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Introduction

We are witnessing revolutionary progress in the field of experiments
performed in the nanoscale regime opening the possibility of the ma-
nipulation of quantum systems even at the level of single electrons.
Most notably, this opened the possibility to investigate nonequilib-
rium processes in the case of quantum systems at yet unprecedented
short length scales. While equilibrium statistical mechanics has been
established completely during the past centuries, its nonequilibrium
counterpart is still far from complete as it covers a vast field to be ex-
plored with plenty of non-trivial questions waiting to be answered. A
particularly interesting direction is provided by the generalization of
the concept of universality to nonequilibrium dynamics as here it can
be investigated in a much broader sense, for instance, in the case of
dynamical phase transitions or more generally during time evolutions
without crossing any critical points via the statistics of some funda-
mental quantities, such as momentum, energy, etc. Correspondingly,
one of the most salient choices is to focus on the statistical proper-
ties of energy which acquire a fluctuating behavior in nonequilibrium
processes.

While approximating methods like quasi-stationary processes or
linear response theory successfully describe the energy fluctuations
in near equilibrium situations, both in classical and quantum sys-
tems, exact fluctuation relations were established only lately in clas-
sical systems, connecting the nonequilibrium change of energy to the
equilibrium free energy.

In the case of quantum systems, however, serious modifications
are necessary, as the change of energy, identified with the concept of
work cannot be embedded into an eigenvalue problem by promoting
the classical functions to operators. The reason behind this is that
the possible measurement outcomes of work cannot be determined
simultaneously. Quite comprehensibly, it necessitates one measure-
ment at the beginning of the process and another one at the end
of it, the latter owing to the additional randomness induced during
the nonequilibrium process. Via this two-measurement scheme, the
concept of work can properly be extended to the quantum realm in
general nonequilibrium settings. In addition, instead of the operator
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description, most of its properties can be addressed by its distribution
function, the work statistics which, in many aspects, corresponds to
a natural extension of the free energy in driven systems. Correspond-
ingly, in this thesis, I make an important step towards the general
understanding of universality and the statistical nature of quantum
work by investigating generic disordered and chaotic nanograins sub-
jected to external perturbations driven at a finite frequency.

Aims

My central purpose in this thesis was to investigate the joint effects
of disorder, temperature, and the finite driving rate on the work
statistics and the dynamics of the electron-hole excitations in chaotic
Fermi systems modeled by generic disordered nanograins.

In order to generally discuss the role of disorder, the single-particle
energy spectrum was captured by random matrix theory providing an
ideal testbed to study disordered quantum dots. However, this also
raises an exciting question: under what conditions are the random
matrix results valid in spatially extended driven Anderson models?

To this end, I aimed first to investigate the zero temperature case
concentrating on the universal aspects and the statistical behavior of
the quantum work and the dynamics of the particle-hole excitations.
My further goal was to investigate the agreement of the quantum
mechanical results with a classical Markovian approach. This direc-
tion gains particular importance, as it can provide an ideal platform
to shed more light on the analytical properties of the work statis-
tics and the nonequilibrium dynamics. In addition, I further set my
sight on showing that the above specific many-body results can read-
ily be generalized to a two-dimensional Anderson model driven by
deformations of a quadratic potential.

The next main goal of this thesis was to derive approximate ana-
lytical expressions capturing the main essences of the work statistics
and the probability of adiabaticity at T = 0.

The third aim was to provide an extension of the above framework
to finite temperatures, where all the above questions require more
effort due to the initial thermal randomness. Nevertheless, I aimed
to find the analytical characteristics in the small and large work limits
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together with incorporating the additional thermal effects into the
full characterization of universality during nonequilibrium processes
in chaotic Fermi systems.

Finally, I considered generic quench protocols in two-dimensional
driven Anderson models with the purpose of exploring, in a broader
sense, the general conditions of observing the same nonequilibrium
dynamical phenomena as well as the same parametric evolution of
the energy levels as in the random matrix model.

Methods

To accomplish the above scientific goals I applied both numerical and
analytical tools. To obtain the numerical results I solved the single-
particle Schrödinger-equation with a Runge-Kutta 4 algorithm, Simp-
son integral approximations, and exact diagonalization of dense Hamil-
tonian matrices. I used, additionally, finite temperature many-body
formalism to extract the work statistics from the single-particle re-
sults. In addition, I also implemented different Monte Carlo simula-
tions for studying the classical approach. Various analytical approxi-
mations were also applied via mean field and bosonization techniques
to capture the essential characteristics of the quantum work, the dy-
namics of the particle-hole excitations, and the parametric evolution
of the energy levels in driven Anderson models.

Original results

1. I showed that both in driven randommatrix and two-dimensional
Anderson models the work statistics and the occupations of
the instantaneous single-particle eigenstates at zero temperature
are given by the same universal functions independently of the
microscopic parameters and characterized only by the average
work. I successfully captured the nonequilibrium dynamics and
explained the observed universality by a classical energy space
diffusion process, the Symmetrical Exclusion Process (SEP) re-
alized by a discrete-time Monte Carlo simulation [1, 2].

2. I derived approximate analytical expressions at zero tempera-
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ture for the work statistics, its fluctuations, and the probabil-
ity of adiabaticity within the classical diffusion description by
bosonization and mean field approaches. I showed that the work
statistics does not converge to a Gaussian distribution, but it
exhibits an exponential behavior for large works, the probability
of adiabaticity decays as a stretched exponential, and the work
fluctuations grow superdiffusively, δw2 ∼ 〈w〉3/2 [1, 2].

3. I derived a general determinant formula for the characteristic
function of work statistics at finite temperature and provided
an analytical expression for the occupation probabilities of the
single-particle eigenstates. I showed that the universal patterns
observed at zero temperature carry over to finite temperatures
with the work statistics and the occupation numbers depending
only on the average work and now also on the temperature [3].

4. I showed that a generalized finite temperature classical energy
space diffusion description accurately reproduces the quantum
mechanical results. I showed that the work statistics, its fluctu-
ations, and the probability of adiabaticity exhibit a cross-over
between the small and large work limits characterized by the re-
lation between the 〈w〉 injected average energy and the ET ∼ T 2

initial thermal energy. While in the small work limit 〈w〉 < T 2,
the T = 0 characteristics are observed, in the opposite 〈w〉 > T 2

limit, the work statistics becomes Gaussian with δw2 ∼ 〈w〉 dif-
fusive fluctuations and the probability of adiabaticity exhibits
an exponential decay [3].

5. I proposed two generic driving protocols in two-dimensional An-
derson models and showed that under certain conditions the
statistics of the energy level velocities, level curvatures, and the
avoided level crossings are given in these systems by the same
universal functions as in the random matrix models. In this
limit, I derived analytical power law behaviors for their typical
magnitudes and showed that the same universal single-particle
dynamics is observable as in the random matrix models [4].
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