — $2)e2i%u
(=1 (7 e , _ = ) (6.10)
D((I)u,q)daq)) ¥ D(q)uaq)daq))

6.1.2 Symmetry arguments to derive other resummed diagrams

The other diagrams, related to transmission through and reflection of a junction, ¢ }s
Iz l, 7 and N could in principle be calculated in a similar fashion as in the previous

paragraph. However, we can also easily obtain them from Eq. (6.10) by making the
following observations associated to symmetries of the AB ring:

e Inverting the direction of a resummed diagram is done by inverting each scattering
path contained in its sum. For the scattering paths, this inversion does not change
the visited branches, but clockwise exploration is converted into anticlockwise,
leading to a sign change of the phase ®. For instance, { can be obtained from {

using this rule.

e Mirroring a resummed diagram along the horizontal axis leads to an interchange of
the upper with the lower branch of the ring, and thus to an interchange ®, < ®4
of the associated dynamical phases. Furthermore clockwise exploration of the
branches turns into anticlockwise and vice versa, we also have to change the sign
of ® again. Using this rule, e.g. # is obtained from W
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e Mirroring a diagram along the vertical symmetry axis of the bare ring does not
change the explored branches, but interchanges clockwise and anticlockwise mo-
tion, which yet again flips the sign in front of ®. With this rule, we can, for
instance obtain ¥ from {

Note that the denominator D(®,, ®4, ) is invariant under any of the above mentioned
transformations. Applying the above rules allows us to immediately derive further di-
agrams without their explicit calculation as solution of linear equation. For instance

14 (r2 — £2)el(®ut®q—@)
y =t ( ) ={. (6.11)
D((I)ua q)d7 (I))
The complete list of diagrams derived from Eq. (6.10) is found in appendix A.6.

6.1.3 Further resummed diagrams

The diagrams calculated in the last section described the resummed transmission and
the reflection at a single junction. With their help, we can now also calculate diagrams
which link the two junctions at the opposite side of the ring. These diagrams differ in
which junction is used as the starting point, and in which branches the scattering paths
start and end.

The diagram, which approaches the left junction from the lower branch and, in the
end, leaves the right junction again to the lower branch, is diagrammatically calculated

by
T_)_T _ m i u (6.12)

To put the above equation in words: to travel from the left junction, which we enter

from below, to the right junction, which we exit to the lower branch, we can either in

an arbitrary way enter the upper or the lower branch at the left junction and then go

directly to the right junction, and both scenarios are summed. (Our in the previous

subsection calculated resummed diagrams support us with the word “arbitrary”.)
Inserting the analytical expressions for the diagrams, we find

2 42) (@t Pg—®) (2 42) 200
:t1+ (r t )e el(®u+%)t+7‘1 (7" t )e el(qbd_%)r
| | D(q)uyq)daq)) D(Cbuaq)cbq))

B 7i(¢d+%) r2e2i®a 4 1261(PutPa+®) _ (r2 _ t2)2ezi(q>u+<bd) (6 13)
- D(®y, g, D) '
_ 2.2y 12 i(Py+Pg—D)
_ i@ty Lore Pl 7 ), (6.14)
D(<1>u,<1>d,<1>)

Note that in the last line of Eq. (6.14), we already excluded the inverse of the phase factor
associated to a clockwise exploration of the lower branch. We also used the denominator
(6.8) to slightly rewrite the result in an alternative form.



112 Chapter 6. Diagrammatic approach towards AAS oscillations

In an analogous way, we can calculate the diagram which approaches the left junction
from the lower branch, but now leaves the right junction to the upper branch.

e

2 42\ i(PutDa—B) (2 4220,
:tl—i- (7" t )e el(q)“Jr%)T‘—l—?“l (7“ t )e el(’bdf%)t
D(@u,@d,@) D(‘I)u,@d,q))
_ i) T+ TR T) (6.15)
D(‘I)u, Py, <I>) '

From equations (6.14), (6.15) and using the symmetry rules presented in subsection 6.1.2
it is easy to derive the remaining resummed diagrams for switching junctions. The list
of these diagrams is found in appendix A.6.

So far, both ends of the paths summed over in the previous diagrams terminated
within the ring structure. However, for the calculation of the reflection and transmis-
sion probabilities |R(®y, ®q, ®)[* and |T(®y, Bg, ®)[*, Eq. (5.48) and (5.49), we need
resummed sequences of paths which connect to the waveguides attached to the ring.
Such a resummed diagram is _4 , which contains all scattering paths starting in the

left waveguide and, in the end, leave the left junction towards the upper branch. Its
contribution is calculated by

4=+ -+ b (6.16)

1— 74 12<I>d t2 i(Pu+Pg— rt (eZi@d + ei(q)qu(I)df(P))
=t{+t -1+t
D(®y, ¥q, D) D(®y, ¥, )
1—(r—t) (reimd - tei(q’“+‘bd_q’))
B D(®y, 4, ?)

It is also advantageous to have diagrams, which start in a waveguide and end at the
junction opposite to that. For instance, the diagram which starts in the left waveguide
and, in an arbitrary way, travels to the right junction where it leaves to the upper branch,
is calculated by

_._kz_//)\i+w

20 (Byt-®g—D
_ tl —(r —t)(re a — ¢ei(®ut®q ))ei(¢u+%>r
D((I)ua(I)dv(I))
1—(r—t) (rein“ - tei(q>“+q)d+“p)) .

el(®a—3)¢
D((I)ua (I)da (I))

+1
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—i(@f%)treimu +tel(PuA =) — (p ) (r2 — t2)eiz(<bu+q>d)
D(®,, Pq, D)

(6.17)

Again, we complete the list of all diagrams, starting or ending in one of the waveguides
using the symmetry rules from 6.1.2 and show their results in appendix A.6.

6.1.4 Full reflection and transmission amplitude in the noninteracting case

With the collection of resummed diagrams derived in the last subsections, we are now
ready to state a diagrammatic version of the noninteracting Green’s function Gy (1) for
any choice of initial and final sites a, o/. For instance, if the sites o and o’ are located
in the upper branch of the ring, we get

1

'BE)= ———— —a) X ;-
Gla, o', B) iEs sin(ko) bla—a)- o (—(3

(6.18)
+ [ 0(a—d) v + [5 + % I %

where the Heaviside function # discriminates whether « is left (o < ') or right of o/
(a > ). In principle, since these representations include a possible partial exploration
of branches at the beginning or the end to reach the initial and final sites «, one would
need details of the disorder potential in the single branches to obtain the correct quan-
titative value of the phase. However, as we already argued after Eq. (5.47), due to
phase cancellation in the calculation of reflection and transmission probabilities, we can
limit our considerations to paths which terminate at the junctions or within one of the
waveguides.

By comparing Eq. (5.16) with Eq. (5.30) for the noninteracting case, g, = 0, we see
that through the knowledge of the Green’s function we can also directly gain access to
the reflection and transmission amplitudes. Utilizing the resummed diagrams, we obtain
for the reflection amplitude R(O)(<I>u, @4, @) of the full, noninteracting system

—. = RO(D,, By, ®) = [iE; sin(kd)Gogag (1) — 1]e2laslk (6.19)

QTeiQ(bu 1 tel(Put®a—®) _ (r—t) (TQ _ tz)ei2(<1>u+<1>d)

= t
r D(®y, g, D) 620
el ol (Put®at®) _ (1 ) (r? — t2)eiz(q>u+<1>d) (6.20)
t
" D(®,,, g, @)
N 7527“(<312<I>“ + eiQ‘I’d) + 2tel(Put®a) cog(D) — 2(r — t) (7“2 — tz)eﬁ@“*‘bd)
=r

D(®,, P4, P)
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Note that the term subtracted from the Green’s function in the first line attributes to
the incoming wave \P§‘§+ = [\/N(t)k(t)]/[iEs sin(kd)], while e~ o5k compensates the
phase accumulated from any scattering path when covering the distance between sites
as and 0 before and after entering the ring structure.

The transmission amplitude T(O)(Cbu, ®q, P) is calculated as

oo =T (D, By, ®) = iEs sin(kd)Gprgag (p)e s HDES (6.21)

:f\+v

1—(r—1t) (reimd - tei(‘p“+¢d_¢))

—¢ i(PutF)s
D(®y, Bg, ) e
120, (Pu+Py+P
N L= (r — t) (rei2®s — tei(®utPat ))ei(%_%)t 622)
D(®y, Dq, D)
(®ut3) 4 i(®a-3) _ (r — t)%el(Put®a) (ei(‘l’ufg) + ei(‘l’ﬁ%))
= ¢?
D(®,, g, @)

Again, the phase factor e i(lesl+Dkd compensates the phase accumulated from the scat-
tering paths within the waveguides when covering the distance between sites as and 0
and the single jump from site N /2 to Nz.

The noninteracting reflection and transmission probability for a certain disorder con-
figuration is now found by taking the squared modulus square of R(O)(®,, &4, ®) and
T(O)(éu,fbd,fb). Averaging these probabilities over all possible phases ®,, ®4 then is
expected to display the AAS oscillations.

Since the phases are uniformly distributed between 0 and 27, this average is an inte-
gration,

(RO ) g (@) = (2;)2 /0 " aa, /0 " a0y |[RO @, 04, 9)

o o (6.23)
/ a®, / a0, |70 (@, @4, @)
0 0

1
(2r)?

2 2
0
(T s (@) = |
Unfortunately, due to the complexity of the expressions in the integrand, we were not
able to perform the final integration with analytical means. However, a cheap numerical
integration based on Monte-Carlo-methods is reasonable and also allows us to check our
model against the full quantum simulation. The pseudo-code for this integration is found

in appendix A.7, where we present its result in Fig. 6.1. Its discussion will take place in
combination with the interacting theory at the end of the next section.
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6.2 The interacting case

6.2.1 Perturbative treatment of interaction

For the diagrammatic representation of the solution W, of the interacting problem we
would like to introduce a similar diagrammatic approach as for the noninteracting case.
Our aim is thus to distinguish sets of “interacting scattering paths” according to whether
their final point « in the index of ¥, is in the upper or lower branch of the Aharonov-
Bohm ring, and whether « is approached from its left or right side. This view is moti-
vated from the selfconsistent equation for ¥, Eq. (5.34), where a noninteracting Green’s
function, and therefore the scattering paths discussed in the last section, are the objects
which terminate at «. Therefore, we write the wave function ¥, again as sum of dia-
grams, which carry a similar interpretation as those discussed in the previous section.
For instance, for a in the upper part of the ring, this representation is given by

U, = \/Nﬁ(ké) "“‘50‘5<J( +_.QJ) (6.24)

iEs sin(

while mirroring horizontally yields the “interacting diagrams” for the lower branch of the
ring. The prefactor in Eq. (6.24) is chosen in accordance to the noninteracting solution
as obtained by Eq. (5.34) for g = 0.

To enable the calculation of the green-colored diagrams, let us introduce further dia-
grammatic elements to represent the self-consistent Eq. (5.34). Following Ref. [29, 131]
we represent the intermediate site o/, at which the mean-field wave interacts with its
density |U,[?, by a box,

!

.O‘ : (6.25)

and the complex conjugate, resummed diagrams by dashed lines,

* \/Nﬁ(t) _iko|as| 19 a,‘
— VoY) ikl , .
Yo = 1 smko) A T (6.26)

With these building blocks, the self-consistent equation, Eq. (5.34), translates into a set
of four coupled diagrammatic equations. One of them is given by

& o o o 2 o .
L ey () (L)
u[())f)er o o’ <
branch % (9(0( N O/).\d + l'a 1 + M’> (627)

e e (5 )

ower
branch
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where )
_ NORWP _ g o7
Jelt = 1By sin(ko)]?  Ej sin(kd)

denotes the effective interaction strength and which plays the role of the small parameter
for the perturbation series. Apart from the strength ¢ of the interaction it is controlled
by the mean density p? of particles generated in the ring by the source. This reflects
the intuitive picture that interaction effects become more prominent for a higher density
of particles. Even more, the dependence on \/u(2 — u/Es) = sin(kd) ~ kd indicates a
more prominent contribution for smaller wave numbers.

By subsequently inserting the set of four diagrammatic equations, such as Eq. (6.27),
into each other we obtain a series in powers of the small effective interaction strength
Jeft, which allows for a perturbative calculation of the interacting wave function.

To obtain the full reflection and transmission amplitudes R" and 7" for the inter-
acting case we first take the site a in Eq. (6.24) either to be the left or the right junction
site. By multiplying a final transmission amplitude ¢ the involved paths leave the ring
through the junction to the waveguide where they can travel to the final site within the
respective waveguide. Diagrammatically, this is expressed by

(6.28)

RCOh(¢u7®d,¢) = D. = ?. + t@ + @ 9
TCOh((I)ua(I)dv(I)) - e e -[)\-y +

(6.29)
The exact calculation of these expressions in first and higher orders of the effective inter-
action strength geg would, in principle, lead to the reflection and transmission probabil-
ities for the interacting case and for a fixed disorder configuration. However, to perform
this calculation, we would need exact knowledge of the noninteracting Green’s function
terminating at sites within the ring, see Eq. (5.34). Their calculation requires the specific
disorder potential V,, at the single sites as input to identify the accumulated phase from

a partial exploration of one of the branches. For example, we get already in linear order
of the perturbation theory, truncating the summation in Eq. (5.39),

J.‘I _ J X exp (?11 i <k5 - % + 9)) . (6.30)

) FEjsin

Luckily, we can avoid the calculation of these phases as our focus lies on an disorder
average of the reflection and transmission probability. As we have argued in section
5.1.4, a consequence of the identity Eq. (5.44) is that only those contributions survive
the disorder average which show perfect cancellation of the dynamical phases separately
accumulated in each of the two branches. Consequently, since a partial exploration of a
branch originates from the presence of an interaction event, we either need to annihilate
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this by another, equally sized partial exploration of the same branch, or we extend the
partial to a full exploration of the branch with the help of one or many other partial
contributions. Quite naturally we find that in the expansion of Eq. (6.27) a structure of

the form
= T B S 831)

as well as their mirrored and/or complex conjugated versions, produces a non-vanishing
phase due to a partial exploration of a branch. To compensate those, we would need a
second interaction event which co-moves together with the first and which gives rise to a
partial exploration of equal length. However, since each interaction event is accompanied
by a summation along the sites of a branch, this scenario reduces two summations to a
single one, suppressing these contributions by an order (’)(Nﬁ 1) of the inverse number
of sites in the ring.
Contrarily, structures similar to the form

= Sl (6:2)

do not have this drawback. In those structures, two arrows are paired, --», canceling
each other the site-dependent dynamical phase. The remaining two arrows appearing at
the nonlinearity continue each other, _, g ., and their dynamical phases add up, thus
also removing the explicit position dependence on the intermediate summation variable
o

It is favorable to only consider diagrammatic constellations which do not contain
the structures depicted in (6.31). This is achieved by a redefinition of the interacting
diagrams, which equivalently introduces an effective interacting wave function, which
only supports constellations of scattering paths only incorporating interaction events
with the allowed structures in Eq. (6.32). The redefinition of the diagrams is done by

modifying Eq. (6.27) to

TR E> J’( o) ﬂ+f{_:1+2f'g>
)

upper
branch
+ Z 3 (29 a—a) "N+ 2]{% N+ AT (6.33)
upper
branch
n . « n 9 g o " o l g
; _\(}’ < _\L:u’ ~ ) o ( K )
lower lower
branch branch

The factor 2 appearing in the brackets within the sums is a combinatorical factor, which
results from the squared factor in Eq. (6.27) and reflects the two possibilities the corre-
sponding diagram can be constructed from picking an element in the factors. We can
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write the above equation in a slightly more compact way through the use of vectors with
diagrammatic entries and a matrix with the combinatorial weights,

Loy (400 o) T Y

o h" )
upper
branch

+ Evi ( _:71> (1 2) g (6.34)

branch o

In an equivalent way, one can find similar equations for the remaining interacting dia-
grams. Together with Eq. (6.34) this forms a selfconsistent set of four coupled algebraic
equations. The missing three are given by

« (0%

N N

3

MY

o o . 1 2
- 4 J)( ) e | (6:39)
Z ( WACEE 0(x — x) oSN L
upper >
branch
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Tt ( J.> G| (6.36)
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o
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We now return to the calculation of the reflection and transmission amplitudes as
described by Eq. (6.29) and insert the above obtained self-consistent equations for the
effective interaction diagrams. To simplify the results for the reflection amplitude, we
use the diagrammatic identities

4:4_1+_1i ) + : 4._x=_/“\1+_\(/1,
A )+_y\—:jj«_f=m+u.

With these, the equation for the (effective) full interacting reflection amplitude reads

R(coh, eff)(@u’ Dy, (I)) ==+ ﬂ + 4\(} (639)

(6.38)

o o 1 2 :d
== > + :Q + - 1geff Z (-‘-(; ) :;g\ ) (2 1) o
E j o <f. )
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branch
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- € \ ? )

L\ ) e )
e i

For the effective transmission amplitude we use the following identities to transform our
result,

L,:L,+C_\l_+©,, ?ﬁ+Q+U—7(

1_»—m+u, ‘_»—{()\_-FU.

6.40)
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Then, the integral equation for the resummed transmission amplitude transforms to

7(coh, eff)(cpw D4, D) = _m + \f (6.41)
Ve

:_{).\.—f'u—igeff%: (f A) (; 2) ~

upper
branch

_ igeff Z ('—"\ ) ""-—y) <1 2) _kq’
\ ) * o 2/ 2 1
loovizler ' E:j

branch o

We like to again emphasize here that contrarily to the noninteracting case the modulus
square of the effective reflection and transmission amplitude does not yield the actual
reflection probability for a fixed disorder configuration within the ring, since we have
neglected contributions to arrive at the above results. It is only after a disorder average
that we obtain the correct physical reflection probability.

6.2.2 Effective reflection and transmission amplitudes in linear order in the
interaction strength

From Egs. (6.39) and (6.41) we immediately see, that the correction to the reflection and
transmission amplitudes due to first order perturbation theory is found by expressing
each resummed interacting diagram by its zeroth order, noninteracting contribution,

« .

J,X,_.A,T,%f'a’_k.a,_.ﬁ,—od—‘},. (6.42)

o

Within this order the terms in the summation become independent on the summation
index o/ since the partial explorations of the branches cancel each other, as expected.
The summation is then trivially performed and introduces the number of sites Nz /2 in
one of the branches of the ring as an additional parameter. The first order correction to
the effective reflection amplitude is thus diagrammatically given by

ARM (d, By, ) = RN B d4 &) — RO (D, Dy, D)

:_igeff/\gR (f A) (; §> ﬁ

=) 600) g
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The diagrammatic representation allows for an illustrative interpretation of the result.
Corrections to the averaged reflection probability arise from scattering paths, which
enter the upper or lower branch of the ring in an arbitrary way and coming from an
arbitrary junction. Then, somewhere within that branch, we have the interaction with
the particle density p, which is represented by the paired diagrams. At this stage, com-
binatorial multiplicities have to be considered. After that the scattering path continues
its exploration of the branch until it arrives at the opposite junction, from where it
leaves to the incident waveguide in an arbitrary way. The advantage of our approach is
that all combinatorical multiplicities of trajectories are accounted for correctly by using
resummed diagrams and the multiplicities matrix. Moreover, the word “arbitrary” is
mathematically defined through resummed diagrams found for the noninteracting case,
which contain any scattering path fulfilling the wished boundary conditions.

The first order correction for the effective transmission amplitude is found to be

AT (&, By, ®) = TN (P by, &) — TO) (D, Dy, D)

:—igeffj\;R (:(;’ é}) @ ?) ;

(6.44)
S 1)

Again, a similar interpretation of this diagrammatic expression is possible as in the case
of the reflection amplitude.

When we insert into the above formulas the analytical expressions for the resummed
noninteracting diagrams found in section 6.1, the results we obtain for the first order
corrections are rather lengthy and unhandy formulas. We did not find a possible way
to simplify the results to a short analytical expression like in the noninteracting case.
For that reason we refrain from an explicit writing of the analytic formulas for the
corrections.

6.2.3 Disorder averaged reflection and transmission probabilities in linear
order in the interaction strength

In order to obtain reflection and transmission probabilities, we have to take the modulus
square of the full interacting reflection and transmission amplitudes. These are then
averaged over the disorder phases ®,, ®4. The result then displays AAS oscillations for
including the influence of interaction.

The disorder-averaged reflection probability for the interacting system is, according
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to Eq. (5.43), calculated by

1

21 27
(coh)(p oy ®)2) = / do / d®g |RY (D, gy, @
(IR @00, @) =5 [ ey [ avg [RD (@, 20,0)

‘2
1 21 27 (0) (1) 2 2
4% [ 04 [RO@,.90.9) + ARD(@,,90.9) + O(lgf)
0 0

= [RO@)P + AIRV(@)12 + 0(1g*) (6.45)

where

1 27 27 2
RO@)F = 5 /0 ad, /0 A%y [RO) (@, 24, 9)] (6.46)

denotes the reflection probability of the noninteracting scenario, and its first order cor-
rection in the interaction strength ¢ is given by

21 27
A|RD (32 = 22/ d(I)u/ d@dRe{Rw)*(@u,q)d,<1>)5R<1)(<1>u,cpd,cb)}. (6.47)
(2m)? Jo 0

We insert the diagrammatic expressions (6.20) and (6.43) into this equation and further
assume that the interaction strength ¢ is real. This leads then to

27 2
5R(1)(<I)) = g(e2ff7-i\)/’722/0 d(I)u/O d®4Im et -3_'

X (—(; A) G ?) < (6.43)

) () [
(o =) () —

Using the symmetry operations explained in section 6.1.2, we can further modify the
above integral. Mirroring a diagram along the horizontal axis and then reversing its
direction simply interchanges ®, with ®4 in the expressions. Thus, if we also formally
exchange ®, and ®4 as integration variables, we find

o [ (o N
/dq)u/dq)d et L‘;-»—l + s> = v ====3 (2 1>
0 0 \\(—,l /l
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2 2
o N 2 1 2
:/d@d/d®u< g _*;«_,\> (,.—\4 J) (2 1)
0 0 \‘)—’
(6.49)
This allows us to write the result a little bit more compact,
2 N 21 27 <~
1 geff R ’
A‘R( )( = 47-‘-2 / d(I) / d@dlm :,. + -_-z__)__: + '—_:\—).—-7
\(,’
o N oo [
(6.50)

In an analogous way we can find he correction to the transmission probability to be
2 9 2w 2
A’T(l)@)’ - (2)2/ d(I)u/ d®4 Re [T(O)*@u, 0q, 20TV (D, By, ®)| , (6.51)
)" Jo 0

which in the diagrammatic representation reads

2 N 27 2 \
1 _ Geft/NR 4
A]TU(@)‘ - (%)2/0 d(I)u/O d(I)dIm{ O

<J’ ’ ~—X> @ f) — (6.52)

=)0 ;

Like for the noninteracting case, the analytic expressions obtained as integrand for the
disorder averages show a complexity which so far avoided a further analytical evaluation
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of the disorder average. Also here we used a numerical integration based on Monte-
Carlo-methods to check the model against the numerical predictions from a solution of
the mean-field equations. The pseudo-code for the numerical integration of Eqs. (6.50)
and (6.52) is found in appendix A.7.

6.2.4 Discussion of the results

In Fig. 6.1 (a) we show again the results seen in Fig. 5.4, which are obtained from
numerically solving the mean-field problem, Eq. (5.13), and compare them to the results
obtained from the diagrammatic approach presented in this chapter. We see that for
g = 0 the Monte-Carlo method produced an average of Eq. (6.23) which is in qualitative
and quantitative agreement with the numerical findings for the AAS oscillations, thereby
confirming the diagrammatic approach for ¢ = 0. For the interacting case, g # 0, for
an enclosed flux in the vicinity of ® = 0 and ® = 7, the Monte-Carlo method produced
numerical divergences in the result. We could attribute those to the vanishing of the
determinant in Eq. (6.8) for cases when ®, ~ ®4, which are not sufficiently compensated
by a vanishing of the numerator. These divergences have been excluded from the plots
in Fig. 6.1 (a). Away from ® = 0,7, the Monte-Carlo method converges and we can
observe a good qualitative and quantitative agreement for weak interaction strengths,
g/Es < 0.0002. For larger interaction strengths, the agreement remains qualitatively
good near ® ~ /2 and ® ~ 37/2, but otherwise deviates from the numerical findings.
Here, including higher order contributions from the perturbative diagrammatic series
might improve the match between theory and numerics.

To further investigate the quality of the diagrammatic approach, we plot the trans-
mission probability for ® = 7/2 against the interaction strength g in Fig. 6.1 (b). We
see that the numerical data indeed show a linear decrease of the AAS amplitude, while
its slope is slightly less steep than predicted by the diagrammatic theory. This indicates
an overestimation of the influence of interaction by the diagrammatic approach. One
possible explanation of this discrepancy might be that in the numerical treatment the
on-site energies of the junction sites are also subject to the disorder potential. There-
fore, the reflection and transmission amplitudes r and ¢ at the junction sites obtain a
dependence on the disorder realization, which the diagrammatic theory is not able to
capture. Their consideration might not only resolve the remaining mismatch for weak
interaction strengths in Fig. 6.1 (b), but also explain the small but visible discrepancy
of the results for ¢ = 0 in Fig. 6.1 (a).

While the presented diagrammatic approach is a purely mathematical treatment,
its purpose should be seen as to aid in identifying the main mechanism leading to
interaction-based corrections of AAS oscillations and to provide a testing ground for
a possible future development of a more efficient resummation procedure, which aims at
directly summing significant contributions surviving the disorder average, in a similar
fashion like ladder and crossed contributions in Refs. [29, 131, 132]. What we find for
the ring structure is that the situation is very intriguing, since due to the linear struc-
ture of the interaction events in Eq. (6.32), any crossed contribution can here also be
understood as a ladder contribution.
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Figure 6.1: (a) Shown is Fig. 5.4 together with the results obtained from the diagram-
matic approach (dashed lines). For g # 0, the predictions of the diagram-
matic theory near ® = 0 and ® = 7 have been excluded, as the numerical
Monte-Carlo averaging produced singularities in the results. (b) Transmis-
sion probability for ® = 7/2 as a function of the interaction strength g.
Shown are the predictions from the first-order diagrammatic theory as well
as the results of numerical Gross-Pitaevskii and truncated Wigner simula-
tions, where for the latter the numerical parameters are chosen identically
to Fig. 5.4 (u/Es = 0.2, Ng = 200, averaged over 20000 realisations of
correlated disorder with Vp/Es = 0.0238 with correlation length o = 209).
(Preliminary figures, to be published in an update of Ref. [30])
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In a similar way to Eq. (5.51), which qualitatively explains the underlying mecha-
nism leading to AAS oscillations in the noninteracting reflection probability, we can
take a look at the contribution to A‘R(l)(@)}2 in leading order in the powers of (r,t) to
obtain a physical understanding of the involved interference mechanism leading to the
interaction-based corrections to AAS oscillations. To find this representation, we ex-
pand the resummed non-interacting diagrams in Eq. (6.48) in terms of the shortest path
contained in them. In leading order in powers of the amplitudes r, ¢, we find that the di-
agrammatic contributions surviving the disorder average are given by the diagrammatic
product

AR ()] -
M:Im X |4 X -."1’ ‘*—l—__o‘_'. y | % +2
9etiNR N L
b AP (f\ ) zf\>

— Im [r*t(t*%‘iq’ + t*2r*eiq>) (t3ei<1> + 2t3e—i<1>) n ’r*t<t*2'r*)3t3
+ r*t<t*3ei‘1’ + t*2r*e*i‘1’) (2£3e® 4 £3e71%) 4 r*t(t*%*)&eﬂ
+0((r,p)") . (6.53)

Quite interestingly, the contribution from the left brackets in Eq. (6.48), which contains
the diagrams corresponding to R(O*(®,, ®4,®), contributes only the constant factor
--. = r*. This is further understood when translating the remaining diagrams back into

an interacting diagram, which then yield self-averaging contributions such as

: (6.54)

which does not show any net-dependence on the phases @, ®4 due to disorder. Such a
self-dressing of a diagram was not observed in previous studies [29, 131, 132].
Inserting the numerical values Eq. (A.126) of r, ¢ into Eq. (6.53), we find

2
A‘R(l)@)‘ = getNR (0.00210805 — 0.0252966 cos(2®)) + O((r,p)'), (6.55)

which would indeed indicate an increase of the reflection probability for ® = 7/2, and
consequently, the decrease of the transmission probability. Note also that Eq. (6.53)
would not yield any contribution in the case of real r,t.



7 Summary and outlook

In this final chapter we want to summarize the topics discussed within this thesis and
also grant a further outlook into future research perspectives.

The main focus of this thesis was the study of interacting bosonic quantum many-
body systems in the thermodynamic limit of a large number of particles N, and to apply
semiclassical techniques in their theoretical treatment to provide an understanding of
the interference mechanisms involved in different phenomena. In the limit “N — co0” an
effective description of the quantum many-body system is found in form of the mean-field
wave equations, where interaction, if present, accounts for a term nonlinear in the mean-
field matter wave. At the level of these mean-field equations, semiclassical techniques
for the conventional semiclassical limit “A — 0” can be used to find a solution, even if a
weak particle-particle interaction is assumed. For stronger interactions, individual mean-
field solutions show unstable behaviour upon variations of their initial conditions, and
semiclassical techniques derived in Ref. [33], interpreting “heg = 1/N — 0” as a semi-
classical limit, allow to explain phenomena as a consequence of many-body interference
of contributions related to different mean-field paths.

Within this thesis, we studied two different topics, each of which required one of the
above interference mechanisms for its explanation.

In the first topic we dealt with the so-called out-of-time-order correlator (OTOC),

Clt) = <xp' [V(t),W(O)]T{V(t),W(O)} ‘\y> , (7.1)

the expectation value of the squared commutator of two local operators at different
times. The OTOC provides a direct probe of chaos in the classical limit of a quantum
many-body system. Indeed, for short times, the OTOC allows direct access to the
stability of the dynamical solutions of the mean-field equations, while for longer times,
it saturates. What we have found is that, to provide a thorough understanding of both
the implications of the OTOC as well as for the technical aspects in its semiclassical
treatment, we required a detailed review of chaos in classical Hamiltonian systems.

The aim of chapter 2 was to provide the reader with this review of classical Hamil-
tonian dynamics, with special emphasize put on classically chaotic systems. Calling
the solutions of Hamilton’s equations of motion trajectories, we quickly turned to the
analysis of their stability upon variations of the initial conditions, which introduced the
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stability matrix as the derivative of a trajectory’s final point in phase space w.r.t. its
initial point. The careful analysis of this matrix led to the introduction of the set of
Lyapunov exponents to quantify the growth rate for the at most exponential separa-
tion of nearby trajectories. Moreover, associated to each positive Lyapunov exponent
A; there is a stable and an unstable direction, along which the difference in phase space
of two nearby trajectories is exponentially decreasing, respectively growing in time with
a rate given by A;. For a given trajectory, these directions define a co-traveling basis
which spans phase space in the vicinity of this trajectory. This allowed us later in the
technical part of the semiclassical treatment of the OTOC to treat the correlations of
nearby solutions of the mean-field equations. The end of the chapter marked the precise
statement of the defining properties for chaotic classical systems. These properties, mix-
ing and exponential sensitivity to changes in the initial conditions, were later identified
to explain the dynamical behaviour of the OTOC.

Chapter 3 was devoted to an introduction of bosonic quantum many-body systems.
We reviewed the notion of the bosonic Fock space and introduced quadrature operators,
which were needed to define conjugate variables for the later Hamiltonian formalism
found as the classical “fieg = 1/N — 07 limit of the quantum system. We then pre-
sented the Bose-Hubbard Hamiltonian as the model describing N interacting bosons
in a lattice. For this specific choice of Hamiltonian, a recently developed semiclassical
theory [33] for the semiclassical limit “heg = 1/N — 07 is at hand. This theory is based
on the semiclassical approximation of the many-body propagator in bosonic Fock space,
the matrix elements of the time-evolution operator in quadrature state representation.
There, the mean-field wave equations re-emerge as dynamical equations of the Hamilto-
nian formalism found in the classical “heg — 0”7 limit of the quantum system, and the
propagator is expressed as a summation over amplitudes with phases accumulated along
distinct mean-field solutions. This was our mean to relate the dynamics in the quantum
many-body problem to the one found in its mean-field description, and enabled us to
investigate the connection between OTOCs and unstable mean-field dynamics. Since
an explicit discussion of the role of “hog = 1/N” is lacking in the original derivation
in Ref. [33], we decided here to review in detail the steps leading to the semiclassical
approximation of the propagator, thereby improving the original theory.

Chapter 4 contains the semiclassical treatment of the OTOC and marks the main
research contribution of this thesis. To gain intuition, we started this chapter with
the derivation of the expected behaviour of the OTOC for short times, using Wigner-
Weyl transformations and the expansion of the Moyal bracket to precisely formalize
the quantum-classical correspondence principle. Here we could attribute the early-time
exponential growth of OTOCs to the appearance of squared elements of the stability
matrix, the central quantity we discussed in chapter 2. We further indicated a failure of
this expansion at the Ehrenfest time ¢g, the time at which details of the order of A,
such as a minimal wave packet, have spread to a classical size under the unstable chaotic
dynamics. We then turned towards the semiclassical analysis of OTOCs, whose starting
point was to use the semiclassical approximation of the propagator to express the time-
evolution operators inherent in the Heisenberg picture of the operators in Eq. (7.1).
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Within this semiclassical treatment, we found that the relevant contributions to the
OTOC can be attributed to quadruplets of mean-field solutions which pairwise follow
each other during the whole time, while a change of partners takes place during a close
encounter of all four trajectories. The constellations with a dominant contribution to
the OTOC are schematically depicted in Fig. 4.2 on page 61, and their contribution to
the pre- and post-Ehrenfest dynamical behaviour of the OTOC is summarized in Fig. 4.5
on page 75. For times smaller than tg, we found that the dynamical behaviour of the
OTOC is solely attributed to a bundle in which the quadruplet of mean-field solutions
effectively follows a single mean-field solution. Through the operators in the OTOC, the
correlated motion of the four participants translated into the exponential growth with
the Lyapunov exponent of the mean-field dynamics, as expected from the expansion of
the Moyal bracket. After the Ehrenfest time, the unstable dynamics of the individual
mean-field solutions in the quadruplet exponentially suppresses the contribution of the
bundle, while quadruplets undergoing only a temporary encounter prove responsible for
the saturation of OTOCs at tg. Here, uncorrelated and correlated behaviour of the
mean-field solutions at initial and final times translated into constant variances in phase
space of the classical pendants of the operators of the OTOC, thus giving meaning to
the OTOC’s saturation value. The Ehrenfest time tg emerged from this treatment as
the minimal time to form a complete and close enough encounter of mean-field solutions
to produce a contribution to the OTOC which is non-vanishing in the semiclassical limit
“hegg — 07.

Several implications, which can be drawn from our study of OTOCs, have been al-
ready discussed at the end of chapter 4, highlighting also the generality of the involved
semiclassical arguments. For future studies, it is promising to extend the formalism pre-
sented here to fermionic many-body systems, for which also a semiclassical theory based
on the semiclassical propagator in fermionic Fock space [133, 134] is at hand. Another
extension of the theory is possible towards quantum many-body systems, whose classi-
cal limit displays mixed-regular chaotic motion, and which might be able to shed light
on phenomena such as the light-cone spreading of the OTOC, observed for instance in
Ref. [59]. An open question so far is also how to appropriately include the notion of
temperature into the semiclassical treatment of OTOCs, where first attempts are avail-
able [120] for times smaller than ¢g. This would allow to address the question of the
mechanism underlying the thermal bound of the exponential growth rate predicted in
Ref. [43]. One can also aim at introducing further time scales next to the Ehrenfest
time and the Lyapunov time, the minimal time for a classical trajectory to experience
chaotic dynamics, and study their interplay. An intriguing case is found, for instance,
when the quantum system is weakly opened through holes where particles are able to
leave the system. A single-particle scenario would be, for instance, a mesoscopic chaotic
billiard with attached leads, where the width of the leads is much smaller than the cir-
cumference of the billiard. In such systems, the semiclassical contributions arising from
classical trajectories are additionally weighted with a factor exponentially decaying with
a rate 1/7p in time, where the dwell time 7 denotes the mean time a classical trajec-
tory stays inside, see for instance Ref. [72]. This leads to an interplay of exponential
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growth and loss of the OTOC for times before tg, while exponential decay instead of
saturation is expected after tg. Moreover, the rate of decay of the OTOC due to open-
ing the system is expected to change at the Ehrenfest time, since the correlated motion
of the quadruplet as an effective single trajectory is replaced by a pair of two effective
trajectories with intermediate temporary correlated motion. Finally, generalizations of
OTOCs containing a higher power of commutators [135],

O(t) = <qf‘ {V(t),W(O)y‘\I!> , (7.2)

with r = 3,4,..., naturally leads to the introduction of up to r — 2 encounters in
its semiclassical description. Since each formation of an encounter of four or more
solutions requires the Ehrenfest time as a minimal time to significantly contribute to the
semiclassical result, this introduces a cascade of interference effects at multiples of the
Ehrenfest time.

After our study of OTOCs, we turned in chapters 5 and 6 to a different topic and
considered the coherent transport of cold bosonic atoms through an Aharonov-Bohm
ring structure. This setup consists of two semi-infinite waveguides attached on opposite
sides to a ring structure. The ring is penetrated by a synthetic gauge field with tunable
flux @, playing the same role for the uncharged atoms like a magnetic field for electrons.
Within the ring, the atoms are further subject to both a weak disorder potential and
a weak particle-particle interaction. In the non-interacting case, the disorder-averaged
transmission probability as a function of the encircled flux displays so-called Al’tshuler-
Aronov-Spivak (AAS) oscillations, with double the frequency of the Aharonov-Bohm
oscillations — an effect well-known from studies of the electronic pendant of the sys-
tem. It was our main motivation to study the influence of a weak particle-particle
interaction on AAS oscillations. This work has been performed in collaboration with
R. Chrétien, J. Dujardin, C. Petitjean and P. Schlagheck, whose numerical results pre-
dicted an interaction-based inversion of these oscillations at the level of the mean-field
treatment of the system. My contribution to this work was motivated by their results
and is presented in chapter 6, where we tried to find and understand the solution of the
mean-field equations with the help of semiclassical techniques in the semiclassical limit
“h— 0.

In chapter 5 we introduced the system and the basic theoretical framework, as well as
summarized the results obtained by my collaborators. We presented the Bose-Hubbard
Hamiltonian which models the Aharonov-Bohm ring structure and we discussed in detail
its parameters, as well as the length scales introduced by this model in order to justify the
later use of semiclassical methods in the limit “A — 0”. We further derived the dynamical
mean-field equations for this system, where interaction appears as a term nonlinear in
the mean-field matter wave. We showed how to understand the interacting problem as an
effective scattering problem, treating the nonlinear interaction term as a perturbation.
This allowed us to reformulate the mean-field equation into a self-consistent algebraic
equation for the mean-field matter wave involving the Green’s function for the non-
interacting mean-field problem. This non-interacting Green’s function was approximated
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semiclassically as a sum over contributions of scattering paths, which enter the ring and in
there perform multiple oscillations between the junctions to the attached waveguides. In
this approximation, both the enclosed gauge field and the disorder potential attributed to
the phase accumulated along the scattering path. Here we argued that the contribution
of multiple scattering paths survive the disorder average only if the phases accumulated
due to disorder exactly cancel each other. This requires pairs of scattering paths to have
a matching number of explorations of the upper, respective lower branch of the ring.
With this we were able to arrive at the well-known explanation of AAS oscillations in
the noninteracting case: the interference of contributions of scattering paths with time-
reversed segments — a similar interference mechanism as in the case of weak localization.
When including and increasing particle-particle interaction, numerical results obtained
by R. Chrétien et al. from a mean-field treatment of the system were shown in Fig. 5.4
on page 101. The results displayed an initial flattening of the oscillations with growing
interaction strength, and eventually their inversion, since former maxima are converted
into minima, and vice versa.

In chapter 6 we presented a diagrammatic approach to explain the observed influence
of interaction to AAS oscillations. Our method was based on exact resummations of
intermediate segments within scattering paths. In each of the resummations the seg-
ments fulfilled common boundary conditions, including fixing the way the segment is
entered and left by the scattering path. This allowed us to derive, for a fixed disorder
configuration, analytical expressions for the noninteracting Green’s function. Moreover,
with their help we could tackle the perturbative series in the weak interaction strength.
We calculated their predictions up to linear order in the interaction strength, using the
numerical Monte-Carlo method to perform the final average over disorder phases. Here,
for weak interaction strengths we could qualitatively and quantitatively reproduce the
influence of interaction as observed in the numerical results. Moreover, a hint for the
involved interference mechanism leading to the inversion of AAS oscillation could be
obtained from a diagrammatic expansion of the interaction-based correction to the re-
flection probability. There we saw that the constellation of scattering paths with the
least number of scattering events at the junctions, but still contributing to the disorder-
averaged reflection probability, is given by self-averaging diagrams. In those diagrams,
the phase accumulated by one of the scattering paths ending at the interaction event
cancels all the phases of the other scattering paths involved in the diagram.






Appendices

A.1 Evaluation of matrix elements of the Bose-Hubbard
Hamiltonian

The derivation of a path integral representation of the time evolution operator requires
us to evaluate the matrix element (p|H|q) . To do so, we first re-express the creation and
annihilation operators in the Bose-Hubbard Hamiltonian, Eq. (3.48), by the Hermitian
quadrature operators, Eq. (3.21). We obtain

d

H= % > hi(Gi — i) (4 + ip;)

=t (A.1)
N A

7 D Vigw(@ — 10045 — 16;) (@ + k) (@ + 1)
ik, l=1

In a second step, we bring the above Hamiltonian into the so-called normal ordered form
in which the products of quadrature operators are such that the momentum quadrature
operators are found left of the position quadrature operators. In that form, the evaluation
of the matrix element becomes trivial, as it simply result in a substitution of quadrature
operators by the corresponding scalar components of the labels of the quadrature states
), lq).

In principle we can perform the ordering by first carrying out the products in the repre-
sentation Eq. (A.1) and then repeatedly applying the commutation relations, Eq. (3.23).
However, this is a rather tedious task due to the sheer number of terms to consider, with
additional work needed to afterwards simplify the matrix elements again. An alterna-
tive approach is thus desirable and indeed found through the application of a variant of
Wick’s theorem [136].

Let A be an operator expressed as the sum of products of quadrature operators ¢; and
pi, i € {1,...,d}. We denote by {A}pq the normal ordering in the quadrature operators.
For instance

{4iDjPr + QPmnDo},, = PiPrdi + PmPoidn - (A.2)
The statement of Wick’s theorem involves the application of so-called contractions. The
contraction of two arbitrary quadrature operators X,Y € {Gi,pi |1 €{1,...,d}},is de-
fined as the difference between the unordered and the ordered product of these operators,
and indicated by an above line linking the operators,

T . .
XV =XV - {XY} . (A.3)
rq
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Explicitly, we obtain from this definition

— o i = = —
4ip; = [4i, D] = N(;ij » GiGj = Diq; = pip; = 0. (A.4)

The definition of a contraction can be extended to linear combinations of quadrature
operators. For two operators A,,, Aq, with A,, = Zle(aal’i(ji + boyipi), | = 1,2, with
complex coefficients aq, i, ba,i € C, we calculate

1
Aoy Aay = Aoy Aay — {Aay Aa, }pq (A.5)
d
=Y [(Gay .0y jGiG) + Garibas jGiP; + bayiGas iPidj + bayibas jDiD5)
i,j=1

— (@ay ,iGay 54i45 + aal,'baz D3 + bay iGas,jDids + bay ibas,iDiD;)]

= Z aoq, az,j anpg Zaal, 2, (A6)

,j=1
N
It is important to note that the above contractions produce a scalar value, since in the
proof of Wick’s theorem, this is the essential prerequisite for its applicability.
We are now able to formulate the statement of Wick’s theorem: given a set of

operators {AQ,AB,AV}, each of them a linear combination of quadrature operators,

A, = Z?Zl(am(ji + ba,ipi), the product of these operators can be rewritten as the
following sum of normal ordered terms,

N ~ ~ ~
{ 0‘7'}pq+{AalAazAa3-~-Aa,}pq+...
single contractions
— —F= ]

+{AQ1AQZAQSAQ4...AQT} +{Aa1Aa2Aa3Aa4...Aar} +..
pq pq

double contractions
+ ...

(A7)
where we used, since the contractions are scalars, the common simplifying notation in
which the operators involved in a contraction are still placed at their original position
within the product of other operators. For instance, we interpret!

e g
An AasAaz AayAas A = AasAay - AasAas - Aoy Aag (A.8)

!The calculation here assumes bosonic operators. In case of fermions, which are not considered here,
commuting operators would additionally produce sign changes in the result.
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The proof of the theorem is done by induction and is found in the original work of Wick
[136] and also in various books covering quantum field theory, e.g. Ref. [137]. While
these proofs aim at normal ordering of an operator product obtained through time-
ordering, it is interesting to note, that an alternative proof exists [138] which indicates
a generalization of Wick’s theorem allowing its application also to find representations
in other ordered products, such as symmetric ordering.

To apply the theorem to the Bose-Hubbard Hamiltonian, we need to calculate the
contraction of quadrature operators first. We find

s N 0ij
bib; :15[%’7]7]'] —7]> (A.9)
—
st N dij
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Finally applying the theorem for the Bose-Hubbard Hamiltonian we obtain
d —
H=S h, BTIB-} + {8*6 }
l-;l J( ) »q ) »q
Vi ([ 17t AT AN
+ Y b;blbrb + 96, bbb + 36 bbb +3b:b.byb
S () ) - (), - (o,
L idn ) gl ]
+ {olblbnbi )+ {olblbbi} o+ {Blblbebi}
pa pq pq
L IR L
+ {ololbnbi )+ {ololbhi )+ {blblbedi} )
pq pq Pa
d
ata 1
- Z hij <{bTbj} 5%])
i ¢ pq 2
i,7=1
Vi 5 Sit 5
v (Lo, 5 {bubg - S - 5 {80
DI ({elelonb U S U S DY
4,5,k =1
5ﬂf{w Oj1 {15 Okt f174
oS VIR O I S Sy
2 Ypg 2 "o 2 ) pq
0ij0r  Oikdji 5z’l5jk)
_ A.13
4 + 4 * 4 ( )

The normal ordered form of the Bose-Hubbard Hamiltonian leads to a trivial evaluation
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of the matrix elements <p|lﬁI |q), effectively substituting operators by scalars,

<p‘{...l§1...l3j...}pq q> = ( g(%’ —ipi)-~-\/§(%‘+ipz‘)-~> (pla) (A14)

= (..VNa; . VN®:.) (pla)

where we combined the position and the momentum quadrature into a complex variable,

®=—(q+ip). (A.15)

N

With this notation, we obtain
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where in the last line we used the effective Planck constant h.g = 1/N and ordered
the result in powers of h.g. In this expansion, H is a function independent on feg
which admits real values, since h;; = h;fi and Vi = Vl};ﬂ due to Hermiticity of H.
We later identify H as the Hamilton function of the classical limit of the Bose-Hubbard
Hamiltonian in quadrature state representation. The remaining terms are higher powers
in Aeg originating from our choice of ordering operators §;, p;. Those terms are collected

in the complex-valued function #(©*¥. By denoting the real and imaginary part of ()
by H(Ord) and ’HI(Ord), and using the additional assumption Vi = Vi = Vijie = Viik,
we ﬁnd
d d
Z # D Z ”’“’ O PEDL D, (A.17)
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A.2 Stationary phase approximation applied to the Feynman
path integral

In this appendix we want to present the calculation of the semiclassical approximation
for the propagator for Bose-Hubbard models. We do this by considering A = 1/hqg
as a large parameter and applying the stationary phase approximation, presented in
section 3.3.3, to evaluate the multidimensional integration in the Feynman path integral,
Eq. (3.65). The subsequent calculations follow, but are not identical to the original ones
for Bose-Hubbard models found in Ref. [33].

For fixed M, the object to evaluate is thus

KO0 (g, g 1) = zmle / ddp(3D) / ddgM=1) / ddpM=1) / g™ / ddp(d)
\% eff

X exp L;R(M) (a,p,t) —ip™) (q,p,t)] : (A.20)
eff

where we combined the integration variables and the arguments of the propagator into
the vectors q = (q(o) =qW,qM ..., qM-D g = q(f)) and p = (p(l), e ,p(M)). The
argument of the phase factor in the integrand, which is multiplied by the large parameter
1/heg, is the action and given by

R™(q,p, 1) (A.21)
M _

- (m) . (qm) _ qim=1)\ _ i

=3 [ a ) 2 |

The phase of the other oscillatory term in the integrand Eq. (A.20) is given by

M (ord) ¢ (m) .. (m) (ord) r (m—1) . (m)
H q",p") +H q P t
SO(M)(qa b, t) = E R ( ) 9 R ( ) M . (A.22)

m=1

This phase is not multiplied by 1/heg and thus considered to be part of the smooth
function (g in Eq. (3.74)). The result of the stationary phase approximation has to
be evaluated in the limit M — oo to arrive at the semiclassical approximation for the
propagator.

We differentiate the action, Eq. (A.21), with respect to pgm), m € {1,...,M}, and
ngm), me{l,...,M —1}, for i € {1,...,d}, and set those derivatives to zero to obtain
the stationarity conditions,

HRWM)
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K3 (2

(A.23)
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Note that after division of ¢/M the above equations turn in the limit M — oo into
the Hamilton’s equations of motion presented in Eq. (3.82). Furthermore, this problem
is subject to boundary conditions, g™ = q®, q(® = qV, which in the limiting case
become q(t) = q and q(0) = qV. Contrary to an initial value problem, we thus
expect to find multiple solutions to Egs. (A.23), (A.24) subject to the above boundary
conditions.

Let us denote a solution of the stationarity conditions Eqgs. (A.23), (A.24) by q, =
(quo)7 .. ,ng)), Py = (pgl), cel ng)), and distinguish different solutions by Greek sub-
scripts. Similar to before, we include the boundary conditions into the solution vector
by setting q(f) =q® and ng) =qb.

In principle, we could now directly apply Eq. (3.80) to obtain the stationary phase
approximation for KM (q(® q® t). However, for taking the limit M — oo we would
need to evaluate the determinant through a Laplace expansion. Already for d = 1,
this is a rather tedious task, see for instance Ref. [100] where this is done to derive
a semiclassical approximation for the propagator in coherent state representation. An
alternative route to the result is found by evaluating the multidimensional integration
step by step rather than at once.

Following the method description for the stationary phase approximation we express
the action through its second order Taylor expansion around the stationary points. This
leads to the following integration over the fluctuations around the stationary solutions,

. 1 1 .
K(M) (q(f)a q( )7 t) = W Z eXP<heﬁR(M)(qw Py, t) - 190(M)(qw P, t))
eff 5

y / aspD) / 1511 / ddgp-1) / 54D / ddgp®

M-—1
i SN\ (R Jompom) B jomgom') (0™
X exp [27%&“ Z (6q(m)) R”/p P pr q o

. M-1
Xm%}Z@WN&WWMMﬂ
eff

m=1

i
X eXp[2h 5P(M)TR%p(M)p(M)5P(M)} ) (A.25)

eff

where we used an abbreviating notation for the second order derivatives of the action,

92 RWM)

Bt = it

ay,Py:t), v,we{p,q}. (A.26)
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These matrices have dimension d x d and contain second derivatives of the Hamilton
function H, which we abbreviate by

gy _ OH () ) € {p.q) (A.27)
Y, VW IvVOw qu ,p7 3 vV, W P4y - .

In Eq. (A.25) we only wrote the non-vanishing submatrices of the second derivatives of

the action. In our abbreviated notation, those are given by

m,m m—1,m
_Hg, p)"‘H(%pp )i

R, oom)pm) = 5 i (A.28)
T
Hipa t Hap t
Bopogem = 1= =5 qr = (1= =5 37 ) = Blqempm . (A29)
R, qomgm = — A B) - W (A.30)
b +1
R _ o, Mima Ut
y,pmtqlm) = 2 M
.
Higp ) ¢
B <_1 - 2 M - RI{,q<m)p<m+1) : (A.31)

To obtain an analytic expression for Eq. (A.25) we use the following result for multi-
dimensional Gaussian integrals with a quadratic and a linear term in the phase factor
[113]: Let B be a real symmetric, invertible matrix, ¢ a real vector and « a positive real
number. Then

. d .
/ddac exp I:;a(XTBX + QCTX):| = m exp (115(3) - 2lacTB_lC> . (A.32)
where 3(B) is the difference in the number of positive and negative eigenvalues of the
matrix B. Note that the result on the r.h.s. has an exponent quadratic in the vector c.
Since in the iterated integrations in Eq. (A.25) the vector ¢ contains fluctuation vectors
of a subsequent integration, this will lead to modifications of the quadratic forms involved
in the Gaussian integrals.
To illustrate, starting from m = 1, we perform a d-dimensional integrations over sp(")
and then dq(™ using Eq. (A.32). Setting X® = R, ,0)pa) we find

eff eff
i

heff

i i
/ ddéq(m)/ d?sp™exp [2}15q(m)TR%q(m>q(m) 5q(m)+h5p(m+1)TR%p(m+1)q(m>(5q(m)}
i
2heff
d
_ (27Theff) exp [11 (,B(X(m)) + B(Y(m))>]

¢|det(x<@>) det(ym)| 14 (A.33)

1
R%q<m>p<m+1))5p(m+l)}

XeXp[ sp™MTX (M gp(m) 4 6q(m)TR’%q(m)p(m)5p(m):|

X €Xp |:_5p(m+1)T (R’Y’p(mﬂ)q(m) y )™

2eﬁ
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where Y™ denotes the effective quadratic matrix for the integration over oq™. Tt is
given by

—1
YU =R, oigom = By qompon X R o g (A.34)

m,m m,m-+1 m,m m,m
7H’(quq ) + ?-L'(Y qa = t _ (1 _ H’(qup ) t) X(m)_l (1 nyqu ) )
M

2 M 2 M 2

From the result in Eq. (A.33) we not only obtain prefactors, but can also see, that the
matrix X(™*1 in the following integration is modified according to

-1
XtmHl) = R, jominpmin — By jiming o Y™ R m)pimin) (A.35)
+1,m+1 +1

I S L T S

2 M
+1 ;m—+1
I A Y £

2 M 2 M|

Including the final integration over dp("™), we obtain for the propagator

EM (gD, p0, 1) =3 exp < hl

~ eff

R(M) (Q'yv | S t) - i‘p(M) (q'w | SE t)>

exp [ig [5(X(M)) + ML 3y m) 4 B(X(m)))ﬂ (A.36)

X
\/ (2P|t (XC) [T} det (¥ ) det (XIm)

Taking the limit M — oo requires further work, as we have to find analytical expressions
for the involved matrices X(™), Y(™),

For large M, we can express the involved quantities through their Taylor expan-
sion in the small parameter 1/M. Note that according to the stationarity conditions,
Eqgs. (A.23), (A.24), we have (q(va),p(va)) = (qgm),pgm)) + O(M~1), reflecting the
interpretation of the solutions as discretizations of continuous paths. Inserted into the

second derivatives of the Hamilton function, we thus find, for instance, %m},&n )

?-LE%’.T) + O(M~1). Within the second derivatives of the action, Eqs. (A.28) to (A.31),
the second derivatives of the Hamilton function come along with M~!. Thus, for a
Taylor expansion of the coupled recursive matrix equations, Eqs. (A.34), (A.35), up to
linear order in 1/M, we can simplify the result by evaluating the second derivatives of
the Hamilton functions at the phase space point (q(m), p(m)) associated with the current
t(m) = mt/M. We find for Y™

vm) — _xm~!

v,9q 2 2
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and for X (™)

x(m+1) — _y(m)~!

20mm) 20mm) (A.38)
m,m , 1 m)—1 , t 1
(ﬂg,pp) Yy e )+O<M?>’

To proceed, we use the geometric series for matrices (1 —cA)™! =1+ cA + O(£?) for a
matrix A and £ > 0 small enough, we can find a relation for the inverse of Y™,

ym ™ _x(m) (A.39)

(m,m) (m,m)
B (_X(m)q_[grzlan)x(m)+X(m)7'lv,qp n Hpq X(m)>t+0< 1 >

2 2 M M?

Inserting the latter into Eq. (A.38) we obtain a recursive relation for X(™),

X (m+1) — x(m) _ (Hg ) | x (m)ggmmx (m>) ﬁ

S, . (A.40)
+ (X + HEG X<m>) - +O( >

M2

By subtracting X(™ from both sides and then dividing by ¢ /M we recover on the Lh.s. a
difference quotient. In the limit M — oo this results in an ordinary differential equation
for the matrix X(s),

X(S) = —Hypp(s) = X(8)H,qq(8) X (8) + X(8)Hr,qp(5) + Hypq(s)X(s), (A.41)

subject to the initial condition X(0) = 0 (= limps_,0 X)), and the second derivatives
of the Hamilton function now evaluated at the phase space point of the (now continuous)
trajectory v,
O*H
Hyvw(s) = ow VWE {q,p}. (A.42)
The solution to Eq. (A.41) is found to be (see Ref. [33])

-1
X<s>=—§;<s;qw<o>,pv<o>>- jlf(gs;qy(m,pw(o» | (A.43)

where 0q/0pg, 0q/0po are submatrices of the stability matrix M (s;q,(0), p,(0)),
Eq. (2.10), for the trajectory ~.2

2Be reminded that within the usage of the stability matrix, which encodes a trajectory’s sensitivity
towards variations in the initial phase space coordinates, the trajectory = has to treated as if it was
defined by an initial value problem rather than a boundary problem. For that reason, if one wants
to check that Eq. (A.43) fulfills the differential equation, Eq. (A.41), one has to use Eq. (2.13) to
calculate the temporal derivative X.
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Before we can now use the above result, Eq. (A.43), for X(s), we have to prepare
the product of denominators in Eq. (A.36). Using the linearized expression for Y (™),
Eq. (A.37), we calculate

( ™) det(x)
) (m) H (m)~1 Hpg m) )t 1

M-1 (m,m) (m.m)
= |det [exp [ Z (’H(%qq X — ’HV% - X 1%%21)Cl X(m)> M o <M>” ‘ '

m=1

(A.44)

We now use that det(exp(A)) = exp(tr(A)) and eliminate x(m) ! by exploiting the
cycling property of the trace. We find

lim (A.45)
e \/]HM 1det(Y )) det (X (™), K

|5 X (s} - i }) o (1) ‘

= lim
M —o0

The argument of the trace can be simplified using the equation of motion of the stability
matrix, Eq. (2.13). We calculate (omitting all arguments of the functions except time
for readability)

t
/0 s tr [ qq($)X(5) — Hoyaqp(5)]
. /tds "1 0q (8p)i O*H Op <8p>1
0 0qdq dpo \ Ipo 0q0p 9po \ Ipo
t d| Jp op -1 Jp
= [/o ds <d ap> (ap> —tr[l‘l(apoﬂ‘ (4.46)

We thus obtain

lim N . e
e @
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Together with X (M) _y X (t), we thus obtain for the complete propagator

K(qW,p,t) = lim K™ (g0, p®, 1)

M—o0

i i . i exp|—iZu '
= Zexp(hﬁRy(q(f), q' ),t) - —1g07(q(f),q( ),t)> [ 4 7} ) (A.48)
~ (S}

\/ (QWheff)d‘det (%) ‘

where we collected the additional phases from the Gaussian integrations into a single
variable, the Maslov index .. It has been shown that this index allows also for a
geometrical interpretation. It counts the number of divergencies of the prefactor, which
are interpreted as number of conjugate points along <, i.e. points, where a bundle of
classical trajectories fulfilling the boundary problem can be found [1, 2].

Furthermore, in the limit M — oo the discretized action R is replaced by Hamil-
ton’s principal function R, (q\¥,q",t) = R[q,(s), p-(s)], which is labeled with the index
~ of the trajectory, and which depends on the boundary conditions of the trajectory.
We also introduced

(A.49)

where the integrand is simply the phase space function %9 (q(s), p), Eq. (A.18) with
terms proportional to heg neglected. It can easily be checked, that we can express this
phase through derivatives of the classical Hamilton function H (compare also Ref. [100])

((f) (i)t)_lftdt 827%( (s) (s))
ey, qr, =3 ) Sraq)8¢*qu7pvs

1 *H O*H ]

! (A.50)
— 4/0 dstr[aqaq((h(s)apy(s)) + m(oh(s),pv(s))

To arrive at the final form of the propagator we use the second derivatives of the
principal function to re-express the determinant in the denominator
1

8p(i)>‘ ‘ ( 0°R )‘

——— det( = |det| —==1= |- (A.51)
d oq® gD oq®

et (755)| ! o

We end up with the following representation of the propagator

. : 1
K(SC) (q(f)7 p(l) , t) = Z A'Y(q(f), q(l) , ‘[j) exp <hﬁRry(qu, Py, t)) s (A52)

y:q Lq®
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Figure A.1: On the left: Trajectories from the integral representation Eq. (4.23) of the
OTOC. By choosing a time ¢’ within the encounter, we divide the trajectories
involved in the diagram into a left (£) and a right (R), representing the
trajectories before and after the time ¢'.

On the right: At ¢’ We use stable and unstable directions of the phase space
point x3(t") of the trajectory 5 at ¢’ to quantify the distance of x3(t") to the
phase space points of the other trajectories o, o/, 5’ at the same time.

with the complex amplitude

1 0°R, i
— \/ L det < ERAENG (a®,q, t))

which is considered slowly varying upon variations of the arguments (q(f),q(i),t). In
its final representation the semiclassical approximation Eq. (A.52) resembles the well
known structure of the semiclassical Van Vleck-Gutzwiller propagator known from single-
particle systems in the semiclassical limit “A — 0” [1, 2].

exp [—i(%uw + ¢y (q", q(i),t))] :

A.3 Calculation of the action difference

In this section we want to review the action difference due to an encounter of many
trajectories in phase space. In its methods, it is almost identical to the derivation found
in Refs. [81, 109], with the only difference that it explicitly discusses the question of
an additional linearization due to a slight mismatch in the initial coordinates of two
trajectories. An alternative calculation of the action difference based on geometrical
considerations in phase space is found in Refs. [33, 69, 139]. For simplicity of the ex-
pressions, we restrict ourselves to a single pair of a stable and unstable directions, eg(x)
and ey (x). The generalization to the multidimensional case is straightforward.

The situation is depicted in figure A.1. As we describe in detail in section 4.2.3, before
and after the encounter trajectories closely follow each other as pairs. Within the en-
counter region, the trajectories interchange their partners. To describe this scenario, we
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choose one trajectory as the reference trajectory, here 3 : q5 — qq, as well as a time t’
within the encounter, and use the stable and unstable direction es(xg(t’)) and ey (xg(t'))
to quantify the relative distance of the phase space points xg ('), X (t'), Xo/(t') of the
other trajectories. The precise distance is illustrated in Fig. A.1. We want to calculate
the difference in the actions associated to the above depicted situation. For that reason,
we note that the time ¢ divides the diagram in a left and a right part, containing the
dynamics of the trajectories before and after ¢’. Quantities associated with the left part
will be indexed by £, and accordingly R for the right part. The classical actions of the
single trajectories can be divided in two parts, since they integrate the classical Lagrange
function over time, see Eq. (2.5),

R, <q(f), q, t) — RE (q7 (#),q®, t’) +RR (q(f>, a (¢) 1 — t’) , (A.54)

where v € {a, &/, 3,8 }, and qV, 'Y represent the corresponding initial and final posi-

tion quadrature variable of the trajectory. q,(#') = q(#;q¥, gV, t) denotes the position

quadrature of the trajectory ~y at the intermediate time ¢’. By relating this intermediate

position quadrature with the reference trajectory we can bring the stable and unstable

directions of the reference trajectory into play Using a Taylor expansion, this allows us

to express the action difference in terms of the stable and unstable coordinates s and u.
For the subsequent calculations we abbreviate

el (t) = es(x5(tsas,a,t)), P (') =eu(xs(t;as,a,t)). (A.55)

The position and the momentum quadrature sector, see Eq. (4.15) is abbreviated as

Q) = et

. () = [e@ (t’)} (A.56)

and accordingly for ef{? &(t’ ) ef{? I),(t’ ). Using Eq. (A.54) we can divide the action difference
into a left and a right part,

AR = —Ra/(QZ»QLt) + Ra(q27 (l37t) - Rﬁ/(q4>q37t) + RB(Q[47 q57t)

A.57

where the partial action differences, already using stable and unstable coordinates, are
found to be

AR= RE[as(t), a5, '] — RS [as(t)) + ueld(¥), ar, v (A.58)
+ RE[ap(t)) + selq (1) + uel (), as, ] — RS as(¥) + selQ(t), as, ¢

ARR= R¥[as,qs(t'),t — '] — RE [q4, as(t)) + selD (), t — t’]
+ B, as(t)) + 5ol (¢) + ueld (), ] — RE [z, as(t)) + e ('), — ¢

We want to expand terms involved in the action differences AR%, ARR, around small
differences in their initial and final condition. One of the two expansion points is qg(t’).
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Furthermore, we want to replace q; and qs by q = (q1 + q5)/2. This is justified as we
assume that qi is close to g5 since otherwise a large action difference can not be avoided,
leading to a canceling contribution to the integration Eq. (4.23).

To increase readability in the subsequent Taylor expansion, we from now on omit the
arguments of trajectory-related quantities. If any quantity has only a trajectory index
a, o, B, B, its arguments are the defining arguments of the trajectories, for instance
(d4,95,t) in case of the the trajectory . If additionally to the trajectory index there
is an indicator for the left or right part, £ or R, we mean the part of the trajectory,
which ends or starts at the time ¢'. Accordingly, the arguments are those containing the
intermediate position quadrature, as indicated by the terms in equations (A.58).

The zeroth order contribution vanishes as this assumes sequentially equal trajectories
and thus pairwise vanishing actions in the above difference. In linear order we obtain
for the left part, remembering the properties Eqgs. (2.6), (2.7) of the classical action,

L
ARE® 5 (ay — a5) ~ - welly + oI - e

£ . (A.59)
=py - (a1 —q5) + < 0% _pf ) cuel).

The difference of the momentum quadratures taken at t' and therefore can be also
expressed through stable and unstable directions,

c
p" —pP" = sell) + uell). (A.60)
Therefore
ARSW = p) - (a1 — q3) + [Segp) + ue(uﬁ%} - uelly (A.61)

«

The action difference for the right part is calculated accordingly

ARR) — pg) Se;q) M= goz { eéﬁp) + uel(fr),} . Seé@ . (A.62)

«

Together, we obtain

AR =pY) . (qi — q5) — | selp + uel )} : [seéﬁq) uefﬁ);] (A.63)

=1

=) ) sl e uel oy o elg- ol -l

(@) (@)

where the last line uses the normalization Eq. (2.33) of the directions es ’, ey .
Remarkably, due to our use of the classical relations in Eq. (A.60) we find that the
linear order Taylor expansion result in an expression which contain quadratic orders in
s an u. To be consistent, this requires also the consideration of terms found in second
order in the Taylor expansion, which produce quadratic corrections in s and u. For that



A.4. Calculation of encounter-related integrals 147

reason, in the calculation of the left part we do not require further derivatives w.r.t. the
initial conditions. We find

L C

£(2) 1 ()Tap(ﬂf) @ 1 @r0py (5
ARTT = —guena @ tena ~ jUlua o Ueua (A.64)

The derivatives involving final position and momentum quadratures can be used to

change the sector effij)l into e" r)n since

ap(f) 8 S)L L L L
5 o+ 8pq(f) wely =" " pP" 0 = 2uel}.  (A69)
Thus
ARE® = —y2e{)Telfl) . (A.66)

For the right side, we get, also using a similar argument as shown in Eq. (A.65),

HR AR
op @ opl)
R,(2) — L oB)T Ps (8) (B)1 9Pa (B) _ 2,087 ,(8)
AR 23 5.1 a0 segq + 28es,q g0 sesq = S€5q €sp - (A.67)

Combining AR%®) and AR®®) we thus find for the second order contribution
AR® — 52e£ )Teg@ u2e§@Tegg (A.68)
The action difference due to an encounter of trajectories is thus given by

AR~ ARY + AR® = pY) - (q1 — q5) + su. (A.69)

A.4 Calculation of encounter-related integrals

In this appendix we present the technical details for the various integrations associated
with the encounter regions in the diagram classes (a) to (d) in Fig. 4.2.
A.4.1 Frequently used integrals in the calculations of encounters

Let a, b be positive and dimensionless real parameters. The sine integral is defined
by[113]

Si(z) = /OZ dz’ sin(2) . (A.70)

Z/
During the subsequent calculations of encounter diagrams we frequently face the subse-
quent integrals. Their evaluation involves the sine integral and its derivatives.

/ ds/ dueher™ = 4hog Si <§b> (A.71)
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/ ds/ du s? e” i = —4hega® Si” <ab>
—a heff
b

ab a a
= dheg® = sm(heﬂ) - 4h6323 cos(heff), (A.72)
@ b YY) 2. 2 d Si y
° ds du suelett” = —4heg“i | y*—
—a  J-b dy y
b b
- 4heﬁ21[Si <§H> - sin<;:eﬁ>], (A.73)
2 .
/ ds/ du s*u e’ff = _Aheg® y?’d—Sl( y)
—a dy* y
b b b
= —4heﬁ3[fiﬁcos<;eﬁ> —3sin<fiﬁ> +2Si<

A.4.2 Encounter integral of the four-leg diagram

~—

_a

3t (A.74)

In this section we perform the evaluation of the encounter integral, Eq. (4.52), for the
4-leg encounters. This multidimensional integral is given by

1 ¢ ¢ i gaut — tenc(s, 1)
FUO(t) = —— / d*? / A9 2y efer ™M N T/ Gl — ¢t :
( ) (27Theff)d_2 e S e ue tenc(s7 u) [ el’lC(Sﬂ u)}
(A.75)
In order to resolve the max-function in the definition Eq. (4.32) of tenc(s, u), we split
the integrations over s, u, leading to the summation

FAe) (¢ Z FH( (A.76)

3,j=1

where

(110) t— tene(s1115)
F" 7 — lenc\9o1Ug
() (1) %hﬁd 2/ ds; /_Cduj e 0 ~ fnc sy )

|sil 2 su
X / dSk/ duk/ ehcf‘f
kk'=1 |54 |
k#i, k' #j

(A.77)

Within the integrand, s; and u; are the first components of the stable and unstable
vectors s, u to reach the critical value ¢ when being involved in time, and thus, they
determine the encounter time tenc(siu;) = (1/A)log(c?/|s;u;|) within the integrand.
For the evaluation of Eq. (A.77), one has to distinguish the cases ¢ # j from i = j
in order to correctly interpret the product over k, &’. The integrations over s; and wuy
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are easily performed, either by a simple integration of an exponential for k = j, k' = 1,
i # j, or by sorting the products such that ¥ = k' and then using Eq. (A.71). For
the final integration over s;, u;, one first transforms for both variables the integration
over the subinterval [—c,0] to [0,c] by inverting the sign of the integration variables.
The resulting integrations are then over positive s;, u;, for which we use the variable
transformation [70]

C2

I

g (A.78)

siuj ¢ | O(s4,uy)
74'7 ] ) = y ) h a0 .\
(si,uj) = (S, 0) < 2 Uj> wit ‘ 3(5.0)

1
and 0<S<1, 1<a<§.

The integration over o leads to the cancellation of e (s;u;) in the denominator. The ar-
gument of the Heaviside step function © demands t > (1/X)log(S™!), which is equivalent
to S > exp(—At), thus raising the lower integration limit for S. We get as intermediate
result for ¢ = j

d-2 1 2 2 2
(4le) 2 1 i3 [ S S\ ¢
FXV ) = — dS [ At —1 — — — A.
" () <7T> /e—“ 5 ( o8 <S>> g (heff> Cos<heff Bt (A.79)

and for i # j

e 9\ 42 1 1 ua (28 Sin2(ij )
A= (2) [ (ee(s))s (G0) =5 o

We now perform the summation over indices 4, j to obtain an integral expression for
F@e)  Within that, we combine

(d-2)(d -3 (“)“03) - (2 an(22) £

heff S heff heff heff
. d d .d—2 C2S
= dSSdS Si (ﬁeﬁf)’ (A.81)

and arrive at

2\4 2 1 1\\ d _d 28
(4le) . _ - oY qd-2 (&~
F) (g (W> /eMdS<)\t 1og<5>)dssdssl <heﬁ). (A.82)

By a partial integration, we shift the outer derivative to the first factor in the integrand.
As d(t —log(S™1))/dS = 1/S cancels the factor S, the remaining integration is easily
performed. To obtain more physical insight at this stage, it is worth to utilize the identity
2 /hegr = exp(Mtg) to introduce the Ehrenfest time, Eq. (A.77), into our results. Using
this, the final result reads

F@e) (1) = (i)d/\Qt(d —2)8id3 <e’\tE> sin (e)‘tE)

(2) s () s (0]

(A.83)
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In the semiclassical limit Aoz < ¢?, tg in Eq. (4.30) is large compared to the Lyapunov
time t;, = A~!, implying a separation of time scales for the OTOC. Thus, exp(Mtg) > 1,
and this has several consequences:

e sin[exp(Atg)] is highly oscillatory and can be neglected in the phase space average
(4.50).

e Si[exp(Atg)] is well approximated by the asymptotic limit of the sine integral for
large, positive arguments, Sijexp(Mg)]~ 5[113].

e For t < tgy Taylor-expansion around ¢/tg =0 yields
Si?—2 (e’\tE> —gi42 (eA(tE_t)) ~(d—2) Si?—3 (e’\tE) sin (eME))\t, (A.84)

where the term linear in ¢ is the same highly oscillatory term as in the first item
and can be neglected. (Alternatively, if not neglected, it would exactly cancel the
oscillatory term for small ¢.)

e Fort > tg we have exp[A(tg — t)] < 1, and thus, by Taylor-expanding Si(y) around
y =0, we get
gjd—2 (e)\(tE—t)> ~ =DM ts—t) (A.85)

which is exponentially fast decaying for ¢t > tg and thus can be neglected against
the terms originating from the second item.

Combining the above considerations, we can well approximate

(4le) ~ 0 ift < [4D) ~ _
F™e(t) {_1 i1ty Ot —tg). (A.86)
Hence the diagram class of the 4-leg-encounters only contributes after a certain minimal
time, the Ehrenfest time tg. It is after this time that a description solely based on classi-
cal dynamics breaks down, as interference contributions due to trajectory constellations
with encounter regions with an action difference of the order O(fieg) start to exist.

A.4.3 Encounter integral of the two-leg diagram with the encounter at the
beginning

The relevant encounter integral we have to solve for diagram (b) in Fig. 4.2 is given by
Eq. (4.57) and reads

(2le,(b)) 1,y _ 1 © a2, [© a-2 isu
F‘ll’ (t) = W d S d ue "eft S1Sy
e —c —c

t(s) O [t — Dy, u)} (A.87)
X / dt’
0

enc ,
e2>\t

9

&0 (¢ u)
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with the effective encounter time ¢.o) (t',u) = t' + ty(u). The stable and unstable time
ts(s) and t,(u) are functions of the moduli of the components of s, u, see Eq. (4.31).
For | # I’ we can immediately conclude Fl(me () (t) = 0, as the variable transformation
(s1,u;) — —(s1,u;) results in F(2le (b))(t) = —Fl(l,me’(b))(t).
Thus only the case [ = I needs to be considered. Like before in the calculation of
the encounter integral F(4€) of the four-leg diagram, we have to resolve the maximum
functions used in the definition of ¢s(s) and ¢,(u), Eq. (4.31). We therefore split

d—2
2le,(b 2le,(b
FP ) = 3 R, (A.88)
i,j=1
where
(eff) s
ta(ss) t—tenc (t',u,)
I P—_— / ds; / du; / . 2
! 27rheﬁ —c SO uy)
| ) (A.89)
/ q dsk/ J duk/ Sle eHS ue2/\t/'
kk'=1 |54 |
k#i, k' #j

Within the integrand, s; and u; determine the stable time ts(s;) = (1/X)log(c/|s;l)
and the encounter time ¢{) (t',u;) = t' + (1/X)log(c/|uj|). For correctly treating the
product of integrations in the last line of Eq. (A.89), we must distinguish the cases i = j
from ¢ # j, and moreover the cases when [ happens to be one of the indices i or j.
Using Eqgs. (A.71) and (A.72), the integrations over s, uy for k # i, k' # j are readily
performed. For the last integrals over s;, u; and t/, we again, through a sign-changing
transformation, convert the integration over the subinterval [—c, 0] into one over [0, ¢|.
Then we use the transformation[70, 72]

CQ

o (A.90)

’ N Siuj ¢ ; M =
(SHU’JJ ) (T S U) <t +tu(uj)7 02 7u]> ’ Wlth ‘ a(T7 S, O') -

and 0<T<oo, 0<S<e ™M, 1<o<e.

The integration over ¢ leads to a cancellation of the effective encounter time 7' in the
denominator. The Heaviside step function transforms to ©(¢ — 7T'), which introduces an
upper bound in the integration over 7.

We find that the results have the common structure

e~ AT

d—2 ¢
Fl(?;,e’(b))(t) — <2> cz)\/ dTe”T/ ds fi;(S), (A.91)
’ 0 0

s

and we have to distinguish the following five cases:
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o fori=7=1

heff heff heff ’

fl,ll(S) _ gjd-3 <625> COS<C2S>52 c? (A'92)

e for i =7 with 4,7 £ [

2 2 2 2
fri(S) = Sit— <%i> cos(%i) [71623 sin(%i) - Scos(%i)} , (A.93)

e fori+# j with i,j #
2\ sin? <c25 > 2 2
_qds (€5 foit ) heft [ het . ((¢*S 28
f1i5(S) = Si <heﬁ> — g a2 [02 sm<heff — Scos IR (A.94)
e for i # j with i =1:
2S 2S
fus(S) =it [ £2) §sin? (22 | (A.95)
’ et Regt
o for i # j with j =1:
- 28
25 s
fra() = S (h> (Sﬁ)
off ; ) , (A.96)
et S 9 et . [c*S
2 2 Scos(heﬁ> + (S’ — 2( 2 > ) sm(ﬁeff)] .
The sum in Eq. (A.88) over all indices to obtain Fl(lzle’(b))(t) directly translates into a
summation of f;;(x) via Eq. (A.91). The latter sum can be conveniently rewritten as
d—2
d 3d g3/ S\ oy (S
(S) = —— 83— — . A.
> fii(S) 5 s (heﬂ Si - (A.97)

i,j=1

This identity allows one to easily perform the remaining integrals over S and 7. We
obtain

d—2
Fl(lme,(b))(t) = _ (i) 2 [Sidf?; (eAtE> g (e)\tE> _gjd-3 (e)\(tEft)) SUCACEONN
(A.98)

The result contains the second derivative Si”(z) = cos(z)/z — sin(z)/2? of the sine inte-
gral, which are oscillatory functions. We consider again the limiting cases:

e Fort < tg we get exp[\(tg —t)] =~ exp(AMtg), and Si”[exp(Atg)] only contains highly
oscillatory factors, which we can neglect in the semiclassical limit heg < 2.
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e For t > tg we expand around exp[A(tg —t)] ~ 0
Sid—?’(e)\(tE—t)) g (e)\(tE—t)) ~ Si’”(())e(d_mA(tE_t), (A.99)

where Si”’(0) = —5/3. As for the 4-leg encounter, this contribution is exponentially
small compared to the contribution of the four-leg diagram.

For times t < tg and ¢ > tg the diagrams in Fig. 4.2 (b) are negligible in the semiclas-
sical limit. Only for ¢t ~ tg, the above terms can, in principle, produce non-negligible
contributions. However, for these times the results depend on the (sharp) cutoff value
c of the encounter integrations, indicating that the quantitative result of the encounter
integration is not very meaningful. However, qualitatively, our results indicate that the
interference mechanism behind diagram (b) accounts, together with other diagrams, for
the smooth crossover between the pre- and post-Ehrenfest time behavior of OTOCs.

A.4.4 Encounter integral of the two-leg diagram with the encounter at the
end

The relevant encounter integrals we have to solve for diagram (c) in Fig. 4.2 are given
in Eq. (4.59) and (4.60) and read

1 & C i .
e = L [ g [ e
t

o [t — S, s)] (A.100)
x/ dt’ ) ,
t—tu(u) tenc’ (1, 8)
(2le,(c)) 1 © o [ a2 Fsu
F/ t) = ——— d d fie /
I () (27Theﬁ")d_2 /_C 3/;0 U € "eft ujug
(A.101)

(eff) /s

¢ ot — &y,

X/ ar [ _ ( s)]e2/\(t—t/)7
t—tu(u) &0 (¢ s)

where the effective encounter time is taken as t{o.) (t',s) = (t — t') + ts(s). The stable

and unstable times t4(s), t,(u) are defined in Eq. (4.31).

In a first step, we interchange the variable names for stable and unstable coordinates,
s <> u, which formally interchanges ts(s) <> t,(u). Then we perform a variable transfor-
mation ¢’ — ¢t —t/, which inverts the arrow of time. These steps convert the calculations
for an encounter at the end to those for an encounter at the beginning of the trajecto-
ries, and we immediately obtain F'l(lgle’(c))(t) = Fl(l,me’(b))(t). It thus remains to calculate
F@e(9)) (1), which in its transformed version reads

eff

. ¢ i (s Ot — Dy
F(21e,(c))(t) _ # a2 Q924 oo™ ts( )dtl |: ( 11)1| .
(2mhes)'2 ) —c 0 E (¢ )
(A.102)
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In the very same spirit as for four-leg diagrams in section A.4.2, we split

@) Z F© (A.103)
i,j=1

to resolve the max-functions inherent in ¢5(s) and ¢y (u) in Eqs. (4.31). Within F; (2le, (C))( t)
all integrations except for the ones over (s;,u;,t') are as easily performed as 1n section
A.4.2. For these remaining integrals we use the variable transformation in Eq. (A.90).
We obtain

e 1 b e (c
PO = G [ar [ as g0y, i
where
e for i =j:
2 2 2
@e,(©) o qd—3 [ €S S\ ¢
fii (S) =Si (heff> COS(heﬂr> Fog (A.105)
e for i # j:
- 2( 28
2\ sin
fl(]2le ,(e)) (t) — Sid—4 (2?) (SHEH> . (A]_Oﬁ)
Summing over indices, we find
(21e ©) (s d ,d 40 (cS A
g i 1
;1 dSSdS St (heff ’ (A.107)

which allows us to easily evaluate the final integrations over S and T. We eventually

obtain s
PO = (2] [t () s ()] a0y

™

Following the same arguments as in the section about the four-leg diagram, this term is
only contributing for times larger than the Ehrenfest time tg and can be approximated
by FZe(©))(t) ~ ©(t — tg) in the semiclassical limit. Both, the diagram (c) and (d) in
Fig. 4.2 contribute a constant term to the OTOC for ¢t > tg.

A.4.5 Encounter integral of the zero-leg diagram

The relevant encounter integrals we have to solve for diagram (a) in Fig. 4.2 are given
by Eq. (4.64) and (4.65). They read

-t/ ce—Mt—t")

i g
Ole,1 _ Lo el
Fl(l, ¢ )(t) o) dt' 2 d4=2s A2y sisy
27Th ff —ce— At —ce—A(t—t) t

(A.109)
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-t ce—A(t—t")

(Ole,2) 1 b o [ d—2 d—2 eﬁs'u
Fypoi(t) = = dt’ e o d* s d"“u SIS U U
—ce ™

—ce—A(t—t)
(A.110)

Using the same reasoning as before for two-leg diagrams, based on the variable trans-
formation (s;,u;) — —(s;,u;) we can immediately conclude that Fl(l(,ne’l)(t) =0forl #1.

Using further Egs. (A.71, A.72) we find

. 9 d—2
FOeD ) — <> 2 gjd—3 (eA(tE—t)> S (eA(tE—t)) . (A.111)

s

As has been argued after Eq. (A.98), this term can be neglected in the cases t < tg
and t > tg, but qualitatively, the underlying interference mechanism is involved in the
crossover regime at t ~ tg.

For ﬂ(l?:zn?, four indices are involved, and we find three classes of non-vanishing inte-

grals, which are treated using all the Eqgs. (A.71) — (A.74).

(a) For I =1, m =m/ with [ # m we get

d—2
(Ole,2) . 2 d— Atp— . ANtm— 2
FAYe2) (4 = <7T> it (Xm0 ) 817 (X0070) ] (A.112)
(b) If the set of indices {l,I'} = {m,m’} are equal without being all the same, i.e.
1 #1U, we get
d—
F(?le’Q)/ (t) = — 2 204 S (e)‘(tE*t)>e2)‘(t*tE) [Si (e)‘(tE*t)> — sin (e)‘(tE*t)ﬂ 2.
W'mm T
(A.113)
(c) If all indices are the same, we get
9 d—2
F,l(llolle,Q) (t) _ _ <7T> 04 Sid—4 (e)\(tE—t))GZ/\(t—tE) (A114>

X [2 [Si (eA(tE—t)> _sin (e/\(tE*t)>j| 2 4 sin (ex(trt)> S (e)\(tE—t)>

— 2sin? (e)‘(tE*t)) + cos (e)‘(tE*t)> Si (e)‘(tEt)>e)‘(tEt)] .

In case (a) the result contains the factor Si”[exp[\(tg — t)]] and thus, like Fl(lme’l) (t), can
be neglected for both ¢t < tg and ¢t > tg. For case (b) we have for t < tg:

Si (e’\(tE_t)> —sin (e’\(tE_t)> ~ Si (e’\tE> ~ g , (A.115)
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i.e. the highly oscillatory term sin[exp[A(tg — t)] is neglected and we use the asymptotic
value for Si. For ¢ > tg, we obtain from a Taylor expansion around exp[\(tg — t)] = 0

. . : - 1 -
Si (e)‘(tE t)> - sm(e/\(tE t)) A §e3)‘(tE 28 (A.116)
Therefore, as Sijexp[\(tg — t)]] = exp[A(tg — t)], we find
£ 4y 1 <2> di?c“edA(tE*t) (A.117)
Wmm’ 81\« ' '

i.e. the contribution becomes exponentially suppressed after the Ehrenfest time. We can
thus approximate

F(Ole,Q) (t) ~ _C4GQ>\(t—tE)®(tE _ t) — —heffge2>\t®(tE — t) . (A118)

'mm/

Note that since we have {l,I'} = {m,m'} we get an additional combinatorial factor 2
when reducing the fourfold sum over I, I, m, m’ in Eq. (4.63) to a twofold one over [, I’
with [ # I’. The case of equal indices [ = I’ is still excluded from this summation, but
using case (c), which also contains the same contribution as case (b) (explicitly including
the prefactor 2), we can complete the summation. It remains to discuss the additional
terms in the last lines of Eq. (A.114). Those can be neglected for ¢ < tg as they all
contain highly oscillatory factors. For t > tg we find

sin (ek(trt)) Si (eA(tEft)) ~ 9sin? (e)\(tEft)>

A.119
+ cos (e’\(tE—t)> Si (eA(tE_t)>e>\(tE_t) ~ _ée4A(tE—t) ‘ ( )

This leads to a suppression of Fl(l?lle’Q) (t) for t > tg, which is less strong than the one for

(0le,2)
Fll’mm/
reads

(t) in Eq. (A.117), but still exponential. Thus, the overall exponential suppression

Ole,2 1 4 _
FOe () ~ el (A.120)

A.5 Scattering matrix elements for a discretized Y-junction

In this appendix, we derive the scattering matrix elements for scattering at a discretized
Y-junction. The situation is depicted in Fig. A.2. Three semi-infinite, identical leads
with on-site energies Es and hopping —Es/2 are attached to a symmetric Y-junction,
which is modeled by a single site @« = 0 with on-site energy Fy and hopping —FE5/2 to
any of the waveguides. The Hamiltonian of the system can be split into five parts,

H= ﬁgin + f[gout + ﬁﬁout/ + f[y + FILY . (A.121)

The three waveguides and the junction are modeled by

Hey = Z [Ea la)a| — %(\a)(a + 1| +|aXa+1))|, Hy = Ey |0)0| (A.122)

«
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\
\

Figure A.2: Three semi-infinite, identical leads with on-site energies F5 and hopping
—FEs/2 are attached to a symmetric Y-junction formed by a single site & = 0
with on-site energy Ey and hopping —Fs/2 to any of the waveguides. An
incoming plane wave ¢**® in one of the waveguides transmits and reflects
into the outgoing waves rel®9® and telFoe,

with a = —1,...,—o00 for X=in, and « = 1,2,..., or a« = 1',2’ for X& {out,out’ }. In
order to simplify notation, the Hamiltonians of the waveguides already partially couple
to the junction site. The missing hopping terms are contained in Hy.

Within the waveguides, any scattering state, as a solution of the stationary Schrodinger
equation p [¢) = H |4}, is found to be a superposition of the plane waves e*#9® with
cos(kd) = 1—pu/Es, either traveling towards or away from the scattering center Hy. The
incoming waves are linked to the outgoing ones through the elements of the scattering
matrix. For the symmetric Y-junction, these elements take only one of two possible
values 7 and t, describing either reflection or transmission through the junction. To
obtain their values, we focus on a scattering state with a single incoming contribution,
say, in the left waveguide in Fig. A.2. The ansatz for this scattering state is thus, already
using continuity for e = 0, and setting the amplitude of the incoming wave to 1,

eik&a_i_refikéa’ fora=-1,-2,...,
¢a: 1+7“:t, fOI‘O[ZO, (A123)
teikoe fora=1,2,...,ora=1,2....

The values of r and t are obtained from considering the stationary Schrodinger equation
at site a = 0,

o = Eypg — %(1#—1 + 1 +Yr) . (A.124)

Inserting the ansatz Eq. (A.123) and using the continuity condition 1+ r = ¢, we can
solve this equation for r and t. We find

1- % + Zelkd isin(ko)

I : ., t= : — . A.125
1— % + elkd _ %e—lké 1— % 4 eikd _ %e—lké ( )
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Within the numerical simulations, the parameters u = 0.2F5 and Ey = Es have been

chosen. This leads to
324 51
= —— 1— —_—
"= o7 Tl o7 Tlore

which we use as input to compare analytical with the numerical results.

(A.126)

A.6 List of resummed diagrams

Here we list all resummed diagrams we find in section 6.1 as well as the diagrams we
obtain from them through the application of the arguments listed in 6.1.2.

The diagrams representing the resummation of all paths which in the end either trans-
verse or reflect of one of the junctions, are related to Eq. (6.10) and are found to be

B 1 + (,’,,2 o tQ)ei(q)u-i-q)d—(D) B (T2 ) 2Py, B
ST P R AN - D@y da®) 4 O
1+ (r2 = 12)e (<1>u+<1>d+<1>)_ — (r2—12) 12'I>d_
¢ = D@ dg )} b=r- D(®y, Bq, B) N (A1)

The next classes of diagrams describe resummations of contributions of paths start-
ing and ending within the ring, but at opposite junctions. These are obtained from
Egs. (6.14), (6.15), and found to be

. 2,020y _ 42 i(Pu+Pg+P)
_ i(ea-g) (L re t7e 1], (A.129)
— D(®y, 04, D)
. 261284 _ 42,i(®u+Pa+D)
_ (et [ Lzre © 1 Al
Ly l=e 2 D(®y. 5y, 9) , (A.130)
. 26284 _ 2,i(@u+Pg— D)
_ () [ 1zre © 1 A.131
—d=e i D(®y, Dg, ) ’ (4.131)

(o rt(em’u + ei(¢u+<1>d—q>))

| = ei(®u=3) D@ 5. F) (A.132)

,rt( 2idy +ei(<1>u+<bd+q>))

— o i(®at3) ICRCIN) = 1_,_T (A.133)

(s 3L 1 001

I = e 2 D(@u’ (pd7 @) (A.134)

) rt (eQicbd + ei(<1>u+<bd—<1>))

D(®y, g, P) =1 (AI35)

im0t
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The equivalence of the expressions for —t and by, a8 well as for R and ——t is an

interesting application of the system’s symmetries. On the other hand, the diagrams can
be obtained from each other by a single reflection along the horizontal symmetry axis,
which results in equations (A.133) and (A.135). On the other hand, these expressions
should coincide with equations (A.132) and (A.134), since the diagrams also result from
each other by a reflection along the vertical symmetry axis and a subsequent time-
reversal, which together flips the sign in front of the gauge field phase ® twice, leaving
the overall result invariant under this combined operation. Indeed, the equivalence of
(A.133) with (A.132, as well as (A.135) with (A.134) holds, as one can easily check.
Starting from Eq. (6.16), we find

1= (r — 1) (rei2Ps — goi(®ut@a—2))

= p— A.1
4 =t D@, By, ) > (A.136)
1— ¢ 20y _ 40i(PutPa+2)
_ Ao t)re © )_ (A.137)
— D(®y, Bq, ) P>
1—(r—t) (reiZq’d — tei(q>“+q’d+‘t’))
- (@, 30, 9) ’ (A159)
1—(r—t) (rem’“ — tei(q’”q’d*‘b))
i D@, 8, ) S

The other remaining resummed diagrams of the same type are:

TeiZ‘bu + tei(‘bu+‘bd7q>) _ (,',, _ t) (7,.2 _ t2)e12(‘bu+q>d)

D((I)uv Dy, (I))
(A.140)
— = efi(q>d+%)t7“ei2q>d el (Put®at®) (1) (52 — 42) 2Pt ) )
D((I)llv (I)dy ¢') ‘_"’
(A.141)
A= R0 4 gl ut@at®) _ (1 — )(¢2 — 2) 20t )
— —1(f1>u+2)t7'e + te (7« .
) 2 D(q)uu (Dd, (p) ( : )
. i2® I(Put+@a—P) _ (o _ 2 _ 42\ ,i2(®u+Pq)
e oi(rang) IO (r=t)(r* = t?)e : (A.143)
D((I)llv (bda q))

A.7 Numerical averaging of reflection and transmission
probabilities

The main idea for numerically calculating the averaged reflection and transmission prob-
ability is to calculate the integrals in (6.50) and (6.52) using, e.g., a Monte-Carlo simu-
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lation. The most expensive part of this calculation is the evaluation of the exponentials
el®u_ l®d l® gince these are nonlinear functions. Our aim is thus to express the in-
tegrand in equations (6.50) and (6.52) through functions of the exponentials el®u, ei®d
¢i? instead of the phases @, ¢4, ¢. As a consequence, in every cycle of the calculation,
the phase factors have only to be calculated once.

Basic functions

When looking at the basic resummed diagrams in equations (6.50) and (6.52), we see,
that we need to implement the following ones:

4 =

\-)’—‘ = r-)?(-"

A.144
. A = ¢ = 1. ( )
> 7 1 > ) <

Thus, a review of our calculations in section 6.1 motivates the definition of the following
functions
(2, 24, 2) = 1 — 1% (20° + 24°%) — P2pza(z + 2%) + (r* — t2)2zu2zd2
=1—1*(2y% + 24%) — Pzuza(z + 2%) + (r + )2 202242,
fi(zu, 24, 2) = t(l —(r—1t) (rzd2 - tzuzdz*))
= t(l +7rzq® — tzuzdz*) )
fo(zu, 24, 2) = t(rzu2 + tzgzqz® — (r —t)(r? — t2)zu2zd2)

= t(rzuz +tzyzqz" — (r + t)zu2zd2) )

(A.145)

We used here that, due to continuity of the wave functions at the junctions, we have
l+r=tr—t=-1. (A.146)

Then, the common denominator and the basic diagrams are given by

D(®y, ®q, @) = w(e' P, e, e'?) (A.147)
oL F1 (1 i ¢i®) - _ 1 folei®s, ei®a ci?)
w(e®s, 64, o) (20— 3) w(e®u, o oi®)
-  fi(e®a, i i) - - 1 fofei®a el =)
— P w(el®u,el®a ei®) Pt ol(®a+3) w(el®u, el®a ei®) 7
1 (e i emi?) 1 fofei®e, eita i)
4 = i =

w<ei<1>u, ei®a , ei<I>) ’ ei(©“+%) w(eiq)u’ ei‘bd’ ei@)

In the expressions in the second column, we could, in principle, add the additional phase
factor in front of the fraction to the definition of fo. However, we deliberately excluded
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it, first, to avoid an additional dependence on 7 and second since this factor usually
gets canceled by a subsequent free Green’s function in the diagrammatic equations or
vanishes due to calculating the modulus square. E.g. we have

B f2(61¢‘17ei<1>d’eitb)
—Q - w(e®u, P ei®)

Pseudo-code for numerical calculation of the averaged probabilities

The following scheme performs the numerical averaging

1. Define the functions w, fi1, fo as above. To save computation time, it might
be worth to first calculate and store the repeatedly appearing, constant factors r2,

2, (r+1t), (r+1t)>2

2. Create a vector containing the phases €'®: Choose a suitable large number
N1 € N to divide the interval [0, 27] and set v = (v;),_;  y, with vy = N2 We
interpret v; = ¢® with ® = N%Qw. (Since the result is expected to be symmetric
with respect to ® <» —®, it would be enough to discretize the smaller interval [0, 7),
which speeds up the calculation. However, one can use the additional information
as a check for the numerical procedure.)

3. Initialize two empty vectors AR®) = 0, AT® = 0, which will be used for
summing reflection and transmission probabilities at fixed gauge field in first order.
(Do not confuse the subscript here, which indicates the iteration number, with the
subscripts of the main text, which indicates the order in the perturbation theory).

4. Loop over disorder configurations: Choose a second large number N» of dis-
order configurations for the average. For each k € {1,..., N2}, do

a) Draw ®,, ®4 from a uniform distribution in [0,27) and calculate z, = %,
2d = ei®a,
b) Loop over gauge field strengths: For [ € {1,..., Ny}, do
i. Calculate the common denominator
d = w(zy, 24, v1) - (A.148)

ii. Calculate the numerator functions

fi1 = fi(zw, za,v1) s for = fa(zu, 24, ur)
fiz = fi(zd, 2, v]) s fo2 = fo(za, 2w, 1)), (A.149)
fiz = fi(zus 2a,v]) s foz = fo(zu, 2a,07) -
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iii. Calculate their modulus squared
app =df’ - & = fufiy, o =dP X = faf,

onp =d* = = fraffy, az=|d- ey = foaf3 (A.150)

a3 =d* £ = fisfly, ass=[d’ N = fasfss.

iv. Update AR®), AT*) according to equations (6.50) and (6.52)

AR — AR +Im{<r+tf21jj_f22)

1 1 2 :
X B (0411 + o3, 013+ 0421) <2 1) (;; ) ﬁi) }
_ t o ]
AT® = AT*7Y 4 Im { [d(fuzu\/E + farzav/z )]
1 1 2\ (fhazu/z
R A C AV
1 1 2\ (fhzavz
Y (3@322%;; )”
_ t *
= Aﬁ(k Y4 Im { [d(fnzuz + f21Zd)}
1 1 2\ [ fhzuz
< (oo (3 1) (755)

2
+ (alg, 0422) <; ?) (f%22;d*>]}

where for the transmission we interpret the complex square root as /z =

X

(A.151)

el and N e'2. In the second line of the transmission we got rid of
these roots by extracting /z from the first, complex conjugate factor,

(fuzavz + f1zavz")" = Vz(fiizaz + f212a)" (A.152)

and multiplying the remaining part of the expression with it.
5. Multiply the vectors ARW2) and ATN2) with Nggp?/(Nysin(ks))

(AT) = _NRD ) (A.153)

o QNRP (N2)
(AR) AR "~ Nysin(kd)

"~ Nysin(kd) ’

After the integration has converged, the theoretically expected correction to the reflection
and transmission probabilities is, as a function of the gauge field, represented by the
vectors (AR) and (AT).
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Notation

In this section we present our notation of frequently used mathematical expressions

N ={1,2,3...} is the set of positive integers. 0 is included in Ny = NU {0}.

Variables in boldface, e.g. n, x, ®, are understood as vectors. Components in a
basis are labeled with an index, e.g. n;. If we denote the set of indices as Z the
following representations are equivalent:

X = (i)ier = (3); -

Vectors are understood as column vectors. They are transformed to row vectors by
transposing, xT. If additionally, the vector’s components are complex conjugated,
we call the vector Hermitian conjugate and write x = (xT)*, where the complex
conjugation of a variable or the components of a vector or matrix is indicated by
the superscript *.

Since vectors and matrices often appear as functions, e.g. M(x;t) we use the dot -
in order to highlight a matrix product. Occasionally, we also use the same symbol
for the real scalar product of two vectors, whenever this simplifies the notation,
i.e. we have the identity xTx’ = x - x'.

The norm of a vector is calculated as

x| = [ lail? = Vxix

€T
A scalar function differentiated by a vector is understood as gradient,
of _ (af>T
aq 8%’ i
The second derivative results in a matrix,
< *f ) 9
dqdp ij dq;0p;

In this notation, the Taylor expansion of a function is up to second order written
as

of 1 _ 0%f

fla+y)=f(a)+ %H §yTaqaq

y+O(IIP).
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e A vector-valued function f = (f;)] differentiated by a scalar is a vector
df _(df\T
ds  \ds/,’

The differentiation by a vector is interpreted as a matrix

(5a), = o
oa/ dqj

Again, this notation is motivated from the Taylor expansion

of

fla+y) =f(a) + 5oy +O(Iylf).

e A differentiation with respect to the time variable is indicated by a dot,

_da

a(t) =

e In integrations we omit the integration volume if it is R%. The dimension of the
vector space is indicated by the integration measure,

/ddq:/ d?q
Rd

e If the integration volume is the product [a,b]? of a one-dimensional interval [a, b],
we use the shorthand notation

b b b
/ d’q = /[ y d’q = / dq / dgq (7.154)
a a,b a a
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The major goal of the semiclassical theory is to understand and treat
quantum systems in the regime of large quantum numbers using
information from its corresponding classical limit. Here, quantum
phenomena can be addressed through a path integral perspective,
i.e. the weighted interference of phases accumulated along classi-
cal trajectories. While this formalism has successfully explained in-
terference phenomena in, for instance, mesoscopic quantum single-
particle systems, recent extensions of the semiclassical approach
allow now to tackle interacting quantum many-body systems.

This thesis contributes to the ongoing series of applications of semi-
classical techniques to bosonic quantum many-body systems. Its first
topic deals with the out-of-time-order correlator (OTOC), the expec-
tation value of the squared commutator of two local operators at
different times, which can directly probe the presence of chaos in the
classical limit of a quantum many-body system. This work presents a
comprehensive theoretical analysis of the dynamical behavior of the
OTOC and highlights its connection to the key properties defining
classical chaos. The second topic considers the coherent transport of
cold bosonic atoms through an Aharonov-Bohm ring structure with
a disorder potential. For such systems, it is well known that non-
interacting particles display Al'tshuler-Aronov-Spivak oscillations in
the disorder-averaged transmission probability as a function of the
encircled flux. Including interaction, numerical studies indicate an
inversion of peaks seen in the profile of the oscillations, for which
this thesis provides a semiclassical understanding.
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