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Abstract

We present an overview of transport phenomena in quantum systems induced by time-
dependent driving. The emphasis is on steady-state transport (as opposed to transient
effects). We introduce the main theoretical frameworks to study open quantum systems
out of equilibrium that are useful to study quantum transport under time-dependent
driving. Based on this, we discuss the fundamentals of key mechanisms leading to
steady-state quantum transport induced by time-dependent driving, such as the periodic
charging and discharging of a mesoscopic capacitor, dissipation, quantum pumping,
noise, and energy conversion in quantum transport. Our primary focus is on electronic
systems, where decades of research have established a rich theoretical foundation
and a wealth of experimental realizations. Topics of interest include quantum optics
with electrons, quantum transport spectroscopy, quantum electrical metrology, and the
critical role of quantum fluctuations in transport and thermodynamics. We also extend
the discussion to atomic, molecular, and optical systems, as well as to nanomechanical
platforms, which offer complementary perspectives and are currently experiencing
rapid experimental development. Finally, we briefly examine the intersection of time-
dependent transport and topological matter. This review aims to bring together the
diverse approaches and emerging trends that define the current landscape of quantum
transport research under time-dependent conditions, bridging theoretical insights with
experimental advances across multiple physical platforms.
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1 Introduction
1.1 Historical perspective

Quantum transport, the study of charge, spin, and energy dynamics at the nanoscale,
is a fundamental topic in condensed matter physics, in mesoscopic physics, and in the
study of quantum technologies. Introductions to this broad field, technical details, and
historical and topical overviews can for example be found in the books of Refs. [1-5].
The understanding of how quantum systems respond to time-dependent external fields
is essential for applications ranging from ultrafast electronics and quantum computing
to molecular electronics and topological materials.

The field of quantum transport emerged as a response to the need for a microscopic,
quantum mechanical understanding of charge and energy transport in nanoscale sys-
tems, where classical approaches like the Drude model or semiclassical Boltzmann
transport theory fail. The behavior of electrons in confined geometries, involving
phase coherence, interference, and quantization, gave rise to a new transport regime—
mesoscopic physics. The initial theoretical backbone of quantum transport theory was
developed after the combined work of Landauer, Biittiker, and Imry.

Rolf Landauer formulated the first theoretical proposal to calculate electronic cur-
rents in the coherent regime. This put forward the idea of identifying the electrical
conductance with a transmission probability, as in the case of wave propagation [6-8].
Building upon this foundation, Markus Biittiker and Yoseph Imry extended the treat-
ment to several terminals and formulated the scattering-matrix theory for quantum
transport [9-14].

These theoretical advances created a powerful synergy with the surge in fabrication
precision of small conductors that emerged in the 1980s, driven by the development
of techniques such as molecular beam epitaxy and nanolithography in semiconduc-
tors. One of the most prominent examples is the quantum Hall effect [15], where
the edge states are the perfect example of quantum coherence in electron systems
and the first example of topological modes. Other remarkable systems are quantum
dots [16—18] and mesoscopic rings [19-22]. A description of these devices has been
thoroughly reviewed in Refs. [2, 23, 24]. Later achievements took place after the
integration of superconducting parts in these mesoscopic devices [25-27], nanotubes
and graphene [28-30], and molecular structures [31-34]. The first key questions that
were addressed in the theory of quantum transport were the origin of resistance [11],
conductance fluctuations [35], and the role of disorder [36]. This was followed by the
investigation of many-body interactions leading to Coulomb blockade [37] and Kondo
effect [38]. In the last years, the discovery of new topological materials hosting the
quantum spin Hall effect offer new playgrounds and additional possibilities [39-42].
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1.2 Time-dependent quantum transport in electronic systems

One of the earliest time-dependent quantum transport problems to be investigated was
the effective photon-assisted tunneling in superconductors generated by an oscillating
barrier in superconducting structures [43]. The photonic-like structure of the quantum
mechanical description of periodically driven systems is at the heart of Floquet repre-
sentation of the wave functions [44]. The impact of Floquet theory in the theoretical
description of periodic ac driving in tunneling processes has been thoroughly reviewed
in Refs. [45, 46].

Another fundamental problem that was initially addressed was the effect of a
time-dependent magnetic flux threading a mesoscopic ring structure [9, 47-49]. A
particularly interesting case arises when the magnetic flux varies linearly with time,
which corresponds to a constant electromotive force around the ring. This effectively
generates a uniform electric field along the circumference, leading to the acceleration
of charge carriers. Due to the periodic boundary conditions inherent to the ring geom-
etry, this results in Bloch-like oscillations of the current. Unlike traditional conductors
connected to macroscopic leads, where an applied voltage yields a steady-state (dc)
current, the isolated ring configuration hosts intrinsically time-dependent (ac) currents.

A major conceptual advancement was the theoretical and experimental study of
the quantum capacitor, a mesoscopic system composed of a small quantum dot or
cavity weakly coupled to a single electron reservoir through a quantum point contact.
Only when subjected to a time-periodic gate voltage, transport can occur in such a
system. Under specific conditions and with a proper driving protocol, this device can
emit and absorb single electrons in a controlled and coherent manner, operating as a
source of quantized charge pulses. The mesoscopic capacitor was first proposed and
analyzed by Biittiker and collaborators [50, 51], and later experimentally realized in
the gigahertz regime [52], where it served as a prototype for on-demand single-electron
emitters [53]. The quantum capacitor became a fundamental building block in time-
resolved quantum transport and enabled the exploration of quantum noise, dynamical
Coulomb blockade, and ac admittance in the quantum regime.

The next significant milestone was the introduction of the concept of quantum
pumping. In a quantum pump, net current is generated in the absence of any bias
voltage, solely due to the cyclic, time-periodic modulation of system parameters such
as gate voltages or coupling barriers. First experimental implementations were shown
in Refs. [54-56], providing a significant boost for the theoretical investigation of this
phenomenon.

More recently, attention has shifted toward electronic quantum optics, an emerging
field where single-electron wave packets are manipulated and interfere in solid-state
devices with a level of control analogous to that of single photons in optical setups.
A key milestone was the generation of “Levitons”—minimal excitation states of the
Fermi sea—first proposed by Levitov [57-59] and later realized experimentally [60,
61]. These excitations are generated by applying Lorentzian-shaped voltage pulses to
a contact, creating single, coherent, and noiseless electrons that propagate ballistically
through quantum conductors.
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These developments have enabled the design of electronic analogs of optical
interferometers, such as the electronic Mach—Zehnder and Hong—Ou—Mandel inter-
ferometers, where quantum interference of electrons from independent sources can
be observed. The coherence, entanglement, and statistics of single electrons can now
be studied with unprecedented precision, paving the way for quantum information
processing and quantum metrology in mesoscopic systems [62].

1.3 Time-dependent quantum transport meets thermodynamics and quantum
information processing

In parallel with his seminal contributions to the foundation of the theory of quantum
transport, Landauer also played a key role in identifying the thermodynamic limitation
of information processing [7, 63, 64]. He predicted that the process of erasing a bit of
information is associated with a change of entropy and a minimal heat exchange of
kpT log?2.

In recent years, the field of thermodynamics has irrupted in the scenario of quantum
systems. Starting from the fundamental problem of thermalization in cold atoms, the
study of heat, work, energy conversion, and dissipation is an active avenue of research
and a point of convergence for the community of condensed matter, statistical physics,
quantum information, and atomic, molecular, and optical (AMO) physics. The activity
devoted to address fundamental questions related to the validity of laws that have been
originally formulated for macroscopic systems, the possibility of generalizing classical
machines to generate power or refrigerate in the quantum realm, and understanding
the fluctuations in this context has become an active field of research; see recent
reviews [65, 65—74]. Thermalization and equilibration of driven closed systems is
another fundamental process, studied for example in the context of cold atoms in
optical lattices and trapped ions [75]. The interest in these problems is further fueled
by the emergence of quantum technologies, which brings about an active discussion
on the energetic aspects of these developments [76], typically also requiring time-
dependent operation.

1.4 Time-dependent quantum transport meets geometry and topology

A fundamental step in the topological characterization of quantum systems was done
by Michael Berry, who identified a geometrical phase accumulated in the slow dynam-
ics of a (quantum) system when the evolution occurs along a closed loop in parameter
space [77].

Topological concepts are profoundly connected to quantum transport. In static sys-
tems, topological invariants such as the Chern number classify insulating phases, and
are directly related to the Berry curvature and the Hall resistance. In time-dependent
settings, the paradigmatic example is topological pumping. In particular, the model
introduced by Thouless [78], which consists of a pump defined by a cyclic adiabatic
modulation of parameters in a one-dimensional system, leads to the quantized transfer
of an integer number of charges per cycle.
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More recently, time-dependent protocols have enabled access to Floquet topologi-
cal phases, where systems driven by periodic time-dependent fields acquire effective
Hamiltonians with nontrivial topological properties that are not present in the static
counterpart. Moreover, these ideas were recently introduced to even more exotic
regimes, such as higher-order Floquet topological phases and time-dependent topolog-
ical insulators and superconductors. In these systems, time plays the role of a synthetic
dimension, which enables the stabilization of topological modes [79, 80].

In open time-dependent quantum systems, geometric concepts like the Berry cur-
vature are also useful to describe non-topological pumping mechanisms, where the
transported quantities are not quantized. This opens promising directions to further
understand the mechanisms and protocols for realizing quantized charge or heat pumps
in non-equilibrium quantum devices that leverage the robustness of topological pro-
tection. This is a very active research direction, not only in condensed matter systems
but also in cold atoms [81, 82].

1.5 Organization of the present review

This review is organized as follows. Basic concepts to describe transport induced
by time-dependent driving of particles, charge, and energy in the quantum realm are
presented in Sect. 2. There, we also introduce notation and symbols used along the rest
of the review. It is important to mention that we mostly focus on steady-state transport
observables rather than on the transient dynamics, except for the case of the mesoscopic
capacitor. Section 3 is devoted to an overview of the main formal methods used to solve
problems of time-dependent quantum transport. The basic mechanisms and regimes
taking place in the problem of quantum transport due to time-dependent driving are
described in Sect. 4. This includes the paradigmatic problem of the quantum capacitor,
where only pure time-dependent transport of charge and energy with a net dissipation
of energy takes place, or of a driven qubit coupled to a single thermal bath, and the
dissipation of energy in this system. Other mechanisms discussed here are pumping
and energy conversion when the driving operates in combination with electrical and
thermal biases. Section 5 is devoted to review concrete problems recently studied in
the field of time-dependent quantum transport and advances in the understanding of
related phenomena. In Sect. 6 we present concluding remarks.

2 Basic concepts

In this review, we discuss transport phenomena due to externally applied time-
dependent driving. The systems we deal with are generic multi-terminal systems, as
those indicated in Fig. 1, with a central conductor coupled to a seriesof ¢ = 1, 2, 3, ...
contacts.

Time-dependent driving can be applied either via the contacts, for example by apply-
ing time-dependent bias voltages, or via the central region, for example by applying
time-dependent gate voltages. As a result, currents are flowing into the contacts due
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Table 1 Overview of the mathematical symbols that are most commonly used in this review

Mathematical symbol

Description

SR e e e
~

I

Tindex

Q

T=21/Q

V, V() = Ve + Vac()
q

o

Ve

i(E)

N0, 120, 1E@), I€(0)
d,r

D, R

S, Say

§F7 SF,ay

Say

a=1,..M
B=1/(kpT)

fu(E)

ANy

Operators indicated by hats

Operators in the interaction picture indicated by tilde
Time-averages indicated by bar

Quasiparticle charge (electrons or other)

Time variables

Time difference

Characteristic traversal times

Driving frequency

Driving period

Bias voltage (shape typically indicated as subscript, e.g., Vi or)
Dimensionless charge per period injected by bias q = ¢ Vi /(hS2)
Typical time width of an excitation generated by pulses

Gate voltage

Spectral current

Particle-, heat-, energy-, charge currents

Transmission/reflection amplitudes

Transmission/reflection probabilities

Scattering matrix and its components

Floquet scattering matrix and its components

Noise (indices sometimes omitted, see text)

Labeling of contacts

Inverse temperature

Fermi (or Bose) function of contact o

Pumped charges

Hamiltonian, system Hamiltonian, coupling Hamiltonian
Hamiltonian of contact «

Hamiltonian A (t) with time frozen at ¢

Tunneling amplitude

Particle number (average/operator) of central system and contacts
Annihilation/creation operators of the environment (e.g., contacts)

Annihilation/creation operators of the central system (e.g., a dot)

to particle and energy exchange. In this section, some of the main concepts that are
relevant for these setups will be introduced.

2.1 Model Hamiltonian and driving parameters

Two perspectives will be chosen to describe the system sketched in Fig. 1. On one
hand, there is the perspective of the conductor behaving as an open quantum system,
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Fig.1 Examples of driven systems. a A two-terminal setup where a few-level quantum system is connected
to macroscopic reservoirs with well-defined temperatures and/or chemical potentials, while locally driven
by time-dependent gate voltages. b A generic multi-terminal setup described in terms of a continuum model
and with locally applied time-dependent potentials. ¢ Homogeneous system described by a lattice with an
applied time-dependent electric field

in contact with an environment. In this picture, the Hamiltonian of the central region
provides the starting point of the analysis. The full Hamiltonian is then generically
split into
M
H(t) = Z [Ha + Hcoup,a] + Hsys(t)a (D

a=1

where the first two terms represent, respectively, the Hamiltonian of the reservoirs and
the couplings between the reservoirs and the central system. It is natural to represent
the reservoirs as a non-interacting gas of fermionic or bosonic excitations of the form

Hy, = Zgotk&;zk&aka (2)
k.o

where driving of the contact degrees of freedom can be added. Furthermore, for central
systems where the (typically time-dependent) Hamiltonian I-AISyS (t) is expressed in
terms of creation and annihilation operators of particles acting on single-particle states
labeled by ¢, it is usual to model the coupling by tunneling Hamiltonians of the form

I:Icoup,oz = Z (wakedlkﬂié + H-C.> . 3)
ok,

Here, &i «» Qo are creation and annihilation operators acting on the degrees of freedom

of the reservoirs and d; , d in the central system.! These operators satisfy fermionic or
bosonic commutation relations, depending on the nature of the particles. The parameter

1 We use this notation throughout the review, see also Table 1. When the division between system and
reservoirs/environment is not applicable, creation and annihilation operators are generically indicated by
A-‘- ~
¢'andc.
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wyke describes the tunneling amplitude and can possibly also be modulated in a time-
dependent way.

Another perspective that can be taken to describe the system models quasiparticles
incoming from the contacts by field operators

O, (1, r). 4

These injected states are occupied following the boundary conditions imposed by the
contacts «. Transport of quasiparticles through the central region is then characterized
by, e.g., scattering matrices or Green’s functions depending on two time variables see
Sects. 3.4 and 3.5.

There is also a third scenario, which we will briefly address in this review. This cor-
responds to quantum macroscopic systems under the effect of time-dependent driving,
without separately considering external reservoirs. In such a case, the focus is mainly
on local density of currents.

In this review, we focus on time-dependent driving due to classical driving fields.
This is of relevance when quantum fluctuations in the driving field can be neglected.
For transport due to coupling to quantized fields, such as driven cavities or coupling
to quantized phonon baths, see for example introductions and overviews provided
in [83-85].

We typically deal with two different situations: either the time-dependent driving
is applied to the conductor, or it is applied via the contacts. In the first case, which can
for example be realized by applying time-dependent gates or even (time-dependent)
magnetic fields, the system Hamiltonian depends on a set of time-dependent parame-
ters

X)) =X, ..., Xu(). 5

In the second case, time-dependent driving is applied via bias voltages or even via
modulated temperatures or spin polarizations. Rotating spin polarizations are of inter-
est in the context of spin batteries, but will not be treated in this review; see instead for
example Ref. [86] for a review. Via gauge transformations, the time-dependent driving
of the bias voltage can in certain situations conveniently be treated on the same footing
as the modulation of the local conductor. To implement time-dependent temperatures,
which hence go along with a modulation of the macroscopic bath parameters and not
of parameters naturally entering the contact Hamiltonians, different strategies can be
pursued, see Sect. 3.2.3.

2.2 Time-dependent transport observables
We now introduce observables of interest, related to currents detected in the contacts.

Enabled by the coupling between contacts and conductor, particle currents can flow
into each contact «,

1N =

SRS

A dN
Na) D10 ==~ (6)
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As indicated by the second equation, this current fulfills particle number conservation,
namely the sum over the time-dependent particle currents into all contacts equals the
time-dependent decrease and increase of the number of particles N on the central
conductor. In addition to or together with particle currents, also energy is exchanged
between contacts and conductor leading to energy currents

dE  dEcoup

E _ 2 E _ =
150 = —(H,), ;’a(”—dﬁ i )

SRS

Here, the energy conservation law contains the fact that energy can also be stored in
and released from the coupling. Furthermore, the change in energy due to an external
driving is included in E(¢), in particular the power provided or received by time-
dependent driving

P(t) = i (8)
T \or [
These currents, Egs. (6) and (7), are the constituents to obtain the charge current
IS0 =ql1) (0, ©)
with the charge ¢ of the transported quasiparticles, and the heat current
12(t) = 17 (1) = pa (DI (1). (10)

The heat current corresponds to the excess energy current with respect to particles
transported at the electrochemical potential, which in a macroscopic bath needs to be
dissipated as heat. Note that the heat current does not fulfill its own conservation law
since heat can be generated. We note that also other types of currents could in general
be of interest, such as spin currents, or even entropy currents. Those will however not
be in the focus of this review. In Egs. (6)—(10), we have shown time-resolved currents,
which could even be transient currents or pure ac currents. In this review, we will
often, but not always, focus on time-dependently generated directed currents, where
also the time-averaged currents are of interest. This is particularly relevant in the case
of periodic driving, with frequency 2 and driving period 7 = 27/ €2, where the time
average reads

I, = Tdtlt 11
a—fo?ao. (11)

The currents flowing into the contacts typically fluctuate and an additional observable
of interest is hence the noise. It is obtained from the correlators between the fluctuations
of these currents, Afa (1) = fa (t)— (fa (1)), where the current operator fa isin general
obtained from the commutator of the total Hamiltonian with the particle number Ny
[see Egs. (103) and (72) for an explicit expression in scattering theory]. In the case of
time-dependent driving the correlators depend on two times,

st @0 =l i) = (L) (i) (12)
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Here, both cross-correlators—between different currents or between currents into dif-
ferent contacts—and auto-correlators—between same types of currents into the same
contact at different times—can be of interest. For stationary problems, the current—
current correlation functions depend only on the time difference t = ¢ — ¢/, and one
can Fourier transform with respect to this variable obtaining the (unsymmetrized)
finite-frequency noise
’ +OO : ’
Shp (@) = / dr /" S (). (13)
—00

In the presence of time-dependent drivings of interest in this review, time-translation
invariance is absent, and the correlation function (12) thus depends both on 7 and on
the average time f = (¢ +t")/2. To deal with this complication, it is standard practice
to introduce a time average over the variable 7, namely, [87]

, +oo . — — t
Shp () = / dr TSy (F+ /2,1 —1/2) . (14)
—0Q

This quantity is experimentally accessible in electronic transport measurements. In
the case of periodic drives, the time-averaging is done over one period, as shown for
the current in Eq. (11). In all other cases, the same definition can be adopted, but 7
can then be taken as a long measurement time. In this review, we will mainly focus on
the time-averaged, zero-frequency noise of a single current, which is often relevant in
experiments, and can be written in the symmetric form

1 L 7di e 11 (7 - 17 -
Sop = 5/0 T . dt [Spp(t +7/2,1 = T/2) + Spp(t — /2,1 + 7/2)]. (15)
While we will not describe in detail how to explicitly calculate the noise exploiting

the introduced methods, noise as a spectroscopy tool in time-dependent transport will
be highlighted in Sects. 5.2 and 5.3.3.

2.3 Screening effects

The time-dependent modulation of external fields leads to charge accumulation and
depletion in various sections of the driven conductor. This becomes obvious already
in Eq. (9), where charge conservation involves time-dependent charge accumulation
on the conductor region. This charge accumulation in turn results in screening effects
going along with charge redistribution in the overall system.

From a perspective of microscopic modeling, taking care of such charge accumula-
tion and screening effects, is arequirement in order to capture the effect of driving fields
on the actual system parameters. This can be done from first principles, using density
functional methods, or via capacitive models; see for instance Refs. [12, 88-90].

Accounting for charge accumulation, interaction effects, and charge redistribution
due to induced currents is crucial to satisfy charge conservation and gauge invariance.
However, to which extent these mechanisms are incorporated from the start, depends
strongly on the choice of theoretical method. In particular, when interaction effects
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are neglected in the overall description or in parts of the model, it might be required
to subsequently include screening effects, e.g., via self-consistent approaches [12, 50,
88, 91-95], or to take into account displacement currents in the spirit of the Ramo—
Shockley theorem [96].

2.4 Definition of adiabatic-response regime

In several parts of this review, we focus on the adiabatic-response regime. It is therefore
convenient to introduce this concept already at this stage.

In open quantum systems, adiabatic response is associated with a slow dynamics,
where the typical timescale 7 for the changes of a time-dependent Hamiltonian H(r)
is much larger than the typical timescale of the dynamics of the open quantum system.

Transport observables like the currents introduced above can be obtained following
two different “philosophies”. On the one hand, it is possible to start from the adiabatic
evolution of a closed system, which means that the system stays in its eigenstate
under the slow driving of parameters, while the eigenenergies can change in time.
This approach has been extended to open quantum systems [97, 98], where the time
evolution of the density operator is considered and where—importantly—the adiabatic
time evolution of the non-stationary modes yields the (geometric) contribution to the
system’s response and hence to quantum transport, see, e.g., Refs. [99, 100].

On the other hand, one can start from the dynamics of an open quantum system,
frozen at time t. We use H; to represent the time-frozen Hamiltonian. This defines a
sequence of quasi-static equilibrium states p;. On top of this instantaneous dynamics,
one takes into account a first-order correction in the adiabatic expansion, accounting
for the response of the system to the slow modulation. This adiabatic-response regime
is characterized by response functions described by o, and its derivatives, which leads
to a dynamics oc 7!, These two approaches lead to equivalent results. In the present
review, we mostly follow the idea of obtaining adiabatic-response transport as a cor-
rection to the instantaneous dynamics; references to methods and their applications
are hence provided in the following sections.

Also in classical Carnot engines, the term “adiabatic” is used. It defines the state
evolution happening in the absence of heat exchange, which can often relate to a fast
change of state where the system changes pressure and volume without exchanging
heat with the environment. The connection between the adiabaticity of classical heat
engines and the adiabatic response in quantum transport lies exactly in this absence of
heat exchange with the environment. In the limit of slow driving of a quantum system,
heat is possibly exchanged between contacts, but no heat is generated.

3 Methods
3.1 Summary of scope and relations between the different methods

The study of time-dependent quantum transport relies on a variety of theoretical frame-
works that provide different levels of approximation and applicability. The aim of this
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subsection is to provide a brief overview over the different methods that will be intro-
duced in this review, with a focus on those that are not purely numerical. In what
follows, we hence provide a summary of the main assumptions beyond them, as well
as the typical physical scenarios where they are used, their limitations, and challenges.
Details about each of these methods are then given in the subsequent sections.

3.1.1 Kubo linear response and adiabatic linear response

Linear-response theory, based on the Kubo formalism and adiabatic expansions, are
generally powerful tools in the case of weak perturbations around equilibrium. The
usual linear-response theory applies to situations where the amplitude of the driving
defines a small energy scale compared to the dynamics of the non-driven system.
The adiabatic version of this theory implies a long timescale for the driving, in com-
parison to the characteristic time for the dynamics of the “frozen” problem. In both
cases, this description introduces response functions, or susceptibilities, defined with
respect to the equilibrium Hamiltonian. Hence, the concrete evaluation of the time-
dependent observables like the charge and/or energy fluxes must be complemented
with a many-body method to calculate these susceptibilities. Since such evaluation
is done in equilibrium, there are many well-established methods, starting from those
based on Matsubara summations, equations of motion, as well as numerical ones
like—for example—numerical renormalization group, density matrix renormaliza-
tion group, or quantum Monte Carlo. In cases where the transport takes place in the
presence of a temperature bias, this formalism has to be complemented by Luttinger’s
Hamiltonian representation of the temperature bias.

3.1.2 Schrodinger equation in the Floquet representation

Beyond the linear-response regime, fully time-dependent methods are required. The
Floquet representation of the Schrodinger equation provides a natural framework for
systems under periodic driving, characterized by a frequency 2. Like Bloch’s theory
for electrons in periodic lattices, Floquet theory introduces a natural basis to expand
the quantum states, containing explicitly the time periodicity. This construction is very
useful to define effective Hamiltonians, where energy quanta 42 (with £ integer) are
exchanged in the driving process.

This approach is particularly adequate for systems described by lattice models iso-
lated from reservoirs. The full description relies on the solution of the time-dependent
Schrodinger equation. The expansion in terms of Floquet states, and the dynamics
determined by the exchange of Floquet quanta, also emerges naturally in the scatter-
ing matrix and Green’s function description of open quantum systems under periodic
driving.

3.1.3 Scattering-matrix theory

Scattering-matrix theory, widely used in mesoscopic physics, offers an intuitive
approach to transport in regimes characterized by electronic phase coherence. It is
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particularly useful in problems described by models in the continuum and it is valid
for weakly interacting particles (mean-field interaction, Hamiltonians that are bilinear
in the creation/annihilation operators).

Rather than focusing on local properties like current density or electric fields inside
the conductor, the scattering approach relates incoming and outgoing quantum states
at the boundaries of a device, emphasizing the role of reservoirs and interfaces. In this
picture, transport properties such as conductance, noise, and full counting statistics
are determined by the probabilities for electrons to scatter among different channels,
encoded in the elements of the scattering matrix. Originally formulated for energy-
conserving processes, the theory has been extended to time-dependent periodic drives
by introducing scattering processes involving the exchange of Floquet quanta.

3.1.4 Non-equilibrium Green'’s functions

The non-equilibrium Green’s function formalism offers a powerful and versatile frame-
work for analyzing quantum transport, especially in situations where many-body
interactions play essential roles. In contrast to scattering-matrix approaches that focus
on asymptotic states, this formalism provides a real-time description by defining the
evolution on the Schwinger—Keldysh contour (forward evolution from the initial state
in the past and backwards). This enables a systematic treatment of the many-body inter-
actions in combination with the non-equilibrium properties, for example by means of
perturbative expansions or the solution of equations of motion.

It is particularly adequate to analyze few-level quantum systems in contact with
reservoirs represented by a continuum of non-interacting particles or quasiparticles. In
problems with periodic drivings, the exchange of Floquet quanta naturally emerges in
the dynamics. In the limit of weak interactions, it is possible to define a clear relation
between this formalism and scattering-matrix theory.

3.1.5 Master and rate equations

Quantum master equations provide a useful theoretical framework to describe the
dynamics of open quantum systems coupled to external reservoirs. The focus is on
the reduced density matrix of the system, which results from tracing out the degrees
of freedom of the baths/reservoirs. Indeed, the master equation is actually an equa-
tion of motion for this reduced density matrix. The procedure followed to derive it
can be justified for weak coupling between the quantum system and the bath and for
Markovian (short-memory) dynamics. Additional assumptions like the secular approx-
imation are usually introduced to obtain a Lindbladian structure, which guarantees a
trace-preserving and positive-defined evolution. When the focus is on the diagonal
elements of the density matrix, these equations are reduced to classical rate equations.
Extensions of this formalism to generalized master equations can be derived from the
dynamics on the Keldysh contour.
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3.1.6 Other methods not covered in this review

Alongside analytical techniques, a wide range of numerical techniques have been
developed to study time-dependent quantum transport in complex or interacting sys-
tems where exact solutions are not feasible. In this direction, the time evolution in
low-dimensional problems is efficiently described by means of time-dependent density
matrix renormalization group [101, 102]. Time-dependent density functional theory
is another widely employed technique to model transport in atomic and molecular
systems [103]. In this technique, many-body interactions are approximated by a mean-
field density. The development of the exchange potential underlying the dynamics is
a complex challenge in the presence of time-dependent driving.

The development of numerical methods to describe time evolution is an active field
of research, and includes tight binding-based models [104], recent proposals on time-
dependent variational Monte Carlo methods [105], and more efficient bases in the
density matrix renormalization group [106].

3.2 Linear-response theory

We start by reviewing the regime of time-dependent driving applied to the system,
where this driving is weak, namely the amplitude is small or the driving is slow, in the
sense illustrated in Sect. 3.1.1.

3.2.1 Kubo linear response

A general way to tackle observables of interest in situations with time-dependent
perturbations of small amplitude is the Kubo linear-response formalism. Here, we
follow the book by Bruus and Flensberg [107] to summarize the main steps required
to evaluate observables of interest. We consider a time-dependent Hamiltonian like
the one presented in Eq. (1) and here decomposed as follows:

H(t) = Hy+ H' (1), (16)

where Hy does not depend on time. The time-dependent component is assumed to
have the form . .
H'(t)=—F-X(1), a7

where the vector FF = (I:” L. FM ) contains a set of operators, and X (¢) is a vector
collecting a set of time-dependent parameters like the ones defined in Eq. (5). This
formalism focuses on small amplitudes of the time-dependent parameters, so that
H'(t) can be regarded as a perturbation.

Considering a perturbation that is switched on at time ¢y, for a generic operator 0,
the expectation values can be written as follows,

(é)ozTr[ﬁoO], t <ty
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eiﬂﬁo

1
N —BE, 18
PO = Zo = _ZO En |n)(nle (18)

and
(0)() =Tr[f>(t)é], > 1

1
P = 5= 3 @) nle . (19)

where it is assumed that the eigenstates |n(¢)) evolve preserving the Boltzmann dis-
tribution, such that the partition function Zy remains the same. In the Schrédinger
picture, the evolution of the states is

ihd;|n () = H@®)|n (). (20)

It can be related to the time evolution in the interaction picture as

i

In(6)) = e~ 70 ji(e)) = e AN (¢, 10) 17 (10)) @1)

where .
ﬁ(r,t@:ﬁexp{—’— / dt’ﬁ;,o(t’)} (22)

h f

and .7 is the time-ordering operator, while the tilde on states denotes the interaction
picture representation. In this picture, operators evolve according to the unperturbed
Hamiltonian, namely, e, (t) = e/H0!/"§ ¢=1Hot/h | while the evolution of states is
dictated by the evolution operator in (22). The crucial step in this formalism is to
approximate the evolution operator at linear order in the perturbation part of the Hamil-

tonian, namely,

. t
U, 1) ~ 1 — ;—1/ dr' Hy (1), (23)

0]
With this approximation, the evaluation of mean values in Eq. (19) leads to

; t
(0)(1) ~ (0)g — if dz’([éHo(t),ﬁ;,O(ﬂ)D , (24)
hJy 0
where (o) = Tr [,6 (1) o] is the expectation value with respect to the unperturbed
state. This method can be used, for instance, to calculate currents and other expectation
values in systems under weak time-dependent driving.
It is usual to focus on the response long after the switching-on process, in which
case we can consider #) — —oo. For a Hamiltonian of the form of Egs. (16) and (17),
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Eq. (24) reads

A ~ +m
010 = (0) = Y [ d'xopit =%, 25)
j —0o0
where .
/ l / A )
Xo.pi(t 1) = =20 = 1) [ O 00, ) ]). 26)

is the Kubo susceptibility or response function, and 6 (e) is Heaviside’s step function.
These response functions are obtained by evaluating average values with respect to an
equilibrium, unperturbed Hamiltonian ﬁo, which also governs the time evolution in the
interaction picture. As a consequence, they are functions of T = 7 —¢’. Hence, they can
be Fourier transformed with respect to this variable and have a cutoff in time governed
by energy scales of the internal dynamics. In addition, they obey micro-reversibility
and Onsager relations.

An alternative derivation makes contact with work fluctuation theorems [108—112]
and was proposed by Andrieux and Gaspard [113]. The starting point is the following
equilibrium identity

(On (e PHIO L) = (0), 27)

where the subscript H denotes Heisenberg picture operators, evolving according to
oy (t) = UT(1,19) e U(r, to), with U (z, to) the time-evolution operator generated by
the full time-dependent Hamiltonian. Equation (27) can be proven as follows:

1 s 11 . ) . R
(0) = - Tr [e—f’Hoo] = —Tr [e—f‘HOU(t, )0, 1000 ¢, 100 (2, to)]
0 0

1 R A " o R A "
— Z_Tr [OH (t)e*ﬁHH(l)eﬁHoe*ﬁHo:I = (On (t)e*ﬂHH(f)eﬂHO)O' (28)
0
Next, one introduces the following quantity

t t .
W =Hy(t) — Hy, = —f di'Fpt) - X({) =f di'Fu()-X@). (29
1 0]

0

Here, the first equality can be proved by using the fact that in the Heisenberg picture
the partial derivative of the Hamiltonian is equal to the total derivative. Hence,

. tdA t o 9H ro .
w :f dt! — = [ di' — = —/ dt'Fu(t) - X(). (30)
n dt n ot 1

Substituting Eq. (29) in Eq. (27), one thus finds

(0) = <0H(t)e—ﬂ<’90+w>eﬂ’90)o. 31)
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The right-hand side of this equation can be simplified by relying on the following
identity:

P N B JUIN - B N N
e~ PHO+W) BHo _ —/ du e HOEW) yjypubo ~ 1 —/ du e tHoyy gHo (32)
0 0

where the last expression is obtained as a first-order approximation in W, which
contains the driving parameters X . Using this result, we have

PN A t B O A
e PUHTW) oPHo ~ 1 — / dr'X(t - / due™H0 F (1) Ho
0

4]

t B .
1 / A'X() - / du F oy, (¢ + iuh), (33)
1 0

0

where we have used that at first order in the driving parameters the time evolution
is governed by the free Hamiltonian, thus equivalent to the time evolution in the
interaction picture F(r) = e/fot/nfe=iHfot/h — [, (1), Substituting in Eq. (31)
leads to

N N p ! N X
(0)(1) = (O)o + f du / A’ X (1) - <0H0(—iuﬁ)FH0(t’ _ t)>0. (34)
0 1o
While Egs. (25) and (34) are not manifestly equivalent, it can be proved that the two
expressions coincide, as detailed in Appendix A.1.

3.2.2 From Kubo linear response to adiabatic linear response

Kubo’s linear-response formalism is particularly useful for describing the situation of
slowly varying external driving forces. Following Ref. [114], we consider Egs. (16)
and (17), assuming a slow evolution. This means that the characteristic time for the
changes in X (¢) is much larger than any internal timescale for the quantum system
coupled to the reservoirs. This type of evolution is identified as adiabatic response.
Thus, we expand the time-dependent part of the Hamiltonian at linear order with
respect to a reference time ¢, namely,

Hi)~H — F-X(@0)( —1), (35)
where I:I, = ﬁo —-F.X (t) is the Hamiltonian with the parameters frozen at time .
Adiabatic response is hence the first-order correction to this frozen evolution. Then,

we employ the usual Kubo formalism with Hy=H,and H (1) = —F - X(t)(t — 1).
Substituting in Eq. (24), the result is

A~ A~ 1 t A A7 .
(0)(1) = (0), + % 2}:/{0 ar' (¢ — t)<[0Ht(t), F}it(z’)]>t X,  (36)

@ Springer



670 M. Acciai et al.

where (e); is the average with respect to the frozen Hamiltonian H,. The assumption
underlying the above result is a short internal characteristic damping time compared
to the characteristic time for change of the parameters X (¢).

An alternative formulation, closer to the linear-response theory of Ref. [113], was
proposed in Ref. [115]. The steps are similar to those followed in the derivation of
Eq. (34). First, one starts with an identity similar to Eq. (27), connecting the expectation
value at the frozen time ¢ to the equilibrium one as follows:

(O (e PR Pl = BAF(() (37)

where AF = —In(Z;/Z,,)/B is the free-energy difference. The proof of this identity
is analogous to that of Eq. (27):

~ 1 S9N 1 A A A ~ 29N y y
(0) = —-Tr [e‘ﬂ”'O] = —-Tr [U*(z, 10)0U ., 1)U (¢, 1)e PH T (s, fo)eﬂﬂroefﬂﬂro]
Zy Zy

1. ra : 0 g1 Zin | A : :
= T [Op (e PO P Mo e=Plio | = Z0(0 1y PHn® ePo) (38)
t t fo

It is then useful to introduce the operator
t

Wiis = W — AF = —/ dt’ [ﬁH(/) _ <iv>,0] SX@). (39)
1

0

As emphasized in Refs. [110, 115], it does not correspond to any quantum observable,?
but it approaches the dissipated work in the classical limit [112]. In terms of this
quantity, Eq. (37) becomes

(é)[ — <0H(t)eﬂﬁﬂ(l)eﬂ[HH(t)Wdis]> , (40)
4]
and can be simplified by using a slight modification of the identity (32). The result is
N A B . . .
(0); = <0H(l) [1 — / du E_MHH(Z) WdiseuHH(t):|> . (4D
0 to

Hence,

R n B n . . -
(On),, —(0), = / du<0H(t)e—uHH(t)WdiseuHH(l)>
0

fo

t B . N R N .
— f dr’ f du<0H(t)e_”HH(’)AF(Z/)e”HH(’)> X (@),
0] 0 fo
(42)

2 Note that there is no observable for work, which is rather the result of a process and, as such, depends on
the initial and final states. Therefore, there is no operator that would yield the work as outcome of a single
projective measurement.
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where AF ) = F g — (i?‘ )1o- In the above expression, the integrand is rewritten
as follows by using the cyclicity of the trace and the unitarity of the evolution operator:

Tr [(}T(t, 10)p ()00 (¢, to)e P 0 (1, VAF U (s, t’)e“ﬁ’] X, 43)

Within the adiabatic-response regime of interest, the following approximations are
introduced to simplify the final expression. (i) The exact density matrix is approximated
by the frozen equilibrium density matrix: p(¢) >~ p;. This is because the full expression
of Eq. (43) is already first order in X (). (ii) A quick decay of the correlation function
within the characteristic time for the variation of X (¢) is assumed, so that the following
evolution is considered U (t,1) ~ e tH:it '=n/h, (iii) The following approximation
X (1) ~ X(¢) is also justified, under the same hypothesis. Using these replacements
in the previous expression, one finds

R R B ! R R .
<0>(r):<0>t—/ du/ dt/<0(—iuh)AF(t/—t)> X ). (44)
0 1o 1

Similarly to Eq. (34), in this expression, the time evolution of O and AF should be
calculated with respect to the frozen Hamiltonian H;. We show in Appendix A.1 that
Egs. (44) and (36) are fully equivalent, even though it is not immediately evident.

3.2.3 Luttinger’s formalism for the Hamiltonian representation of a temperature bias

Both the usual Kubo approach and the adiabatic version of linear-response theory rely
on the Hamiltonian representation of the non-equilibrium perturbation. In the case of a
system coupled to reservoirs at different temperatures or under the effect of a thermal
gradient, it is necessary to introduce a Hamiltonian representation for the temperature
bias, even if it is stationary. This problem was originally addressed by Luttinger [116].
Here, we provide a summary of the main ideas; we also refer to a recent review in the
context of stationary thermal and thermoelectric transport [117].

Luttinger adapted early ideas proposed by Tolman and Ehrenfest in the context of
general relativity [118]. There, temperature gradients were considered to compensate
the energy flux generated by spatial changes of the gravitational field, hence restoring
the equilibrium. Luttinger considered a perturbation of the form,

I:I¢,>th @) = /dr fl(r, Hom(r, 1), (45)

where ﬁ(r, t) is the Hamiltonian density and V¢, (r,t) = —VT /T is an inhomoge-
neous fictitious field representing the temperature bias.

More recently, these ideas were revisited in Refs. [119], where a closer analogy was
formulated between Luttinger’s proposal and electromagnetism. Basically, the energy
current density is defined from the conservation law: V- j p(r, 1) + a,h(r t) = 0 and
a thermal vector potential Ay (r, t) is introduced. In this way, in addition to Eq. (45)
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the temperature bias can be introduced by the following perturbation,

Ay, (1) =/dr}'E(r, 1) An(r, 1), (46)
with
VT
O Am(r, 1) + Vo (r, 1) = ——. 47)

Notice that the perturbation in a system with charge ¢ in an electrical field E(r, t),
with the associated scalar ¢ (r, t) and vector potential A(r, t), is expressed in the form

H'(1) :q/drqb(r,t)ﬁ(r,t)+qfdrA(r,t)-}'N(r,t), (48)

with V - j y(r, 1) + 8;n(r, ) = 0 and
WA, 1)+ Vo, 1) =—Er,1). (49)

This is precisely the same structure of the thermal bias under the gauge-invariant
representation of Luttinger’s formulation.

It is also important to notice that this Hamiltonian approach to describe temperature
biases can be extended to address the case of time-dependent temperature biases. For
instance, Ref. [120] considered heat and charge transport through a multi-level quan-
tum dot coupled to reservoirs whose temperatures are modulated in time. This approach
was also followed in the study of spin torques generated by heat currents [121] and
in the analysis of transients [122, 123]. The representation of the temperature bias as
a time-dependent vector potential was also used in the geometric description of adi-
abatic thermal machines [124]. Another interesting recent development was reported
in Ref. [125], where a periodic temperature modulation was addressed by combining
an approach similar to Luttinger’s representation of the temperature bias and Floquet
theory (see Sect. 3.3).

3.2.4 Particle and energy fluxes

Linear response and adiabatic linear response can be used to calculate the time-
dependent expectation values of different operators. In Sects. 3.2.1 and 3.2.2, this
has been shown for generic operators O. Here, we are in particular interested in the

particle and energy currents entering the reservoir «. For the Hamiltonian expressed
as in Eq. (17), they read in linear response

+00
IOI(V(Z‘) = Z/ dt,XIéV,F/'(t — l‘/)Xj(l‘/),
— J—o00
J

+00
1E(t) = Z/ ' xpe gt — )X, (50)
j —0o0
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with the response function yx defined in Eq. (26). In the adiabatic linear-response
approach, one finds

Y@ =1 X0+ ) A i [XO1X,(0),
J

IE@) =1 IXO1+ ) Age pi [XO]X;(0), (51)
J
with oo
A e g [X(0)] = /_Oo dt’ (t =t X g (= ). (52)

This notation stresses that the mean values are calculated with respect to the equilib-
rium Hamiltonian corresponding to the parameters X (¢) frozen at the time 7.

Note that the electromagnetic perturbations and the effect of the temperature dif-
ferences represented in terms of Luttinger’s description, as given in Eqgs. (45), (46),
(48), have the structure of the Hamiltonian (17). Hence, the electrical and thermal
potentials can be simply identified as time-dependent parameters X ; (t).

3.2.5 Power generated by the driving

Another quantity of interest is the power developed by the driving forces. This is
defined in Eq. (8). For a Hamiltonian of the form of Eq. (17) it can be expressed as
P() =) F P;(t), where we have considered separately the power associated with
each driving parameter P;(t) = (ﬁ Y03).4 ;j(t). Hence, the main goal is to calculate
the time-dependent mean values (1:" 7)(t), which is usually named “reaction force”.
This concept was originally introduced by Berry [126] in the context of slow driving
and was adopted in several other places in the literature [124, 127-132].
Within linear response, the result leads to the following expression:

+00 X
Pj(t) = Z/ dt/Xj(t)XFj’Fjr(t — )X (), (53)
joUTe

while for the adiabatic linear response the result is

Pi(t) = PS™(t) + Y Xj(0A gy py [X(O]X (1), (54)
j/

Here, P]?"ns(t) = (0x jﬁ Y X j is identified as the conservative or quasi-static com-
ponent of the power, since it is evaluated with respect to a sequence of equilibrium
states defined by the frozen Hamiltonian. Over a cycle, this conservative component
has zero average.
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3.3 Floquet theory

A second regime of main interest for the applied driving, complementing the one of
linear response, is periodic driving. In the following section, we assume that all time-
dependent parameters are driven at some frequency €2 with driving period 7 = 27/ Q.
This periodic-driving regime can conveniently be approached using Floquet theory.

3.3.1 General formalism

The aim of Floquet theory is to solve the time-dependent Schrodinger equation of a
time-dependent Hamiltonian with period 7', H (t+T)= H (1),

I
ih—= ) = Ol (). (55)

In what follows, we present a summary of the main ideas following Refs. [45, 133—
136], without giving proofs.

Mathematically, there are similarities with the Bloch theory of spatially periodic
systems. In such a case, and focusing on one dimension, it is natural to rely on a
quasimomentum hk, with k = 2 /a, with a the lattice constant. In Floquet theory, the
counterpart is the quasienergy 72 = 2w h/T. An important aspect is the following
property of the evolution operator in the Schrodinger picture

O +nT, 10) = 01, 10) [0(to+nT,to)] , (56)

which implies that the knowledge of Ij(t, to) for t € [tg, to + T] is enough to write
the evolution operator at an arbitrary time ¢t 4+ nT.
A concrete procedure to make this property explicit is to represent the one-period

evolution operator as U (to+ T, 1) = e~ /MHE, T with A F, @ Hermitian operator. In
this way, the evolution operator between two arbitrary times 71 and #, is expressed as

Ulta, 11) = U(ta, 1o +nT)e” hHF""TU(to 1)
= ¢ iKFlnl®@) ,~ rLHFO(Q 1) IKF[to](tl) (57)

where we have introduced the definition of the stroboscopic kick operator K ¢ [#g]. It is
also useful to introduce a change of representation by defining kick operators K and
an effective Hamiltonian H as follows:

e~ iKFl0)0) — ,—iK () iK (1) - eiKzoﬁFOefith' (58)
In this way, Eq. (57) can be written as
[j(l‘z, 1) = e—iKtze—%I-}(tz—tl)eiKtl‘ (59)
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These definitions lead to the following expressions of the time-dependent mean values
of generic observables

(0w)) =Tr [ 5(1) Ur (2,1 0], (60)

where 5(11) = /K11 pe= K1 O (1) = K2 0e K2 and Up (1, 1)) = e (/MH =1,
In addition, it is interesting to mention that a complete basis for the Hilbert space
can be defined as follows:

Hryluj(t0)) = &luj(to)), (61)

where the eigenenergies ¢; are determined modulo hS since e~ W/Me;T
= ¢~ W/W(ej+nhDT The complete set of solutions of the time-dependent Schrodinger
equation has the form:

V() = e RETT0 (1)), (62)

with |u;(t +nT)) = |u;(1)).

An alternative approach which relies on the Fourier expansion of the periodic Hamil-
tonian is the so-called Shirley—Floquet approach. The starting point is the eigenvalue
problem defined by the Schrodinger equation expressed in the basis |u j (¢)). It reads

. . d
[H(t)—lﬁa} luj () = ejlu;j@)). (63)
The Hamiltonian and the eigenstates are expanded in Fourier components as follows,
I:I(t) _ Z I:I(n)efinﬁt,

uj @) = e "), (64)

which leads to the following linear eigenvalue problem

S AW b2l = ey ) ©
n/

This representation has a structure akin to the Schrodinger equation of a tight-binding
Hamiltonian in real space. It defines a practical way to solve the original time-
dependent problem with numerical methods. To this end, a cutoff in the number of
Fourier components n — n’ coupled to the mode n must be introduced.
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3.3.2 Particle flux

The Floquet formalism is frequently used in lattice models, which typically have the
structure [137, 138]
H(@t) = how(t) éée + Hin, (66)
N

where the creation and annihilation operators EZ, ¢ obey fermionic or bosonic com-

mutation relations, and Hiy is a many-body interaction. The particle flux is defined
by analyzing the change in time of the local occupation at the site £,

()=l A])

Usually, [1\7@, Him] = 0 commutes with the local particle density and the current

between the sites £ and ¢ are defined as
Joe@) =20m [ he o (0) (@é0)] (68)

Floquet states can be used to calculate this mean value. Reference [136] presents a
detailed discussion on using Eq. (60) to calculate the mean values and averages over
time.

3.4 Scattering-matrix theory

The scattering-matrix theory of coherent quantum transport was developed by Lan-
dauer, Biittiker, and Imry [6—14]. We summarize the main ideas following [139-141],
focusing in particular on scattering theory for time-dependently driven conductors.
This theory applies to conductors connected to N, reservoirs with well-defined tem-
peratures and chemical potentials. It relies on the description of the wave functions
of the particles injected from one reservoir and scattered into the same or a different
reservoir as a consequence of the applied biases and the scattering properties of the
conductor.

3.4.1 Stationary case

We start by introducing the concepts of scattering theory in the time-independent,
stationary case. The key object is the scattering matrix S, characterizing the conductor
and relating the outgoing and the incoming fluxes to each other. Orthonormal bases of

single-particle wave functions {1/10(,”1/ out) } in the reservoir « for the incoming and out-

going particles, respectively, are considered. Assuming that they are plane waves with
velocities vy (E) = hky(E)/m along the longitudinal direction x, the field operators
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for these particles are expressed as:

" 1 ©  dE E . A

U ‘) — —igt ~ (in) E, b (out) E, ,
«t:0) JE/O Toa (E) Za [a‘“/’“ (E.1) + Dol r)]

A 1 *  dE E . N

T _ —i=t At (in)* T .1 (out)*

i, r) = \/E/o = Ea:{aa% (E.r)+biyl (E,r)},

(69)

with r = (x, r1), while &;, l;; create and d,, l;a annihilate particles in the incom-
ing/outgoing states, respectively. They obey fermionic/bosonic commutation relations,
depending on the nature of the particles. The scattering matrix S is defined by the ele-

ments Sy relating the annihilation operators for the outgoing and incoming particles,
by =" Syada. (70)
o

Here, we have suppressed possible additional indices for the channels in each lead that
would occur in a multi-channel setup. An extension to this case is straightforward,
where one would have to replace a, — dyy, and Sya = Syman- The scattering matrix
is unitary,

sfs=ss"=1, (71)

with 1 being the unit matrix with the same dimension as S. In addition, it obeys micro-
reversibility. This implies that, in the presence of a magnetic field B, the scattering
matrix satisfies S(B) = ST(—B).

Starting from the field operators, the particle current operator flowing in reservoir
o reads

. ih v, r) . s oW, (1, r)
N, x) = %/du {g—x%a,r) - \IJl(r,r)“a—x}. (72)

Using the definition of Eq. (70), the mean value of the particle current defined in Eq.
(72) can be expressed as follows:
N,

1 oo
= fo AE S 1Suy (E)P [ £ (E) — fu(E)]. (3)
y=1

where f, (E) are Fermi—Dirac or Bose—Einstein distribution functions, depending on
the nature of the particles.

3.4.2 Periodic time-dependent scatterer

When the conductor is under the effect of a time-periodic potential with a frequency €2,
the scattering process at the conductor takes place with a gain or loss of energy quanta
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h$2. Hence, the outgoing state at energy E can be expressed as a superposition of
states incoming at energies E,, = E + nhS2, with n an integer number. Consequently,
the scattering matrix introduced in Eq. (70) is generalized and expressed in the Flo-
quet representation by introducing a Floquet scattering matrix S 5, whose components
Sk ya(E, Ey) relate the incoming and outgoing states as follows:

by(E)=""%" Srya(E, E)au(Enp). (74)

o E,>0

This can be interpreted as the quantum mechanical amplitude for an electron coming
from reservoir o with energy E, to be scattered into reservoir y with an exchange of
—n quanta of the oscillating conductor. In the Floquet space, this matrix (now with
an increased dimension due to the exchange of energy quanta) obeys an analogous
unitary property as expressed for the static counterpart in Eq. (71)

> St e Ens Em)Sr.cy(Eny E) = 81080y - (75)
E,>0 ¢

With this property, the mean value of Eq. (72) can be calculated, and the result is

1 [ .
o=~ / dEY " Y e St (B En)SEay (Ee, E)fy (En)— fu(E)].
0 Y En E¢>0
(76)

A simpler expression is found for the directed particle current I_O{V = fOT dtlév /T,
which reads

_ 1 R
=1 /O QEY S 1Skay (B EDP[fy (B = fulB)]. (D)

h
Y E,>0

Following a similar procedure, the time-resolved and directed heat currents into reser-
voir « can be calculated. Assuming the same chemical potential p for all reservoirs,
the result is

1 [ Lh2\ _.
120 =+ fo dEY Y (E—HT)e Sty (B2 En)SFay (Ee, Ey)

Y En.E>0
X [fy (En) = fa(E)], (78)
- 1 o
L=z /0 dEY Y " (E =W ISray(E, E)I [fy(En) = fu(E)].  (79)
Yy E,>0

In addition to the energy representation S (E, E,) of the Floquet scattering matrix,
it is often convenient to adopt a mixed time—energy representation, which is obtained
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from the following relation:

S(t, E) = Z Sp(En, E)e ™ = Sp(E, E)= / s, B . (80)

n=—oo

In terms of this alternative representation, the time-dependent particle current is given
by

1
o=, /0 AES S Uy ()= fu(En)] / MRGE (1 E) S,y (2, ).
Y E,>0
81)

3.4.3 Reservoirs with ac voltages

In addition (or alternatively) to the time-dependent driving of the central conductor
region, a paradigmatic situation corresponds to electron systems where time-dependent
voltages are applied to one or more reservoirs. Importantly, a way to model such a
time-dependent bias voltage is by including the ac part of the potential bias into the
scattering matrix. Again, the approach relies on the Floquet representation of the
scattering matrix and Eq. (74), see, e.g., Refs. [88, 142], with

4o(E) = Y coudy(E — LhQ), (82)

{=—00

where ¢y ¢ are Floquet coefficients defined as

Tdt mi%ulD) filS
= « 83
Ca’[ 0 T ( )
o(t) = g/ dr'vye ). (34)
h Jo
If the time-dependent bias voltage is of the form V(1) = cos(Qt + ¢q), the

0
Floquet coefficients equal cy ¢ = J¢ (%) e~ where Jy(x) are Bessel functions

of the first kind. Substituting in Eq. (72) and taking the average over one period of
the current expectation value lead to the following expression of the charge current,
assuming spinless electrons and a single transport channel,

o~ 1
N = 5/0 dE Y Z foy(E—nhQ){ZSFW(E E0)SF.ay(E, En)

y n=—00

2
Xc;n+gcy,n+m - 8ocy|ca,n| }7 (85)

@ Springer



680 M. Acciai et al.

with fp , (E) the Fermi function, depending on the temperature and the chemical
potential of the reservoir y without the effect of the ac voltage (indicated by the
additional subscript 0). Note that since the driven bias is here modeled in terms of
a scattering coefficient, it is possible to rewrite the expression (85) in terms of a
combined effective scattering matrix

— 1 [ ~
I, = . / dEY > " |Skay (E. E) [fy(En) — fu(E)], (86)
0 Y E,>0
with
Sray(E En) =Y Skay(E. E¢)ca,i—n- (87)

14

Equation (86) can be used to define a spectral current, which is nothing but the energy-
resolved contribution to the particle current

i (E) =" Y " Sr.ay(E. ED)* [ fy (En) — ful(E)] . (88)

Y E,>0

This quantity is especially useful in two-terminal transport geometries, for example
when the scattering matrix defines the action of a single-electron source, as discussed
in Sect. 5.1.1.

3.4.4 Adiabatic approximation

As previously discussed, for time-periodic transport, the adiabatic-response approxi-
mation applies to the situation where the period, which for moderate driving amplitudes
defines the typical timescale for the changes of the driving, is much larger than the
typical timescale for the internal dynamics of the conductors. In terms of energy, this
means that 4£2 is much smaller than the typical energy windows defined by the changes
in S and the changes in the distribution functions of the reservoirs. As before, we focus
on problems where the time dependence enters through parameters X (). In the frame-
work of the scattering-matrix theory, the adiabatic approximation is implemented as
an expansion of the Floquet scattering matrix up to first order in the driving frequency.
The first crucial ingredient is the notion of frozen scattering matrix Sy (t, E). It is
defined as the stationary scattering matrix with the parameters X frozen at time f,
namely, Sy(¢, E) = Sy(E, X(¢)). With this, the first-order expansion of the Floquet
scattering matrix S reads [143]

n 98 ,(E)

Sp(E, En) = Sy ,(E) + hQ2 [2

+ An(E)} . (89)
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where

o0

T
dr ;
SoaE) = [ FEVSEXO) = SyEX@)= Y S, Ere
0 n=—00
(90)
is the n-th Fourier component of the frozen scattering matrix. The quantities A, are
the Fourier components of a matrix A(¢, E) satisfying

Sht. E)A(t, EY+ AT (1, E)Sy(t, E) =

i [0Sha, E)asye. By 0S5t E) 8y (1. E)
2Q ar IE  IE ar

oD
Introducing these expansions into Eq. (85), assuming reservoirs at the same tempera-
ture and preserving terms up to linear order in /72 and Vo, the following expression
for the directed electron current is found

101[\/ _ /oo dE( 3f(E)> [ pump)(E) + I(rect)(E)] (92)
0

The first term is identified as pumping and describes the transport induced by the
time-dependent variation of the parameters acting in the conductor connected to the
reservoirs and is o« AS2. The second component is identified as rectification and
describes the transport induced by the voltage bias applied at the reservoirs. These
components read

[o(tpump)(E) — <8S0(t E) ST(t, E))

(Vy (6) = Ve ()) 150,09 (1, E)I?. 93)
v

ao

i
2
q

Io(treCt) (E) — E

3.5 Green’s function formalism
3.5.1 General considerations

The non-equilibrium Schwinger—Keldysh Green’s function formalism is a powerful
method to treat many-body problems under the effect of time-dependent driving.
Formally, it enables the combined treatment of many-body interactions and non-
equilibrium effects. In the theory of quantum transport, it was first introduced in
problems without time-dependent drives, where transport is induced by means of dc
voltage biases [144—148] and then extended to time-dependent problems in the sta-
tionary regime [149-152] as well as in transients [153—155]. Here, we very briefly
present the main ideas and focus on the implementation in time-periodic problems
following [156], as well as its relation to the scattering-matrix theory [157]. Details
of this theory can be studied in [158-162].
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The starting point is a Hamiltonian of the form
Ho)=H+H®, H=H+ Hu, (94)

where the static component H contains a single-particle term Hp and a many-body
interaction term I-}im. The time-dependent part H ’(t) is considered to be switched on
at time fg.

The key concept in this theory is the time evolution along the Keldysh contour,
which is defined by a forward path from #¢ to oo and closed by a backward piece from
o0 to fy. The time-ordered single-particle Green’s function over this contour reads

Gr t:r 1) = —i (% [&H(r, v, /)]), (95)

where Z¢ denotes time ordering along the Keldysh contour of the fermionic or bosonic
field operators expressed in the Heisenberg representation with respect to the full
Hamiltonian H (7). The mean value (o) = Tr [,5 H o] is calculated with respect to the

density matrix of the equilibrium Hamiltonian H. The combination with the many-
body perturbation theory to treat Hin is implemented by assuming that the interactions
are adiabatically switched on at ) = —o0. For problems where the transient introduced
by switching on H'(1) are neglected, itis convenient to also extend the Keldysh contour
toty — —oo. This defines the so-called Schwinger—Keldysh contour C, which consists
of a path where time evolves forward from —oo to +o00, followed by a path with a
backward evolution from 400 to —oo. Introducing the interaction picture for I:Iim, the
Green’s function can be written as follows:

Glrit:r 1) = —i<<% [e—i Je dr(H}y(;(r)+H;10(T))l/’)H0(r’ f)‘/};lo(r/’ t/)]> 96)
0

where the operators are expressed in the Heisenberg representation with respect to the
non-interacting Hamiltonian Hp and the mean value () is calculated with respect
to the equilibrium density of this Hamiltonian. As in usual perturbation theory, the
expansion of the exponential in combination with Wick’s theorem leads to terms
at different orders in the interactions I:Iim and H' (t), which can be represented by
Feynman diagrams. Defining the non-interacting Green’s function

Gotr. 17,1y = =i{ T [y r. 0, . )] 97)

and suitably collecting the higher-order terms of this expansion, the Dyson equation
is obtained as in usual perturbation theory. Introducing the shorthand notation j =
(rj, t;), it has the following structure:

G(1,1) = Go(1, 1) +/ drpdrs / dr3dr2Go(1,3)2(3,2)G(2, 1), (98)
c
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where X (3, 2) is the self-energy in the Schwinger—Keldysh contour. In general, the
self-energy is a complicated function of the interactions and G.

As a consequence of the fact that C contains a forward + and a backward — path,
each of the time arguments of these functions has an implicit index +, —. Therefore,
G, Gy, X have the structure of a 2 x 2 matrix in these indices. The following notation
is introduced:

G(1Y,27) =G™(1,2) = —i(Yu(r, 1)V} (r2, 1))
G(17,2%) =G=(1,2) = Fi (¥}, (ra, )Y (ri, 1)), (99)

where the prefactor in the last line F applies to bosons and fermions. The functions
indicated with the symbols >, < are, respectively, named greater and lesser Green’s
functions. It is also useful to define retarded and advanced Green’s functions

G'(1,2) = —io(t —1) [G™(1,2) — G=(1,2)] = [G“ (2, 1)]*. (100)

Using the properties of the contour-ordered Green’s functions known as Langreth
theorem, it can be shown that the convolution of two contour-ordered functions of
the form G(1,1") = fc G1(1,2)G2(2, 1) can be decomposed into the following
identities for the real-time Green’s functions:

G'(1,1) = /dzqu/“(l, 2)GY 2,19,

G</>(1,1’)=/dt2 [Gf/>(1,2)cg(2, 1)+ Gh (1,265 2. 1’)]. (101)

Using these relations, the Dyson equation (98) is reduced to the following set of
equations:

G = Gy + Gy“sT G = G + 6T exrleGy”,
G</> — (1 + Grzr) G(T/> (1 4 EaGa) + G72</>Ga’ (1()2)

where, for simplicity, we have omitted the indices of the Green’s functions and the
integrals in the products. In many problems, the first term of the second equation
vanishes in the long-time limit, where the transient is damped.

This approach is particularly useful to evaluate the particle and energy fluxes in
systems modeled by Hamiltonians with spatial discretization. In particular, notice that
the mean values of the operators defined as

Ny = —% (Mo A0 = —% > [iwareafyde +He]. (103)
€.k

1 e
—= D st [iwaredlyde +He|,  (104)
€.k

~
R
~
3
N
I
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~
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can be directly expressed in terms of lesser Green’s functions as follows:

2
N = - ;Re [Gran(t, Dwake]

2
1E(t) = - ZRe [GFart, Dearware] - (105)
£k

The explicit calculation of the Green’s functions depends on the details of the Hamil-
tonian and, crucially, on the presence or absence of many-body interactions.

3.5.2 Systems without many-body interactions

In systems where the Hamiltonian of the driven part can be expressed as a bilinear
form of creation and annihilation operators,

Hys(t) = Vo [X(0)]d}dy, (106)
.0

with
+00 .
Ver (X1 = Y Ve im (107)
m=—o0

the Green’s functions can be exactly calculated. Following [156, 157], it is convenient
to introduce the Fourier—Floquet representation for the retarded Green’s function as
follows:

d . £ !
G'(t,t) = / Z—EQ(I, g)e  nI=1)
T

+00
Gt.e)y= > "¥G(m.e), (108)

m=—0oQ

where G denotes a matrix structure in the indices £ of the driven system. Consequently,
a matrix V™ is defined and the Dyson equation can be expressed as

G'(t,e) =G &)+ ) _ e ™G (1,6 + mhQV ™G (),  (109)
m#0

where G%(¢) is the Green’s function of the static system described by V@ and in
contact to the reservoirs.
Describing the coupling to the reservoirs in terms of the spectral matrix with ele-
ments
Lo e.0(6) =27 ) Waked (& — £, )Wy, (110)
ko

@ Springer



Quantum transport phenomena induced by time-dependent fields 685

and using properties of the Green’s functions, the directed particle and energy currents
(averaged over one period) can be expressed as

d
@ = ZZ/ iTa,a/(m, &) [for(e) — fule + mhQ)],
= ZZ/ ;—;(8+th) To.or(m, &) [ for (&) — fule + mhQ)], (111)

with
Tyo(m, €) = Tr [La(e + mh)Z (m, )T ()9 (m, ,s)] . (112)

For reservoirs with constant density of states and smoothly connected to the driven
device, the functions of Eq. (110) are constant and one can define a translation between
the Green’s functions and the scattering matrix [157]

SF‘oz,o/(Emv E,) = ‘Sa,a’am,n — Iy Faﬂa%(m —n,&+ ng)ﬂa’\/ Cy, (113)

where the operators I1, and IT,, project the indices of the central device on those
entering the tunneling matrix elements wyg, and wygg, respectively. In this way, the
expression for 1 in Eq. (111) can be shown to be equivalent to the expression in
terms of the Floquet scattering matrix given by Eq. (77). A similar procedure can be
followed to derive an expression like Eq. (85) in terms of Green’s functions for an
electron system under the effect of an ac bias voltage.

Similar and equivalent expressions have been derived for the currents by calculating
the equation of motion and introducing the representation of the retarded Green’s
function given in Eq. (109) [46, 163]. The expression for the energy current given in
Eq. (111) is also valid for phononic/photonic systems under periodic driving described
by bilinear Hamiltonians [164].

3.5.3 Adiabatic approximation

As in the case of the scattering matrix, the Floquet retarded Green’s function can be
expanded for small €2. This is accomplished starting from Eq. (109).
Keeping terms up to linear order in 2 (equivalent to O (X)), one finds

()

G'(t,e) ~ G%e) + G (1, ) V()G (¢) + i hd. G (1, e) —2G%).  (114)

Introducing the definition of the frozen Green’s function,® corresponding to the static
problem defined by the parameters fixed at time ¢,

G/(re) =[G - zm]*l : (115)

3 Note that we use the superscript O for the frozen time evolution in other parts of this review instead
of using f. But we refrain from doing this here to avoid confusion with the unperturbed evolution, here
indicated by a zero.
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the exact solution of Eq. (114) up to linear order in Q or X reads

ih | 02G/ (¢,
Gt o)~ G (o) + | E 0 E)
atoe

> + A, e)} ,

Alt,e) = 3:G' (1, )V ()G (t,6) — G (1, ) V(1)3:.G' (t,8),  (116)

which can be related to the adiabatic approximation of the scattering matrix discussed
in Sect. 3.4.4.

3.5.4 Problems with many-body interactions

Up to here, we have focused on Green’s function methods for a quadratic Hamiltonian,
meaning that many-body interactions are at most taken into account at the mean-field
level. However, many-body interactions not only affect the shape of the instantaneous
Green'’s function through the self-energy, but also have a strong impact on how approx-
imations for specific driving regimes are done. In this case, Eq. (109) must hence be
generalized to include the effect of many-body terms.

In certain cases, even strongly interacting systems can be mapped to non-interacting
ones, such as in the Kondo regime [165, 166], allowing for a description of time-
dependent transport exploiting tools from the non-interacting theory. Furthermore,
corrections represented by a self-energy X (¢, ¢’) can be solved at some level of approxi-
mation, for specific regimes, such as Hartree—-Fock or Hubbard approximations starting
from an equation of motion approach for the two-time Green’s function [167]. Alter-
natively, renormalization group approaches have been used, such as the functional
renormalization group approach, to study periodic driving in interacting systems with
moderately strong coupling [168—170].

Formulas for adiabatic pumping through non-interacting systems, generally
expressed in terms of quasi-stationary Green’s functions and their derivatives, have
been setup in Refs. [171-174]. There, approximations have been carried out on how the
time dependence of the self-energy is treated. These approaches involve an “average-
time” approximation [171, 173], which basically neglects vertex corrections [172].
It nonetheless remains applicable not only for non-interacting, but also for large
classes of interacting systems, in particular when temperature is zero and mapping
to a Fermi liquid is possible or when the coupling to the environment is treated per-
turbatively [174]. Extensions to nonadiabatic transport have also been achieved based
on these approaches [175]. This formalism can be also used to solve driven qubits in
strong coupling to reservoirs by introducing the representation of spins to Majorana
fermions [176].

3.5.5 Theory of electronic coherence
The Green’s function formalism is very useful to describe the properties of non-
equilibrium states that are generated by single- or few-electron sources. This is of

special interest in the context of electronic quantum optics, which we will discuss in
detail in Sect. 5.3. Here, we present the basic concepts of the formalism. Typically, it
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is applied to one-dimensional systems, such as the edge modes of the quantum Hall
effect, that play the role of waveguides for electron propagation.

One of the key concepts in electronic quantum optics is the notion of electron coher-
ence. Itis defined in close analogy to Glauber’s optical coherence [177]. An immediate
difference compared to optical coherence is that we can have here a coherence function
for both electrons and holes. Explicitly, the single-electron and single-hole coherences
(or first-order electron and hole coherences) associated with a state characterized by
a many-body density matrix p are defined as

G (.15 x'1) = Trlp 0 (', e, ) = (3 (L e, )

0

g7 (r 12t = Trlp P (e, ) (& 1) = (e, 0 (1) (117

P )
where 1@ (x, t) is the electronic field operator in the Heisenberg representation. While a
standard notation in the literature is Q'e/ h for electron and hole coherences, respectively,
our choice emphasizes that these functions are basically the non-equilibrium lesser

and greater Keldysh Green’s functions, cf. Eq. (99). From the definitions above, the
following symmetry property immediately follows:

G2 (x, 130 1) = 1G22, )] (118)
while the anti-commutation of fermionic operators implies
G-, t;x", )+ G (x,15x", 1) =8(x — x). (119)

In many relevant situations, especially when dealing with local observables, the single-
electron coherence is evaluated at a given position, so it is sufficient to use a local
version of the more general definition above, where x = x’ and the spatial variable is
dropped for notational convenience. Such simplification is even not necessary in the
case of chiral conductors with linear dispersion, where the space and time variables
only appear in the combination x — vrt, where vr is the Fermi velocity or the charac-
teristic propagation velocity. In the following, we will assume such a situation unless
otherwise specified.

The single-electron coherence can be represented in three different ways: we have a
time representation, an energy representation, and a mixed time—energy representation.
The time representation directly stems from the definition (117). The energy (or,
more properly, frequency) representation is obtained by performing a double Fourier
transform

i +0 0 < . s
G (w, o) = f dr / dr’ G2 (1, t")e! @ =), (120)
—0o0 —00

Using the operator decomposition

R 1 +00 )
V() = JT—UF/ dw é(w)e (121)
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where v is the Fermi velocity, one finds
~< , 2 At ~
G (,0) = (e @i) (122)
(Ja p

showing that the energy representation is best suited to obtain the energy distribution
function, which can be accessed by taking the diagonal limit w = '.

The mixed representation relies on the notion of Wigner function, which (adapting
it to our context) can be defined as [87]

W2(t, ) = vp/ ( )e"“’f (123a)
=vFp /;oo ;Qz (w—i— %,a)— i)e_”g. (123b)

By using Eq. (118), one can show that this quantity is real. Moreover, in a chiral
conductor, there is the additional property

W=t,w)+ W7, —w) = 1. (124)

The Wigner function representation is particularly useful because it allows one to see
in a transparent way both the temporal profile of a given few-electron state, as well as
its energy content. Moreover, the marginal distributions of the Wigner function yield
the time-dependent charge current and the electronic energy distribution:

+o00 dw

Ic(f)ZfI/ — W=, ), (125)
oo 2T

fol@) = W=, 0)". (126)

The time average in the second equation can be a simple integration fR dr for states
with a finite number of extra particles (or holes) on top of the Fermi sea, or rather
an average over a single period | —T/Tiz d7’— when dealing with periodic sources (see the
next paragraph). Moreover, strictly speaking, the true energy distribution is obtained
by replacing @ — hw. In Sect. 5.3, we find it simpler to keep the frequency variable
instead of the energy ¢ = hw.

Electron coherence for periodic states  In the presence of periodic sources, which is
the most common situation in experiments, the first-order coherence functions inherit
the periodicity property

G2+ T +D =621, (127)
As aresult, it is possible to perform a decomposition into a Fourier series with respect

to the average time 7 = (¢ + t')/2 and a Fourier transform in the time difference
T=1t—1"
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> _iegi [T do 2 —iwt
G2, 1) =) e gl (et (128)
oo 2T
Lel

Moreover, the 7-periodicity in  means that the Wigner function is periodic and can

be represented as
W2t w) = vr Y g7 (@)e %, (129)

LeZ

showing that gez (w) are nothing but the harmonics of the Wigner function. Finally,
the energy representation reads

~> >[(w+o
G (o) =) §(w—0o —tQg; ( ) . (130)
W, w ZEZZ w—w g, 5

The above decompositions make clear that, for periodic sources, the problem is reduced

to the calculation of the harmonics g(Z (w). For non-interacting electrons, this task can
be tackled by relying on the Floquet approach presented in Sect. 3.4.2. Explicitly,
the field operators ¥ (r) that enter the Wigner function calculation, are given in this
framework by the decomposition in Eq. (121), where the operators ¢(w) play the role
of the 5(E ) operators in Eq. (74) (suppressing the indices o, y that are not needed in
this case). This leads to the result [87]

gl (@) =Y Sr(wr, om)SH(@etm o) f |:w+§2(m+£>] (131)
V4 s Wm)OFE +m> W— ) .

mez

The details of the final expression thus depend on the Floquet scattering matrix char-
acterizing the source.

In the simple case of a periodic classical drive, i.e., a voltage V (¢) applied to an
ohmic contact, the previous equation can be expressed in a simpler form by using the
coefficients in Eq. (83). One gets

Ve l
g/ (w) = Z cicoemf |:a) — qhd -Q (m + E):| , (132)

mez

where Vg, = fOTdt V (¢)/7Tis the dc component of the voltage.

3.6 Master and rate equations

The methods of the previous sections do not rely on the type of coupling between the
system and the baths. We now turn to present master and rate equation approaches.
These are useful in problems where the system is typically weakly coupled to baths
and are valid even when its Hamiltonian cannot be expressed in terms of bilinear
products of creation and annihilation operators.

There are several routes to derive quantum master equations. These are used in
atomic, optical, as well as in condensed matter physics in problems identified as
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“open quantum systems”. This concept applies to few-level or discrete-level quantum
systems coupled to one or more baths containing many degrees of freedom. The goal
is to describe the dynamics of the reduced density matrix for the central system as
follows:

dp(?)

dr

with L(#) being the Liouvillian operator (strictly speaking it is a superoperator acting
on operators in Liouville space), which depends on the Hamiltonian of the system as
well as its coupling to the reservoirs. Concrete examples for this general operator are
given below in Eqgs. (141) and (145).

= L(1)p(1), (133)

3.6.1 Stationary case

Here, we start with presenting the derivation for the standard case of stationary systems,
namely in the absence of time-dependent driving, following textbooks [178, 179]. It
is based on a structure of the coupling between the system and bath of the form:

[:]coup :gZAvém (134)
v

where A,, B, are different operators, labeled by v and associated with the system
and bath, respectively, and g is a characteristic coupling between them. For simplicity,
we summarize here the procedure by considering a single bath and omit the contact
index o (which could otherwise be included in the list labeled by v). The extension to
several baths will be recovered in the end.

The evolution of the density matrix for the system coupled to the bath starts from
the initial condition (at t = 0) where these systems are assumed to be decoupled,
that is, psp(0) = pp(0) ® p(0). It is convenient to express the time evolution in the
interaction picture,

At) = enllst A o= i st B (1) = Rl B o RHBI. (135)
Integrating the Liouville equation of motion for the density matrix in the interaction
picture ihd p(t)/dt = [Heoup, o (t)], plugging it back into (133), and tracing over the

bath degrees of freedom, p(r) = Trp[psp(¢)], one finds for the density operator in
the interaction picture

d ~ ! ~
d—5<r>=—TrB{[Hcoup(r>, [ ar [Hcoupa—r),ﬁsg(r—r)]]}. (136)
t 0

The next step is to take the Born approximation, psp(t) ~ p(t) ® pp(0), valid for
weak system—bath coupling. This leads to

Lo = - ar |8 A1), A b h 137
Sh = Z/O o {Bow [A0). Avt — 050 — )] +he ). a37)
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where we define the correlation function of the bath
Buw(¥) =Tt [ Bu(x) Bupp . (138)

As a next step, a Markov approximation is performed, assuming that the correlation
time characterizing the bath is very short. Introducing this “short-memory” approxi-
mation into Eq. (137) leads to the Redfield master equation, which is local in time and
has the form of Eq. (133) with

t
L) =g /0 de {B,.y (@ [A0. Ayt = 0] 50 +he . (139)

This first-order differential equation can be solved given an initial condition, and
the stationary value can be found in the long-time limit. However, Eq. (139) has the
shortcoming that it is not possible to guarantee the positivity of the solution. Instead,
the positivity property can be proved for master equations that have Lindblad form.
This form can be obtained from Eq. (139) after the rotating wave approximations (also
named secular approximation). This approximation consists in representing

Ay =Y e B mym| Ay lnynl = Y A@eT @ = Y Al
m,n ho=¢g,—&p hw=¢g,—&n
(140)

where ﬁgln) = g,|n), and in substituting these expressions in Eq. (139). This gen-

i(w—w')t

erates oscillatory terms o e [A:(a)), Au(a)/ ) |- The rotating wave or secular

approximation consists in neglecting the fast oscillatory terms while preserving only
those where w = «'. The result, after transforming back to the Schrédinger picture, is
the Lindblad—Davies master equation, which has the same structure as Eq. (133) with
the following action of the Liouvillian:

LW/ = =i [ As + Avamv, 5

+y0 (iv«w)ﬁii(w) - % [Li@Ly @), p}) . (4D

o v

Here, we have introduced the definitions for the so-called Lindblad jump operators

Ly(@) = gy (@) Ay (), (142)

which introduce transitions between the states of the central system due to the cou-
pling to the environment. They hence represent the non-unitary and dissipative effects
introduced by the coupling. The definition of the jump operators contains the spectral
function for the bath

00
Yo (@) = / dTBU,v’(T)ele- (143)
—00
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In the jump operators (142), we have assumed y, (@) =~ y (). Furthermore, we
have introduced the Lamb-shift Hamiltonian

Hiamb = 8 ) Sy (@) Al (@) Ay ()

v,/

* dw , 1
Sv,v’(w) = / _Vv,v’(w )P o

oo 2T —w

) , (144)

where P (e) denotes the principal value. The Lamb shift introduces a correction of
the original Hamiltonian for the system due to the coupling to the environment, in the
unitary part of the dynamics of Eq. (141).

In the case of several reservoirs, each has an associated dissipator D, defined from
jump operators ltv,a, which describe transitions between the levels of Hs due to the
coupling to the reservoir «. The full evolution is described by

% = —i [ As + Hiamy. 5] + Z Do p(0). (145)
Importantly, the structure of Eq. (145), and hence of Eq. (141), can be proved to
guarantee a time evolution which preserves the trace and the positivity of o.

The Lindblad equation (141) gets the form of a standard rate equation, when the
dynamics of the off-diagonal elements of the density matrix (coherences) decouples
from the dynamics of the diagonal elements (populations). The populations are hence
given by

Pa = paa = Tr[pT4], (146)

where I1, = |a){a|, and I:IS|a) = g4|a). The corresponding equation of motion is a
rate equation. Explicitly, after performing the trace in Eqgs. (133) and (141), we get
after some algebra,

pa=Y_[Wald)ps — W(a'la)pa] . (147)

a/

with Wala’) = 3, vov(ear — ga)(d'|Ay(e)|a)(alAy (€)|d’). In the case of a
thermal bath, the correlation function satisfies the Kubo—Martin—Schwinger condition

(By (1) By (0)) = (B,(0)B,(t 4 iph)) = (B, (—7 — iBh) B, (0)), (148)

which implies
Yo (=€) = e PEy, (o). (149)

For a thermal reservoir, the property of Eq. (149) implies for the transition rates the
detailed balance relation W (ala’) = e PE—¢)W(a’|a). This guarantees a Gibbs
state as the stationary solution of Eq. (147): p, = e Peayz, 7 = > e~ Pea_ A similar
reasoning can be followed to show that the full Lindblad master equation also has a
Gibbs state as a stationary solution.
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Recently, in Refs. [180, 181], improvements in the derivation of Eq. (141) have
been presented with the goal of avoiding the secular approximation, which is less well
founded that the Born approximation justified by a weak system—bath coupling and
the Markov approximation justified by fast correlation time for the bath. The crucial
step [180, 181] is to substitute the representation of Eq. (142) by a coarse-grained

version,
A la/2 PPN A~
L,(e) = v(©) f dt €1 A, (1) = Zh(& w)A, (),
2nt, —1g/2 »

he, w) = | y(;ztasinc[ta(g R h‘”)}, (150)

with sinc(x) = sin(x)/x and #, a phenomenological parameter that can be adjusted
according to the characteristics of the bath. An alternative proposal was formulated
in Ref. [182], which is based on a particular decomposition of the bath correlation
function.

Although the previous arguments assume that the jump operators act on the eigen-
states of H, namely we here treat global master equations, there are also proposals for
local master equations, where these operators act on states of the basis of a subsystem
of Hs. In recent years, intensive discussions have been held about the validity of these
approaches [183—-185] and in particular its consistency with thermodynamics.

3.6.2 Time-dependent driving

In the case of time-dependent driving, where we assume that it is the local quantum
system that is driven in time, the Hamiltonian becomes time dependent: H ¢ — I-AIsys (1).
The Lindblad master equation discussed for the stationary case in the previous section
is then generalized (see Ref. [181]) by substituting the definition of Eq. (150) for the
jump operators by

~ [0/2 LA
Ly(t, &) = 40, / dty €7 At +11,1), (151)
27ty J 4,02

with A, (¢, 1) = U7, A0, 1) and U(t', 1) = T expl—L [ Hys(s)ds]. The
resulting master equation reads

dp(?)

Q& =—i [I:Isys(t) + I:ILamb(t)a ,6([)] +/d52

vy’

(im, e)pLYr €) — % {Lic.oLua.e), ﬁ(t)}) a5y

This master equation is the starting point for evaluating the dynamics of the driven
system. For periodic driving, a Floquet approach has been used [45, 186]. Recently,
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other nonadiabatic quantum master equations [187] have been proposed under the
assumption that there is a timescale separation between bath times and driving.

In the following, we provide details on the slow-driving regime, where an adiabatic
approximation can be carried out [97, 188—192].

3.6.3 Adiabatic approximation

As in previous sections, we focus on a set of parameters X (¢) slowly changing in time
controlling the dynamics of the driven system I:ISyS[X ()], which is here chosen to be
the local open quantum system. In a quasistatic description, the parameters are frozen
at their values at a time 7, X; and it is possible to find the solution of

dp; .
— = L;p;, 153
dr t Pt ( )

with L; = L[X,]. The stationary state corresponds to L;p; = 0 and the basis used to
express p; is the set of eigenstates Hsys[X,]|a(Xg)) = &,(X)|a(X;)). The adiabatic
approximation is the first-order correction at O (X) of this solution,

p(t) = pr + 8xpr - X (1). (154)

Importantly, 8y p; depends on two effects.

(i) The first effect is the change in time of the basis states. The modified
state can be expressed in the instantaneous basis as follows: |0xa(X;)) =
Za,#a Ag.la’ (X)), with A, o = (a'(X;)|0xa(X;)). Using the properties

(@ (X)ldxa(X,)) = —(dxa’ (X)|a(X,)),
ea(0xd (X)|a(X1)) + e (@' (X)0xa(X,)) + (@' (X)|ox Hys [ X (D]la(X ) = 0,

we find .
Ox Heys[ X (2
Aa,a/ _ <a/(X,) X S)i[ ( )]

|a(X,)>. (155)

a a’
(i1) The second effect is due to the change in time of the Liouvillian, dx L[ X/].

The combination of the two effects can be expressed as
~ ~a AT _
Sxpr = A+ pA — L7'[X/10x L[ X,]. (156)

It is interesting to notice that the first terms are related to the unitary dynamics. These
are the ones taken into account in the adiabatic perturbation theory for closed sys-
tems [193]. Instead, the second term is related to the non-unitary dynamics.
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3.6.4 Calculation of particle and energy fluxes

In the case of the energy flux, we can notice that the rate of change of the internal
energy stored in the driven system contains two terms:

O] 1 [601, 0 500, )

dt

The first term can be related to the energy or heat flux

N,
Tr [ /()1( )Hsys(f):| = ZTr[Da(t)ﬁ(t)Iflsys(t)]. (158)

a=1

Assuming that the coupling between the system and baths is weak, we can neglect the
energy temporarily stored in the coupling, and the right-hand side of this equation is
identified as the sum of the energy fluxes entering the reservoirs

IF(£) = Tr[Dy (1) (1) Hyys (1)) (159)

The second term of Eq. (157) describes the power developed by the driving,

P@t) = [p( )dH“y“(t)} (160)

We can follow a similar reasoning to define the particle current in setups where there is
exchange of particles between the driven system and the reservoirs. Details for the case
of a driven quantum dot using Lindblad master equation can be found in Ref. [194].
From the master equation, we can analyze the change in the number of particles stored
in the central system,

d
Tr|: ‘;5[) } ZTr[D OpON]. (161)

From this equation, we can identify the particle flux from each reservoir as
1Y (1) = Tr[ Do (1) p(1) N, (162)

It is important to notice that these fluxes are second order in the system—bath cou-
pling. “First-principles” calculation of the current up to second order in perturbation
theory with respect to this parameter verify these definitions [124, 192, 195-201]. In
these calculations, it is important to properly account for the fermionic sign in the
different terms of D, (¢).
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3.6.5 Generalized master equation approach from perturbation theory

An alternative approach for the analysis of the dynamics starting from the density
matrix of the central system is a real-time diagrammatic approach, perturbative in
the tunnel coupling, but without making any further approximations concerning the
many-body interactions in the central system [195, 196]. The goal of procedure is the
calculation of the mean values of the matrix elements of the reduced density matrix
with respect to the full many-body state as functions of time. This leads to a master
equation for the full density matrix elements in the lowest order in the tunnel coupling,
but allows to systematically include higher orders in the tunnel coupling which are
not treated by a standard master equation approach:

t
P=—iLP +f di' W, t)P(t). (163)

—00

Here, the vector P includes also off-diagonal elements of the density matrix. The kernel
W (¢, ') is the transition matrix due to tunneling processes which can in principle
contain tunneling events in arbitrarily high order, while the Liouvillian L is local in
time and contains the matrix elements of the commutator of the density matrix with
the system Hamiltonian.

In the stationary limit, the kernel W depends on a time difference and the integral
yields its zero-frequency Laplace transform. It can be calculated using a diagrammatic
approach. For weak coupling, meaning that the timescale on which the density matrix
changes due to tunneling is much smaller than the bath timescale, which typically
means that the tunnel coupling is much smaller than temperature, I'/(kgT) < 1,
a perturbation expansion can be performed [195, 196, 202]. In lowest order in the
tunneling coupling transition matrix, elements connecting diagonal elements of the
density matrix simply coincide with results from Fermi’s golden rule.

In the presence of slow time-dependent driving, namely in adiabatic response,
Eq. (163) can be further expanded order by order in a small driving parameter, account-
ing for higher orders in the tunneling coupling and for coherences [197-200]. For
this, the timescale imposed by the driving needs to be small with respect to the
timescale on which the density matrix changes and small compared to the support
of the kernel [203]. In lowest order in the tunnel coupling, this concretely means
Q5X/(kpTT) <« 1, where § X stands for the amplitude of a time-dependent parame-
ter [204]. With this, the expansion of Eq. (163) involves an expansion justified when
the support of the kernel is short compared to the driving time

t
P=—iLP +/ d' W, 1) (P(t) . t)P(t)) , (164)

together with an expansion of the density matrix itself P(¢) = PO 1)+ pPM ) +---
and with an expansion of the kernel elements W (¢, 1) = WO (r, t' )+ WD (¢, t/)+- - -
The latter means that the time dependence of the parameters X (t') = X (¢) + (¢’ —
t)dX/dr is considered in the time evolution of the irreducible kernel elements in
contributions starting from order (1) [197]. It turns out that these corrections to the
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irreducible kernels only start to contribute to the generalized master equation (163),
when going beyond the sequential-tunneling regime, as analyzed in detail in Ref. [197].

Instead, in lowest order in the tunnel coupling, only the instantaneous contribution
to the kernel enters the master equation: both the expansion of the kernel itself and
the expansion around the support time of the kernel given in the last expression in
Eq. (163) contribute only in higher orders in the tunnel coupling [197]. Therefore, a
re-summation scheme [205, 206] allows to set up a master equation

P@t)=—iLP + WP (165)

as long as the driving remains slow with respect to the bath timescales [203],
Q8X/(kgT)* < 1. Here, VV?’I is the zero-frequency Laplace transform of the instan-
taneous (denoted by the first superscript) kernel with parameters taken at time 7 (as
indicated by the subscript) and evaluated in first order in the tunnel coupling I" (denoted
by the second superscript). Importantly, the internal dynamics of the system itself
can still be fast, such as Landau—Zener—Stiickelberg transitions in a few-level sys-
tem. Carefully accounting for the timescale separation of these dynamics [206], this
phenomenon can still be treated within the framework provided by Eq. (165). Imple-
menting in this framework Born and Markov approximations, as well as the secular
approximation, leads to the same Liouvillian of the Lindblad equation [207].

The non-zero eigenvalues of the kernel W provide the timescales of the response
of the system to external perturbations. Understanding them is therefore key to under-
standing the dynamics of a time-dependently driven system, see also Sect. 3.6.6.

3.6.6 Density matrix approaches beyond perturbation theory

The time evolution of a (possibly driven) system can more generally be calculated
from the time evolution of the density matrix. For a closed system, the time evolution
of the density matrix is given by

dp(t) U PN
Splitting the Hamiltonian into system, bath, and coupling terms allows to write down
the time evolution of the reduced system density matrix in the interaction picture.
Considering the interaction order by order perturbatively on the Keldysh contour,
allows for the treatment described in Sect. 3.6.5. However, more involved resummation
schemes have been developed, where even strong tunnel coupling can be treated in
the dynamics of the system, see for example [208-210]. These approaches can for
example treat short-time dynamics after quenches for strongly coupled systems.
This more general treatment of the time-evolution operator of the reduced density
matrix, reveals a dissipative symmetry, coined fermionic duality, which relates dif-
ferent decay modes and their decay rates to each other [210-212]. While valid for
the time-evolution operator at arbitrary orders in the tunnel coupling, in lowest order
perturbation theory, this symmetry takes the simple form, now for the superoperator
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W acting on the density operator in Liouville space
W' = - —pwaap, (167)

where I is the lumped sum over all coupling constants and Pis the parity superoperator,
while the superscript “dual” means that we are considering an operator for a fictitious
dual system in which all energies—including the Coulomb interaction energy— are
inverted. This mapping to a dual system is insightful to understand the effects in the
dynamics of interacting systems that seemingly stem from attractive interaction [211].

4 Mechanisms

4.1 The quantum capacitor: pure time-dependent charge transport and energy
dissipation

A quantum or mesoscopic capacitor is the most basic system, in which ac currents can
be observed while steady-state charge or particle currents do not exist. It consists of
an electron cavity coupled to a single electron reservoir and driven by a single ac gate
voltage. The basic idea has been introduced by Biittiker and coworkers in Refs. [50,
51]. This device has been later the subject of many other theoretical and experimental
works, see details in this section; for applications of the mesoscopic capacitor in single-
particle control and quantum optics with electrons, see Sects. 5.1 and 5.3. The nice
feature of this device is the fact that it can be regarded as a realization of an RC circuit
in the quantum realm. Its dynamics combines the fundamental aspects of storage
of charge and energy and of energy dissipation. It is also a beautiful playground to
implement and benchmark different approaches. In fact, this is one of the few problems
that can be solved by recourse to many different methods.

Here, we introduce the quantum capacitor following Refs. [213-215] in the limit
of a tunnel-coupled cavity. It is described by a Hamiltonian with three components
that represent the reservoir, the driven cavity, and the coupling between both systems.
It reads

I:I(t) = ﬁres + I:Isys(t) + I:Icoup7 (168)
with

Hres = Y exdjir. (169a)

k

R = . Vo()C\?

Hyys(1) = Zend,jdn +U (N — g;) ) , (169b)

n
I:Icoup =w Z <6AZ]1-62,, + Cz;&k> , (169¢)

k,n

where k labels the degrees of freedom of the non-interacting reservoir and and n
labels the electron states of the quantum cavity, which could include the spin degree
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of freedom or multiple orbital levels. While the first set defines a continuum of states,
the states of the cavity are discrete and finite with a mean energy level spacing A.
The operator N = Zn c?,;f c?n describes the total number of electrons in the cavity,
the effect of the gate voltage V,(¢) is accounted for by a single driving parameter
X(t) = 2UVy(t)C/q, with C being the geometrical capacitance of the cavity, g the
electron charge, and U = ¢>/(2C) the charging energy in the constant interaction
model [24]. The tunneling amplitude is w, which we here assume to be real and
independent of k and n.

4.1.1 Charge dynamics in linear response

The driving induces tunneling processes between the cavity and the reservoir. We
start by analyzing the charge response of the mesoscopic capacitor in the linear-
response regime. This provides insightful expressions for the charge dynamics, since
it is straightforward to draw analogies with the case of classical circuits. We denote
the occupation of the cavity for V, = 0 by (N 0. Assuming a small amplitude of the
ac gate voltage, the dynamics of the charge in the cavity, namely of the net charge

gN(@) = g ((N Y1) — (1\7 )0), is described by the following Kubo linear-response
equation for the Fourier-transformed quantity

gN (@) = ¢*xe (@) Ve(o). (170)

Here, x.(w) is the Fourier transform of the response function yx.(t — t') =
—i/hO( —1t') <[N(t), N(t/)]>, which describes the charge fluctuations in the cavity,

with N(1) = e Ne=#H0" and Hy = H(Vy = 0). This leads to the defini-
tion of the admittance G(w) = —igwN(w)/Vy(w) = —ia)qzxc(a)). In a classical
linear RC circuit, this quantity is related to the resistance and the capacitance as
G(w) = —iwC/ (1 —iwRC). Focusing on low frequency, the admittance can be
expanded up to second order in w, such that one gets G(w) ~ —iwC), (1 +iwRC u)»
where C, is in general different from the geometrical capacitance C appearing in Eq.
(169b). This leads to the following identification:

AN R L Imlx©]
IVe(w =0)’ T @%x(0?

Cu=q*x:0) =g (171)

w—0

As pointed out in Refs. [214, 216, 217], at zero temperature, an interesting relation
can be shown between the real and the imaginary part of the susceptibility. This is
referred to as “Korringa—Shiba” relation and has been proved in the framework of
perturbation theory [218, 219] and in a Fermi-liquid description for the case of a
single impurity [220],

Im [x(0)] = hrw {Re[xc(0)]}* . (172)

Remarkably, substituting this relation in Eq. (171), we get the expression for the
celebrated quantum resistance originally introduced by Biittiker and coworkers in the
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framework of scattering-matrix theory for non-interacting electrons,

Ry = 7 (173)

The above reasoning implies that this result is valid also for systems with many-body
interactions under linear response and low frequencies provided that the relation of
Eq. (172) is satisfied. The validity of this relation is easily verified in non-interacting
systems. It has been generalized and verified in quantum dots modeled by the interact-
ing Anderson impurity model with and without magnetic field, by means of analytical
and numerical methods [200, 216, 217, 221-224]. The quantized resistance Ry of the
mesoscopic RC circuit has been experimentally demonstrated in Ref. [52]. Progress
in the study of this fundamental quantum circuit will be discussed in Sect. 5.1.2.

4.1.2 Energy dynamics

In this section, we analyze the complementary aspect of the energy dynamics.
Already in the linear response of this simple time-dependently driven system—the
mesocopic capacitor—one can observe how the energy dynamics are influenced by
time-dependent driving. Concretely, the Onsager coefficents, namely the charge and
energy response of the mesoscopic capacitor due to a driving of potential and temper-
ature are modified and Onsager reciprocity is broken as expected from the fact that
time-reversal symmetry is broken [225, 226].

More generally, while the charge dynamics are governed by RC-times in linear
response or by a charge relaxation time when subject to an arbitrary driving, the energy
decay only has the same decay dynamics in special cases, namely where many-body
interactions can be neglected and where energy-exchange takes place via a discrete
energy level. This special case is also referred to as the “tight-coupling regime”, see,
e.g., [68]. However, in general the energy dynamics are independent of the charge
dynamics and can for example be governed by multiple decay modes, among which
the dynamics related to interaction energies [211, 213, 227]. This competition between
different decay modes, which can generally be observed in the energy or in other
thermodynamically relevant quantities like the non-equilibrium free energy or the
relative entropy, have recently been in the focus in the context of the so-called Mpemba
effect [228-230], also in driven quantum dot systems [231, 232].

Further distinctive aspects of the energy dynamics compared to the charge dynamics
are (i) that for the case of a single reservoir, the only dc mechanism is the dissipation of
energy and (ii) that temporary energy storage is possible in the lead-system coupling.
To highlight this, we here focus on the slow-driving, adiabatic-response regime, where
the period of the ac driving is much longer than the typical timescale for the electron
relaxation. We follow closely Refs. [128, 233].

Of special interest in this context are conservation laws, where the energy dynamics
differ fundamentally from the charge dynamics. In fact, the total number of particles
Nres + N is conserved, where Nres and N are the number operators in the reservoir
and the few-level system, while Nps(f) = (Nres)(t) and N(t) = (N)(r) are the
corresponding the mean values. Taking into account that Nies(1) = —%([K’res, H 1)
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and N(t) = —%([1\7 JH 1), the charge conservation law reads

. %<[N H]> _ %<[N H]> —o. (174)

It is natural to identify the particle current into each subsystem as 1,3 N (1) = Nyes(t) =
— £ ([Nees. Hlyand I (1) = N(t) = —4 ([N, H]) and we see that Eq. (174) is a time-
dependent continuity equation, which is a consequence of the particle conservation.
The total energy stored in the system is, instead, not conserved. In fact, the change in
time of the mean value (H (1)) is equal to the power delivered by the external driving
sources P (t). Hence,

| L o o T E e CORTS

where we can easily verify

_ %<[ﬁres, H]> - ;;_L<[F1C0up, H]> - ;;_L<[Hsys, H]> =0. (176)

Only in special cases, like in the weak-coupling regime, the energy storage in the
coupling is negligible, see e.g., Ref. [212]. It is interesting to compare Eq. (174) with
Eq. (176), where we see that in the second equation there is an extra term which takes
into account the rate of change of the energy stored in the contact. The role of this
term in the heat production and dissipation has been pointed out in Ref. [234] and
was a subject of further discussion and debate addressed in Refs. [128, 233, 235-
243]. In the adiabatic-response regime, it was argued that to satisfy the second law of
thermodynamics, a meaningful definition for the time-dependent heat current in the
reservoir is

1 d(Heoup)

res(t) = res(t) + dr

Lo N (1), slow driving, (177)

where we have introduced the definitions of the energy flux in the reservoir 1£(t) =
—i/ h([HreS, H 1) and the rate of change of the energy temporarily stored in the con-
tact, d( Coup) /dt = —i/ h([Hcoup, H ]). This term has been identified as “energy
reactance” [239], where the factor 1/2 in front of it has been a matter of debate. Even
if it is important in the instantaneous dynamics, it does however not provide a net
contribution to the average over time. Hence, upon time average, we get the usual
definition of the heat flux,
-0 =E =N

Treg = Irog — ] s (178)
To address the issue of the prefactor of the energy reactance, it is instructive to solve the
problem of a slowly driven non-interacting single-level quantum dot where the system
Hamiltonian is linear, ﬁsys =>, encﬁﬁn. For this model, Schwinger—Keldysh and
scattering-matrix theory [234] lead to the same result under slow driving by adopting
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the definition of Eq. (177) for the time-dependent heat current. Furthermore, in this
limit, it was shown that

12.() = Ry [1(0] (179)

res

is satisfied, where IS (f) = gIN(t) is the charge current and Ry is the resistance
quantum introduced by Biittiker and coworkers [50, 51], as defined in Eq. (173).
Interestingly, Eq. (179) has the form of an instantaneous Joule law for the energy
that is dissipated as heat in the reservoir. This result, along with the perfect matching
between Green’s function and scattering-matrix approach, provides support for the
definition given in Eq. (177).

A complementary point of view is to analyze the energy dissipation. This can be
done explicitly in the model of the interacting quantum capacitor presented in Eq. (169)
by solving it within the linear-response formalism [216, 217]. The power developed
by the driving is

H ) .
P(t) = <W> = —eV, (1) (N) (D). (180)

Considering periodic driving, V() = Vp cos(wt), and substituting the expressions
for the charge fluctuation and the current given by Eqs. (170), the net power over a
period can be calculated. For the Anderson impurity model, using the Korringa—Siba
relation given in Eq. (172), one finds

2
P = VTOa)Im [Xe(@)] = Rau[ 18] (181)

res

This indicates that the Joule law of Eq. (179) provides also the description of the
net energy dissipation in systems with many-body interactions where the relation
of Eq. (172) is satisfied. The above result strictly applies to spinless fermions. It
can be generalized to electrons with spin, to systems with magnetic field, and to
large amplitudes of the driving potential [200, 217, 221, 223, 224] or to Luttinger
liquids as shown by bosonization technique [244-246]. The main conclusion of these
generalizations is related to the fact that each channel behaves as in Eq. (181), while the
spin and other degrees of freedom define multiple channels that respond in parallel. The
extension to systems with a superconducting lead has been also studied in Refs. [247—
249].

4.1.3 Driven qubit and dissipation

A similarly simple driven system coupled to baths can also be analyzed in the context
of bosonic reservoirs. The simplest device is here a driven qubit represented as a spin-
boson model. The structure of the Hamiltonian is the same as in Eq. (168). The driven
system is a two-level system represented as

Hgys(t) = —B(1) - 0, (182)
where ¢ = (&x, Gy, &Z) is a vector of Pauli matrices 6; and B(¢) contains time-

dependent parameters, leading to a time-dependent level splitting. The reservoir has
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the same structure as I-AIres in Eq. (169a), but it consists of a set of bosonic modes.
Typical examples for this type of driven bosonic Hamiltonian occur in cavity or circuit
QED where the qubit is embedded in the bosonic environment of a photonic cavity
or the normal modes of a quantum LC circuit. The contact between the driven system
and the reservoir has the form

Aeop = (4] +ax) Vi -6, (183)
k

and it describes a process of absorption or emission of a bosonic excitation upon a
flip between the ground state and the single excited state of the qubit. Unlike the
problem of the quantum capacitor, this problem cannot be exactly solved for arbitrary
coupling between the reservoir and the qubit, because of the nonlinear nature of the
coupling. For weak coupling, it can be solved by perturbation theory and quantum
master equations. As in the case of the quantum capacitor, the power introduced by
the driving protocol produces dissipation into the reservoir. However, in the present
case, there is no conserved particle transport and there is no associated Joule law as
in Eq. (179).

This problem has been investigated in detail for cyclic protocols, in the limit of slow
driving and considering weak coupling between the qubit and the bath, see Refs. [191,
250-254] and a review in Ref. [73]. Here, we highlight the main points. Starting
from the expression for the power in the adiabatic linear-response formalism (see
Sect. 3.2.5), the net dissipated energy by the driving after a cycle of period T reads

T
Quiss = f dr B(t) - AIB()]- B(1), (184)
0

where A[B(t)]is the matrix defined by the adiabatic coefficients A ; ;[ B(¢)]. The most
remarkable feature of this expression is the fact that only the symmetric part of this
matrix contributes to the dissipated energy. Furthermore, since this is proportional to
the entropy production, the second law of thermodynamics implies that this quantity is
positive definite. These are mathematical properties compatible with the definition of a
metric in the parameter space and this has motivated the concept of the thermodynamic
length [255-259],

4] - .
L=/ dt\/B(t)~A[B(t)]-B(t), (185)
1

which is the length of the curve parametrized by 7 in the space of parameters B connect-
2
ing ¢ and t,. Using the Cauchy—Schwarz inequality ft[lz drf? l? drg? > [ t? fgdt] ,
with g = 1 and f being the argument of Eq. (185), one finds
12
Odiss > ?, (186)

which means that the dissipated energy is lower bounded by a geometric quantity that
depends on the path. Interestingly, the lower bound is obtained when the integrand is
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constant along the path, which is equivalent to a protocol where the velocity is adjusted
to satisfy a constant dissipation rate at each point of the trajectory [256, 257]. These
ideas have been the basis for many studies devoted to finding optimal protocols to
minimize the dissipated energy [191, 250-254, 260-262].

4.2 Pumping

In the previous section, we discussed pure ac transport processes that may take place
in a driven system in contact with a single reservoir. We now turn to analyze processes
where the driven system is in contact with two or more reservoirs and/or sources and
where the time-dependent driving can result in a directed (dc) current. Studying dc
currents means that on average no charge accumulation occurs on the central system,
such that charge conservation always leadsto g ), N, = 0, where the sum runs over
all the reservoirs.

A rather trivial example for dc transport induced by time-dependent driving is
rectification: an ac bias leads to an ac current of which a conductor “cuts off” one
of the current directions. In other words, (a part of) the current induced by the bias
during one-half of the driving period is selected by for example a conductor acting as
an energy filter, thereby producing a dc transport current. However, dc transport can
also truly be induced by the time-dependent driving and take place in the absence or
even against external stationary biases. This is the case in so-called quantum pumps: a
quantum pump is a quantum system under the action of periodically time-dependent
parameters which induce a net flux per cycle. Examples are:

(i) Particle pumps, where an open quantum system that is capable of temporarily
storing particles is in contact with two or more reservoirs and subject to an
asymmetric cyclic operation. As a consequence of the time-dependent driving,
a net amount of particles is transported between reservoirs. This results in dc
particle currents in the absence of a chemical potential bias or even against the
chemical potential bias.

(i) Heat pumps, where heat is transported between two or more thermal baths as
a response to time-dependent driving, in the absence of a temperature bias or
against a temperature bias. Here, the open driven quantum system needs to be
able to temporarily store energy.

(iii) Power pumps, where power is exchanged between two or more driving sources.
These last two examples provide connections between time-dependent quantum
transport and the implementation of small-scale (heat) engines and motors, see
Sect. 4.4.

Most of these mechanisms have a classical counterpart and the term “quantum”
applies because of the nature of the driven system and because the outcome usually
reflects properties like quantum coherence and the quantum statistics of particles.
Often, the mechanism of pumping is illustrated with an Archimedes pump, namely
a pipe with a rotating screw, which pumps water against gravity, or with a peristaltic
pump, similar to biological systems, where subsequent modulations of system parts
lead to motion (like, e.g., movement of worms). These classical devices properly
capture the idea of an asymmetric cyclic operation leading to transport. In fact, breaking
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the symmetry between the source and drain reservoirs in the cyclic driving protocol is
a necessary condition to have a directed flux. This ingredient is the same pointed out
in examples of “quantum ratchets” [163, 263, 264], where the paradigmatic example,
presented in the famous Feynman lectures [265], is a wheel with a sawtooth border
contacted by a pawl and connected to a paddle wheel through a gear. The operation of
the pawl leading to directed motion of the wheel involves work injected from outside,
fundamental for the energy balance. This illustrates the possibility of generating a
directed particle current in the quantum realm induced by time-periodic driving with a
suitable breaking of both spatial and time-reversal symmetries. Hence, many systems
identified as “quantum ratchets” can be also regarded as quantum pumps.

A quantum pump is hence described by a time-dependent periodic Hamiltonian
like the one introduced in Eq. (1) while satisfying H(t) = H(t + T) with the driving
period T.

4.2.1 Adiabatic charge and energy pumping

A relevant scenario to understand the pumping mechanism is the adiabatic-response
regime, corresponding to a low driving frequency or in other words a long driving
period T' compared to the typical timescale associated with the equilibrium system, as
introduced in Sects. 3.2.2,3.4.4,3.5.3 and 3.6.3. As a consequence, adiabatic pumping
reveals equilibrium properties of the driven system, instead of for example photon-
assisted tunneling, where transport takes place due to absorption of energy quanta
from the driving. We briefly discuss the mechanism here on the basis of the adiabatic
linear-response treatment introduced in Sect. 3.2.2.

The most remarkable property of adiabatic pumping is its relation to geometric
properties similar to the Berry phase [77]. From the expression for the particle current
given in Eq. (51), the net charge transported in a cycle can be written as follows:

qgAN, = f Ay(X) - dX, (187)
Cx

where we have introduced the notation Ag(X) = (Ag,1(X), ..., Agn(X)) and we
have used the fact that the response function depends parametrically on time; hence,
Ay j(X) = AIQN’F]‘ [X (t)]. The structure of Eq. (187) reflects the fact that the pumped
charge can be calculated as a line integral over the protocol C x defined by the param-
eters under their temporal evolution. The vector defined from the response functions
has the structure of a Berry connection. This representation is useful to highlight the
mathematically necessary conditions to have a non-vanishing value of the pumped
charge. These are: (i) a finite area in the parameter space enclosed by Cx, which
requires a minimum of two driving parameters with a phase difference in their time
dependence; (ii) adiabatic-response functions A j(X) that define a non-vanishing
rotation over the protocol C x. The second condition is difficult to predict and depends
on the microscopic details of the driven device, its coupling to the reservoirs, as well
as on the driving protocol. Spatial asymmetries in these quantities are necessary, but
not sufficient conditions.
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A widely studied example is a mesoscopic quantum dot or two serially coupled
quantum dots in a two-terminal configuration [54-56, 266—269], where the driving
parameters are two gate potentials that change periodically but asynchronously in time.
The key of the pumping mechanism is a net transport of charge between the two reser-
voirs as a consequence of the local driving, without applying any extra voltage at the
two terminals. This problem has been addressed in many configurations and realiza-
tions, including models of non-interacting electrons and also considering many-body
interactions. Consequently, many theoretical methods have been used to solve it. The
scattering-matrix formalism for non-interacting electrons has been particularly illu-
minating in providing explicit expressions with the structure of Eq. (187) in particular
devices [270-272]. However, the geometic structure of adiabatic pumping has been
worked out in detail also relying on other methods, for example using generalized
quantum master equations [273, 274], where also the role of the Landsberg phase was
highlighted [99, 100]. This has been a crucial step in unveiling the geometrical nature
of pumping in the adiabatic-response regime. Further progress was done after the
proposal of the Floquet version of this formalism [140], of relevance in understand-
ing this mechanism beyond the adiabatic regime. Electron quantum pumps have been
studied in a significant number of devices using the scattering matrix theory [143,
270, 275, 276], non-equilibrium Green’s functions[156, 165, 171, 172, 174, 277-
280], renormalization-group techniques [168—170], master equations [99, 171, 197,
273,274, 281], and reaction-coordinate mapping for the treatment of non-Markovian
effects [282], among others.

Of interest is not only pumping of charge. Also the topic of spin pumping in elec-
tronic systems has been addressed extensively [198, 199, 283-291]. In this review, we
will however for conciseness not focus on the topic of spin pumping and refer instead
to the review presented in Ref. [292].

Since electrons do not only carry charge but also energy, akin to charge pumping,
also energy pumping in driven quantum systems is in general expected. Indeed, in the
adiabatic-response regime, the adiabatic linear-response procedure explained before
leads to the following relation between the energy flux into the reservoir « and the
driving parameters,

1E@) = Z AL (X)X;(). (188)
j

The response functions are the ones defined in Eq. (51), Af,,'(X) = A,aE,F,- [X(®)].
In driven systems where charge transport takes place, we define the heat flux as
IaQ(t) = If (1) — g Iojtv (t), with uy being the chemical potential of the reservoir «.
The geometric nature of the heat pumping, in analogy to charge pumping, was pointed
out in Refs. [293-295]. In systems where the reservoirs are represented by bosonic
excitations, corresponding to normal modes of harmonic oscillators, like phonons,
photons, etc, the energy current coincides with the heat current. In both regimes, the
net heat transported per cycle between the two reservoirs can be expressed in terms of
geometric quantities as in Eq. (187),

O« =f A2 (X) - dX, (189)
Cx
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with Ag (X) = Af(X) — e Ay (X) for electron reservoirs or Ag (X) = Ag(X) for
reservoirs of bosonic modes.

4.3 Power pumping in adiabatic response

Extending the discussion of Sect. 4.1.3 to a more general context where the system
is driven by several time-dependent parameters X (z), we introduce A(X) for the
matrix with elements A ; ;i/(X) (see Sect. 3.2.5). These coefficients satisfy Onsager
reciprocal relations: A j/(¢) = +A s j(¢), where the & sign depends on the parity of
the operators FJ under time reversal and on other symmetries of the device. Examples
are particle density operators in the case of driven electron systems or the probability
density in the Bloch sphere, like in the case of the two-level system. These operators
are even under time-reversal symmetry. However, in other situations, it is possible to
have force operators with different parities, in which case A(X) = AS(X) +A* 3 (X)
has symmetric (A®(X)) and antisymmetric (A?~%(X)) components.

We highlight here again that the heat production generated by the driving is related to
the symmetric component this matrix. Eq. (184) is in the more general case expressed
as

T
Qdiss = / dtX () - ANX) - X (1). (190)
0

This component defines the metric and the thermodynamic length as discussed in
Sect. 4.1.3, and it is related to the net entropy production as 7% = Q giss.

Instead, the power pumping mechanism is related to the antisymmetric component
as follows:

1 r . .
(pump) _ _~ . a—s _ Aa-s .
PO = Eufo drX (1) [AM, (X) AZ,’E(X)] X (). (191)

Antisymmetric components of the A(X) tensor have been analyzed in Refs. [127,
296, 297] in the framework of electron systems and in [115] for charged harmonic
oscillators coupled to a time-dependent electric field.

This mechanism is intimately related to the problem of topological frequency
conversion [182, 298-300] and work—work conversion [301, 302], which have been
recently explored in the context of driven qubits beyond the adiabatic regime.

4.4 Adiabatic-response energy conversion and quantum machines

Interestingly, as pointed out in Sect. 4.2.1, the combination of time-dependent driv-
ing and dc bias by chemical potential and/or temperature differences imposed at the
reservoirs results in processes involving energy conversion, such as that realized in
engines or motors.

One of such mechanisms is identified as a motor or a generator and it is realized
when pumping takes place under the presence of a dc voltage bias [130, 303-305]. In
a motor, power due to the applied bias is converted into power injected into the driving
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fields; in a generator, power spent due to the time-dependent driving is converted
into electrical power with a charge current flowing against a potential bias. Here, we
discuss the mechanism with focus on a two-terminal device with a small voltage bias
S so that it can be treated in linear response, which is combined with the adiabatic
linear response in the driving velocities X .

We consider the reservoir with the lowest u as a reference and omit the reservoir
label in what follows. The particle current entering this reservoir and the mean value
of the induced forces in this framework read

M
N = Ay nX)Sp+ D An j(X)X;(0),
j=1

M
Fi) = AjnX)spu+ Y AjpX)Xp@), j=1.....N.  (192)
J'=1

Here, the different coefficients A, , are again susceptibilities evaluated with the
equilibrium Hamiltonian defined by the parameters frozen at time ¢. The coefficient
AN n(X) is related to the electrical conductance. Using the notation of Sect. 3.2.4,
itreads Ay n(X) = [di'(t — ") x;v v (t — 1), while Aj y(X) is the response of
the j-th force to the chemical potential bias. In the notation of Sect. 3.2.4, it reads
AjN(X) = [di'(t — ") xpi v (t —1'). These coefficients satisfy Onsager reciprocal
relations: A y(t) = £Ay ;(¢), where £ depends on the parity of the operators il
under time reversal and on other symmetries of the device. In what follows, we assume
asituation where A j () = — A, j(¢). This choice is consistent with the fact that the
current is odd under time reversal, while Fi are usually densities, which are even [114,
224] (see Sect. 4.3).

The relevant quantities that determine the performance of the motor are the electrical
power produced (or dissipated) by the transported charge and the power invested (or
received) by the external driving sources. Averaged over a cycle, they read

T T

Wer = ¢ / derN ()sp = ¢* / dt Ay v (1) (8u>2+qy§ A(X) - dX5p,
0 0 Cx
(193)

T . r .
Wyx = Z/ dtF;(HX; = —qf A(X) -dX8u+/ drX - AX) - X,
— JO Cx 0
J

(194)

where we have defined A (X) for the matrix with elements A ; ;/(X) and the vector
A(X) with components Ay, ; (X). The diagonal terms in Egs. (193) and (194), namely
the ones proportional to 8% and X2, are positive in the present sign convention and
are associated with energy dissipation. In fact, the net dissipated energy associated
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with the net entropy production is given by

T T
Qdiss = Wer + Wx = 6]2/ dtAn N (1) (3)° +/ drX - AX)- X, (195)
0 0

We can identify Eq. (184) in the second term, which accounts for the dissipation due
to the driving. The off-diagonal terms, namely the ones proportional to both the bias
and the driving parameter derivatives, describe the energy conversion processes and
are the fundamental ones for the motor operation. Notice that the terms obtained by
the closed integral over the driving protocol, fo’ provide the pumped charge between
the two reservoirs induced by the driving. We can identify two different operations:
(i) when the charge is pumped downstream with respect to the bias §u, the electrical
work has an extra component, while the same amount of work is received by the
driving sources. This operation is identified as a motor and its efficiency is defined as
nMt = — Wy /We. (ii) When the charge is pumped against the §t, we have a generator.
In this case, the driving sources must invest work to transport charge against the dc
bias. The efficiency is defined as n" = — W,/ Wx.

When, instead of a chemical potential bias, a temperature bias §7 is imposed,
while the coldest reservoir has temperature 7', the driven system behaves as a heat
engine or as a refrigerator. As before, for a small 7 /T this problem can be treated
in linear response by relying on the Luttinger Hamiltonian representation discussed
in Sect. 3.2.3, in combination with the adiabatic linear response in the velocities X.
This leads to a set of equations, similar to Egs. (192). For simplicity, we focus on the
case of exchange of energy without particles with the reservoirs, so that the energy
flux is directly interpreted as the heat flux. Considering the coldest reservoir as a
reference and omitting the reservoir label for simplicity, we can proceed in analogy
to the lines resulting in Eqs. (192) by introducing the response functions Ag g(X) =
Jar' (¢ =1 xye et — 1), and A p(X) = [di'(t —I/)XF].’IN(I —t'), satisfying the
Onsager relations. As before, we assume A g(X) = —Ag, ;(X). In terms of these
quantities, the net heat Q entering the coldest reservoir per cycle, as well as the power
invested by the driving sources are written as follows:

Q—detIE(t)S—T—/Tth (X) (5—T>2+y§ AE(X)~dX8—T
- 0 T - 0 E.E T CX T ’
(196)
T ) ST r .
Wyx = Z/ dr Fi(nX; = —f AE(X) -dx7 +/ drX - A(X) - X.
; 0 Cx 0
(197)

Here, we have introduced the notation A ¥ (X) as a vector with components Ag_;(X).
As in the case of motors and generators, the diagonal terms contribute to the dissipation
and entropy production. Instead, the off-diagonal components are related to heat—work
conversion mechanisms, and depend on the geometrically pumped heat. The two
operational modes are: (iii) heat engine, corresponding to the pumped heat entering
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the cold reservoir coming from the hot reservoir. In such a case, the first term of
Eq. (197) describes the work released by the driven system into the driving sources.
The efficiency of this machine is defined as n"® = —Wyx/Q. (iv) The refrigerator
corresponds to heat extracted from the coldest reservoir, in which case, the second
term of Eq. (196) has a larger absolute value than the first one with an opposite
sign. This implies that the first term of Eq. (197) contributes in the same direction
as the one provided by the pure driving sources, namely the power provided by the
driving is dissipated and used to extract heat from the cold reservoir. The efficiency
of the refrigerator, typically called the coefficient of performance in this case, reads
COP = —Q/Wx. As usual, the second law imposes bounds for the efficiency or
coefficient of performance of the machine: it can be shown that

nhe = 7Carnots COP < COPcarnot, ant: ngen, <1 (198)

where ncarmot = 67 /T and COPcymor = T /8T are, respectively, the efficiency of the
Carnot heat engine and the coefficient of performance of the Carnot refrigerator.* For
the case of the motor and the generator mechanisms, the bound does not depend on the
temperature and the mechanism may exist even at zero temperature [130, 303, 304,
306, 307].

There are many examples of heat engines and refrigerators operating without par-
ticle fluxes. These are basically continuous finite-time versions of the four-stroke
Carnot, Otto, and Stirling cycles. Pioneering works in this direction are [308-310],
more recent contributions are Refs. [190, 250, 251, 254, 311], and recent reviews are
Refs. [73, 312, 313].

4.5 Adiabatic-response quantum transport induced by classical mechanical and
magnetic dynamics

Up to here, we have considered quantum transport induced by slow external control
of system parameters modifying the potential landscape of electrons. The applied
driving fields—typically realized by gates—have therefore been treated as classical.
There are however other scenarios where the quantum particles that intervene in the
transport process are coupled to different degrees of freedom obeying a slow classical
dynamics, which follows its own equation of motion. Two examples are nanomechan-
ical electronics as well as quantum transport due to spin exchange with a magnetic
moment.

Innanomechanical electronics, electron quantum transport takes place with the elec-
trons coupled to vibrational degrees of freedom of a structure that is described by one or
more classical displacements X ; (¢). These effects are relevant in experimental scenar-
ios taking place in transport in nanoelectromechanical systems [314-317], suspended
quantum dots in carbon nanotubes [318-321], graphene sheets [322], and molecular
systems [323]. This problem has been studied in many theoretical works [324—-334].

Here, we present the treatment of Refs. [127, 296, 335] formulated in terms of the
adiabatic linear response. The emerging picture in nanoelectromechanical systems is

4 The expression for ncamoy 18 valid in linear response.

@ Springer



Quantum transport phenomena induced by time-dependent fields 711

that of vibrational modes represented by classical coordinates X ;, whose dynamics is
affected by the non-equilibrium environment generated by the electron currents. On
general grounds, we expect those modes to be described by a Langevin equation of

the form
iU

MiXj+ = =F; =) v Xy +§ (199)
j/

0X;

where the left-hand side is the equation of motion for the free vibrational modes, while
the effect of the environment provided by the electrons is taken into account on the
right-hand side. The term F°! j is the classical force acting on the mode j. The matrix
v;, j accounts for the effect of friction generated by the environment and &; represents
the noise, characterized by a correlation

(€& (N) = Dj jr(t,1), (200)

which is usually local in the mode coordinate and time, D; (7, t) = Do j8(t— .
The interesting interplay comes from the joint treatment of the quantum-mechanical
description for the electron dynamics, which leads to microscopic expressions for the
forces and the matrices y; j» and D; ;.

The starting point is a Hamiltonian for the full system of the form

H = Hx + Hy + Ho_x. (201)

The first term describes the free vibrational modes,

A2

N P N
Hy = Z ﬁ +U(X), (202)
J

where X is a vector with components X ;- These are operators describing quantum-
mechanical vibrational modes. The term ﬁel describes the free electrons, including
their coupling to the reservoirs, which may have a voltage or temperature bias. The
last term describes the coupling between the electrons and the vibrational modes. For
sake of concreteness, we assume here the following coupling,

Aax =3¢ [v (X)]n s (203)

n,n’

where 6‘2 and ¢, are creation and annihilation electron operators in state n. We focus
on situations where the timescale for the electronic dynamics is much shorter than the
time scale of the vibrational dynamics. Having in mind this assumption, we proceed
with the derivation of Eq. (199) as follows. The equation of motion for the components
X (1) = (X;)(t) of the vector X () is

>(z) --3 <éj; [a,?j v (X)] 6n/> ©,  (204)

n,n’

. oU
Mij(l‘)—i- ~
X;
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with X i) = ()A( j(®)), and X j(t) is expressed in the Heisenberg representation with
respect to the full Hamiltonian. This equation is approximated by decoupling the
dynamics of X from that of éZ and ¢, making use of the assumption of separated
timescale. Consequently, we express the term in the right-hand side as

<éf, [35(!_ % (X)] én/> (1) ~ <[agl_ % (X)]>X () Nyw(X(1)),  (205)

where the first mean value is taken with respect to Hy . The mean values of the fermionic
operators are instead calculated with respect to the effective Hamiltonian et (X)),
which is obtained from Eq. (201) by replacing the operator X (¢) with the mean value
X(t) = (X(t))x. We introduce the definition of fermionic densities I\A/n,,,/ = EZ C

and N, (X (¢)) = (1\:7,1,,,/(t))eff for these mean values. With these approximations,
one finds

M;X () + <;§ >(z) ~ - Z<[3>2_;V (X)]> (1) Ny (X(0). (206)

~
j !
J n,n

As a next step, and taking into account the slow dynamics of the vibrational modes,
it is possible to implement the adiabatic linear response treatment for the fermionic
densities

Ny (X (1)) = (E56n),(X) + Y A (X) Xjo (1), (207)
i’

where the coefficients are

t
An,n’,j(t) = f dt/(t - t/)Xn,n/,j(t - t/) (208)

—00

a4 = 1) = =i = )[R @), By @) ]) [,V 0], 209)

Here, the mean values (e), are calculated with respect to the effective frozen Hamilto-
nian H,, which corresponds to the parameters X (¢) frozen at time ¢ in the effective
Hamiltonian H° (X (7)).

Comparing with Eq. (199), we can identify the forces and the friction coefficients,

F0) = =Y [ax, VX)), (Ehéu), (X,

n,n’
n,n’
v X) =Y [9x, VXL, A, jr(X). (210)
n,n’

Interestingly, this description enables a microscopic calculation for the damping coeffi-
cient, representing the environment of electrons coupled to the nanomechanical degree
of freedom. The corresponding noise &; and noise correlation defined in Eq. (200) can

@ Springer



Quantum transport phenomena induced by time-dependent fields 713

also be derived in a similar way from microscopic calculations. The environment in
this type of problems is out-of equilibrium and is generated by coherent transport of
electrons through the nanostructure. Simultaneously, the effect of the nanomechan-
ical motion on the electron transport can also be taken into account by means of
the adiabatic response induced to the parameters X (), as explained in Sect. 3.2.2.
In Refs. [127, 296], the response functions are calculated with scattering matrix and
non-equilibrium Green’s functions formalism, respectively. Further interesting ways
in which pumping is induced by mechanical motion have for example been identi-
fied in twisted bilayer graphene, where mechanically induced sliding motion induces
electrical currents [336] or via the movement of a kink in buckled graphene [337].

The other interesting example of combined classical and quantum dynamics cor-
responds to electron systems coupled via spin exchange interaction with a magnetic
moment M (¢) that can be described classically. The dynamics of the precessional
motion of a magnetic moment with damping can be described by the Landau-Lifshitz-
Gilbert equation. This equation has been the basis for describing the dynamics of
spintronics in thin films [338] and molecular magnetic systems [339]. It is akin to the
Langevin equation and reads

M =M x [—BMU—JSO—)/M—i-rSB], @11)

where the first term represents the effect of the conservative forces, and the other
terms represent, respectively, the spin torque, the friction, and the noise generated by
the electrons. As in the case of the nanomechanical system, it is possible to calculate the
explicit expressions for s°, y, 8B in terms of a microscopic model under the assump-
tion of a different timescale for the dynamics of the electrons and M. The derivation
of Eq. (211) from a microscopic Hamiltonian for a driven molecular magnet was pre-
sented in Ref. [297] following the adiabatic expansion of time-dependent Green’s
functions and scattering matrix. Similar approaches were followed in Ref. [340].
Landau-Lifshitz—Gilbert-like equations have also been derived for generalized master
equations for pumping of electronic spins through metallic islands and quantum dots
induced by rotating magnetizations [199, 292]. Other models, including effects like
spin—orbit coupling [341-343] and bosonic baths [344], were also considered. The
case of the strong driving regime was addressed in Ref. [345], while related geometric
properties were analyzed in Ref. [346].

5 Focus areas and concrete challenges
5.1 Single-particle control and transport spectroscopy

Single-electron control in quantum conductors is motivated by questions ranging from
fundamental aspects to applications. Having control over single electrons in a conduc-
tor is the basis for observing tunable single- and few-particle quantum and interaction
effects, but it is also a crucial ingredient for metrology or the realization of flying
qubits. With single-particle control, we mean the ability to investigate and manipulate
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Fig. 2 Principles of single-electron injection a via a specifically designed bias voltage, b time-dependent
gate voltage applied to chiral conductors, ¢ transport of a captured electron in a moving potential minimum,
d injection from a driven discrete spectrum (from a confined conductor region) exploiting energy gaps. In
setups a, b, and d, the presence of a quantum point contact (with transmission probability D) allows one to
perform spectroscopy on the emitted state, e.g., by looking at the noise

physical observables, such as electrical currents, down to the single-electron level.
For instance, in pumps and turnstiles, the transfer of one electron per cycle allows
quantized currents to be obtained at a high level of precision, finding applications in
metrology. Another aspect is the ability to generate on-demand single-electron exci-
tations in quantum conductors, realizing the electronic equivalent of single-photon
sources. Finally, transport quantities induced by time-dependent drives can also be
used as spectroscopic tools to acquire information on some properties of the conduc-
tor itself, such as screening properties and decay rates. Often, such properties are not
accessible by steady-state techniques, making time-dependent transport a valuable
tool.

In this section, we highlight some of the efforts to realize and investigate this
basic step for further implementations of time-dependently controlled devices. In
Sects. 5.1.1 and 5.1.2, we review two types of strategies to achieve controlled,
on-demand, single-electron injection, via engineered voltage pulses and exploiting
discrete energy levels from confined regions, respectively, as summarized in Fig. 2. In
Sect. 5.1.3, we discuss how time-dependent transport can be used as a spectroscopic
tool.

5.1.1 Single-particle injection via targeted driving signals

We review here two strategies that allow one to excite single electrons via voltage
pulses. In the first case, Fig. 2a, one applies a voltage bias V (¢) to one of the contacts
connected to the conductor. In general, this induces a phase shift on the propagating
electrons, in a similar way to what we have discussed in the context of Floquet theory.
The seminal result of Ivanov et al. [58] is that there is a specific shape of V(¢), so
that the phase shift corresponds to processes by which electrons only gain energy, in
a way that no holes are generated. In the second case, Fig. 2b, one considers coupling
the conductor to a gate electrode, where a gate potential Vy(¢) is applied. Following
the same logic, to excite single electrons the voltage should be engineered to produce
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a phase shift with the desired property. The additional complication, in this case, is
that one must first find the true potential felt by the propagating electrons, which is in
general different from V(¢). We start with the first approach, which is conceptually
simpler, and discuss in some details how the shape of V (¢) can be used to the desired
task of generating a single-electron state.

Injection by time-dependent voltage biases and Levitons When a time-dependent
driving of the bias voltage, V (¢), is applied to a coherent conductor, the system is
brought out of equilibrium and a time-dependent charge current /€(¢) is induced. For
the setup in Fig. 2a, the current flowing toward the quantum point contact is simply
I¢(t) = q*>V (t)/h, assuming that the conductor supports a single channel. The idea of
using voltage pulses to generate single- or few-electron states is rather simple: if the
drive is such that f dr I¢(t) = q, then a single charge ¢ is transferred. However, for
a generic shape of the pulse V (¢), this ac driving results in the creation of electron—
hole pairs or photo-assisted shot noise [89, 142, 347, 348] accompanying the desired
single-electron excitation. This creation of electron—-hole pairs therefore counteracts
the aim to create controlled and precise single-particle excitations. However, when
driving with a Lorentzian-shaped bias voltage

h 20
VLor(t) = -

_— 212
q(t—ty)?+o2 @12)

the creation of electron—hole pairs is fully suppressed. Here, #; is the injection time
and o the half width at half maximum of the voltage pulse. The state generated by this
voltage has later been called a Leviton [61], after the seminal works of Levitov [57-59].
The reason for the full suppression of electron—hole pair creation can be understood in
the following way. Particles being exposed to a generic time-dependent voltage drive
V (¢) pick up the phase e ¢ where

q t
b(1) = ﬁ/ ar'v(t) 213)

—00

is given by the Faraday flux. This phase determines the probability amplitude

OO . .
Ce = / dre 1M iet/h (214)

—00

that electrons are scattered from one energy state to another, with ¢ being the energy
picked up [140]. The probability for this process to occur is p(e) = |cs|*. Requiring
that no holes are excited amounts to the condition ¢, = 0 for all £ < 0, i.e., no states
below the Fermi energy (here taken at ¢ = 0) are created. This requirement translates
into a constraint on the function e~ and, thus, on the voltage V (¢). In particular,
e~ has to be analytic in the lower complex plane (and have at least one pole in the
upper plane in order not to vanish everywhere). Considering that | /?®)| = 1, the
simplest possible choice is

oo - LTI A IO (215)
t—1y—10
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which leads to the Lorentzian profile V () = Vo (¢) of Eq. (212).
The experimental evidence for Levitons was achieved by exploiting a periodic train
of Lorentzian pulses of generic amplitude, namely

V() =a) Vie(t —mT). (216)

mez

and sending the resulting state to a quantum point contact. The parameter a is a tunable,
continuous dimensionless quantity, and has a strong impact on the shot noise observed
after partitioning the excitations at a quantum point contact. In fact, the theory predicts
that the noise should be minimal whenever a is a positive integer. To understand this,
let us first take a step back and consider a generic periodic voltage

T
V(t) = Viae + Vac(t) =Vt +T), f Vac(t)dt =0. (217)
0

Then, we can use the tools of Floquet theory, slightly adapting the definitions of
Sect. 3.4.3. Specifically, the phase factor e~'?®) introduced in Eq. (213) can be
expanded in a Fourier series of the form

e~ — exp (—i%vdct) ZGXZ:Cg(a)e_MQI = exp (—iqQ) gz:q(a)e—"m' . (218)

Here, the dimensionless parameter q = g Vy./(hS2) represents the number of charges
(i.e., the charge in units of g ) per period carried by the drive. Moreover, the coefficients
ce(a) are the same as those defined in Eq. (83), and depend on the ac component
Vac(t) only. The functional form depends on the shape of the voltage, while a =
q Va(co) /(h$2) is a dimensionless parameter encoding the characteristic amplitude Va(c0 )
of Vi (), see for instance below Eq. (83). The coefficients ¢, replace the amplitudes ¢,
introduced in Eq. (214) for non-periodic sources. Similarly, p¢(a) = |c¢(a) |2 replace
the probabilities p(e). If V‘,(CO ) — Ve, such as in Eq. (216), then a = q also represents
the number of charges (i.e., the charge in units of ¢) per period carried by the drive
V().

Itis possible to show that ¢ (a) = O for all £ < —a, whenever a € N. This property
is once again a consequence of the analytic structure of e =) and is the key ingredient
determining the anticipated minimal noise feature of Lorentizan pulses. Indeed, the
zero-temperature current fluctuations across the quantum point contact of the setup in
Fig. 2a can be evaluated as [349]

2 2
AS=8-8%= =D =D Y pe@le+al o Nep™ 0. (219)
t<—q

showing that Lorentzian pulses with integer ¢ do not produce any excess noise above
the dc component S%, and no extra particle-hole pairs N, m* are created. It is also
important to notice that the excess noise AS has local minima at integer ¢ for any kind
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Fig.3 Temperature dependence of the spectral current iy ¢y (E) for a Leviton with unit charge, q = a = 1.
The temperature dependence is encoded in the parameter § = 2kg T'o/h. Figure adapted from Ref. [354]

of driving signal. This is related to the so-called dynamical orthogonality catastro-
phe [58], which implies that current fluctuations are enhanced whenever the Faraday
flux (213) is not a multiple of 2. As a result, the excess noise is minimized for all
pulses at integer q, when the flux is instead a multiple of 2. The Lorentzian drive is
the optimal drive, i.e., the only one leading to AS = 0 at integer g.

Another curious property of the Lorentzian drive, is that even the Faraday flux ¢ =
7 is special. In this case, it was shown that strictly zero-energy quasiparticle excitations
with fractional charge can be generated [350]. They are always accompanied by the
emission of particle-hole pairs (as the drive is non-optimal), but produce a minimal
noise in junctions between a normal metal and a superconductor [351].

From a practical point of view, Lorentzian pulses are generated in the laboratory by
Fourier synthesis, namely, by properly combining monochromatic signals of different
frequencies. The minimal noise property, hints of which are already visible for signals
approaching the shape of a Lorentzian, but composed of few harmonics only [352,
353], was first demonstrated in Ref. [349].

Another way to confirm that only excitations above the Fermi energy are created
by the drive (212) is by looking at the spectral current i(E) of the emitted signal. This
quantity has been introduced in Eq. (88), which in the two-terminal configuration of
Fig. 2a reduces to

oo o
W(E)=D Y lee@P[fLE) — RE)] =D Y lee@I* [fo(Ee — ah) — fo(E)].
{=—00 {=—o00

(220)
where fo(E) = [1 +exp(BE)]~" is the equilibrium Fermi function. As demonstrated
in [349] for Levitons and a harmonic drive, shot noise spectroscopy can be used to
access information on the spectral distribution by varying a and q independently.

For a Leviton with unit charge, Eq. (220) reduces to

iLev(E) = 2Qo D e 2Eo/hg(E) (221)
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Fig.4 Injection scheme where
electronic excitations are locally
created in a conductor in the
quantum Hall regime by
time-dependently driving a
capacitively coupled gate.
Figure taken from Ref. [90]

where this expression holds at zero temperature and when the period 7 is the largest
timescale in the problem. The finite-temperature expression has been obtained in [354]
and the result is illustrated in Fig. 3, showing a thermal smearing, with a decay even-
tually dominated by temperature rather than the pulse width o.

Before moving to the description of a different injection strategy, we mention some
additional features of minimal excitations generated by voltage pulses. Ivanov et al.
showed that overlapping pulses appear to behave independently (as solitons), and
their overlap does not affect the total charge noise [58]. However, this feature does not
survive when energy transport is considered. In that case, N overlapping Lorentzian
pulses produce energy currents and energy fluctuations that scale as N and N times
the single-particle quantities, respectively [89], showing that the excited pulses do not
strictly behave independently (unless of course their overlap vanishes). Despite this
difficulty, it is possible to define a proper excess energy noise, inspired by the Schottky
relation, that vanishes even for overlapping pulses [355]. Second, reference [356]
has extended the study of multiple-pulse excitations by considering a pseudorandom
binary injection protocol, characterized by a binary pattern {7} with entries O or 1,
such that at each time k7 a particle is injected if 7 = 1 and no particle is injected
if 7y = 0. It was shown that (i) Levitons maintain the minimal noise property and
(ii) the number of extra electron/hole pairs generated by other drives is not only a
property of the driving function shape, but also of the injection protocol specified by
the probabilities 7.

Injection by gate driving An alternative to applying a time-dependent drive to the
voltage bias is by driving a time-dependent gate voltage, as shown in Fig. 2b and
in Fig. 4 in greater detail. This is particularly relevant for chiral systems, such as
conductors in the quantum Hall regime, where the propagation direction of electron
excitations is given by the chirality of the edge channels. In this injection scheme,
the voltage signal applied to the gate is transmitted to the conductor via capacitive
coupling. The externally controlled drive is the gate voltage V,(¢), but what matters for
the excitations in the conductor is the local potential Vioc(¢). The relation between the
two is nontrivial and mainly depends on screening effects and the interplay between the
driving frequency and the response timescales of the system. There are three relevant
timescales:
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(1) The charge relaxation time 7. set by the capacitive coupling between the gate
and the conductor, which is given by 7. = hC/g?, with C the geometrical
capacitance.

(i) The traversal time ¢ that a particle in the conductor takes to go across the gated
region.

(iii) The dwell time T, on the gate plate that forms the external part of the capacitor.

All these quantities combine in the admittance G (w) of the conductor which gives the
current response in the frequency domain

I°(w) = G(w)Vg(w) . (222)

Assuming a perfect transmission between the right and left reservoirs, as well as chiral
propagation, the result is [90]

G(w) 0C (o) 1 | it 1 it (223)
w) = —iw w) , =1- R ,
& g(w) I —expiotry) Mg 1 —expiotg)

where M, is the number of transport channels in the gate electrode. For a metallic
conductor, with My — oo, the above result was also found in Ref. [357]. Performing
a low-frequency expansion, one has

G() = —iwC,(1 +iwRC,) + O, (224)
where
h 1
R=— (14—, 225
2‘12< - Mg> ( )
c—1+h+1h_1 (226)
PTNC T ¢?u o Mg ¢t

are the equivalent charge relaxation resistance, and the electrochemical capacitance,
respectively. Together, they combine in an effective RC time for the system, tgc =
RC,. When My — 00, R becomes the Biittiker resistance Rqy = h/(2q2) [51, 52,
358], see also Eq. (173).

Taking the Fourier transform of (222), we find the time-resolved current

d +o00
I°(t) = CE/ di'g(t — ')V, (t') . (227)

It is challenging to obtain analytical expressions, due to the complicated form of the
function g(w). However, it is possible to make progress by using an expansion of
the gate drive in harmonics to efficiently obtain numerical results at arbitrary driving
frequency 2. Referring to [90] for details, we here discuss two limiting cases.
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In the adiabatic driving regime, defined by Q7rc < 1, the relation between injected
current and gate voltage signal is

c dVg
I°(t) = Cy———, (228)
dr
resulting in a purely capacitive response. Therefore, one must engineer V, so that
its derivative produces the desired signal. This means that clean, minimal excitations
corresponding to those generated by a Lorentzian voltage bias are obtained by a gate
voltage of the form

V;ox(t)z q Re(iln{ ' Sin[Q(l—lo-i-i(f)./Z] })_ q ’ (229)
2nCy sin[Q(t — tg — 7/2 4+ i0)/2] 2C,

where o corresponds to the half width at half maximum of the Lorentzian pulses
arising from V;OX via (228). Note that (229) approaches a square-wave drive in the
limit o — O.

In the fast driving regime Qtgrc > 1, the equivalent circuit is essentially a short
circuit, so the current profile directly follows the gate voltage

2
@y~ X

Ve, (230)

where only the odd harmonics of V (¢) enter in the response. As a result, the response
features an alternating pattern of pulse/anti-pulse in each consecutive period of the
drive. The gate driving technique discussed in this section has recently been exploited
in experiments [359].

5.1.2 Single-particle injection from confined regions

A complementary approach to the one described above is to release electrons into a
conductor from a confined region, like a quantum dot. In this case, the strategy is to
exploit the discrete spectrum of the confined region to extract electrons one by one,
or to engineer clever loading and unloading protocols to achieve the same goal. The
development of single-electron pumps was strongly motivated by metrological appli-
cations aimed at a redefinition of the current standard. In this section, we present an
overview of such approaches, discussing the mesoscopic capacitor, electron pumping
and turnstiles in more detail.

Injection from a mesoscopic capacitor To describe single-electron injection relying
on the driving of a confined region, we start from the most simple realization, namely
the mesoscopic capacitor [50, 51, 358], see Fig. 2d. The main idea is that charging and
discharging of a small capacitor plate can result in the controlled emission of single
electrons into a conductor, when the addition energy of electrons is large with respect
to temperature. The emission process also relies on a discrete spectrum of the confined
region [360] or Coulomb blockade, possibly in combination with a superconducting

energy gap.
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One important application of the mesoscopic capacitor as single-electron source
is in quantum Hall systems. In fact, the realization of an on-demand and coherent
single-electron source in this regime [53] has been a major experimental achievement
initiating the development of electronic quantum optics, discussed in further detail in
Sect. 5.3. Therefore, we describe here a model of a capacitor-based single-electron
source in the quantum Hall regime, following [360]. The confined region consists
of an edge mode in a closed loop of circumference L, coupled via a quantum point
contact to an open edge channel constituting the target conductor where excitations
will be injected from the dot. The quantum point contact tunes the reflection (r) and
transmission (d) probability amplitudes, connecting the confined region to the open
edge channel, see Fig. 2d. Finally, the confined region is coupled to a top gate to which a
potential V,(¢) can be applied. Starting from the stationary case, and assuming without
loss of generality V; = 0, we can write a scattering matrix that has a Fabry—Pérot form

o0
E
So(E) =r+d* Y r"exp [ieﬁ] , (231)
=1 h

where 7; = L /v is the time it takes to go travel a full circumference, and we have
assumed a linear energy—momentum relation, which can always be done close enough
to the Fermi level. Note that the scattering matrix Sp of this simple system is a scalar. If
we next compute the density of states vy (E) = (2i) ™! Sg dSo/dE, we find a structure
with peaks separated by A = h/t;, with broadening y = DA /2m, and D = |d|*.
Therefore, at D <« 1, we have discrete, well-defined energy levels in the confined
region.

Let us turn now to the driven regime. Also in this case, the local Coulomb inter-
action in the confined region does often not play a crucial role, due to screening by
the gate(s) and a very small geometrical capacitance of the gate—dot system [53] (see,
however, Refs. [200, 214, 217, 357, 361] and Sect. 4.1 for the treatment of inter-
actions). Therefore, a description based on a scattering matrix, which still allows to
include interaction effects self-consistently, is justified. Using the mixed time—energy
representation introduced in Sect. 3.4.2, we have

o0
E
St Ey=r+d*» r"lexp [ieﬁ - i(bg(t)i| . (232)
=1 h

The structure is the same as in the stationary case: each term for a given £ in the
above sum represents the scattering amplitude of a particle entering the dot at time
t — L1y, executing ¢ round trips and exiting the dot at time ¢. In this time interval, the
particle accumulates the dynamical phase and the one induced by the action of the
gate potential, encoded in the function

t
Dy(1) = % / 'V (t'y . (233)
t

—Ll1y
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Using (232), the time-resolved charge current emitted from the quantum dot, can be
evaluated via Eq. (81), considering a two-terminal geometry without any additional
voltage bias between the contacts. The result is [360]

2 00
I, (1) = %DZ Y RTNV(0) — Velt — L1a)] (235)
=1

9

2 2
qD 2k T /A 01T —id (-t i
C (1) = —1 mp [ PPy (t—Llrg) _ ,—i m(t)]
noniin (1) 2 sinh2n2mksT/A) ¢ ¢

£,m

(236)

where the nonlinear term mainly contributes in the low-temperature regime kg7 < A,
and the linear term is independent of temperature. This rather complicated expression
gives the current response at arbitrary gate voltage amplitude and frequency.

An insightful analytic result can be found in the limit where the driving frequency is
small, Qt; < 1, also referred to as the adiabatic-response regime. By expanding (234)
at first order in the driving frequency, the time-resolved current reduces to a purely
capacitive response

I°(t) = q2% / dE (_BJ;(EE)) v(t, E). (237)

This expression represents basically the response of the occupation number on the
quantum dot/mesoscopic capacitor to a time-dependent change of the gate voltage.
Here, an important quantity is the instantaneous density of states of the quantum dot

aSo(t, E)

238
S (238)

1

v(t, E) = %Sg’;(t, E)
obtained from the frozen scattering matrix, see also Sect. 3.4.4. One easily finds
v(t, E) = vo(E — qV,(t)). Equation (237) tells us that, in the adiabatic-response
regime, the frozen density of states defines a capacitance just like a stationary density of
states gives rise to a quantum capacitance. The capacitive response (237) is very similar
to the adiabatic response of (228). Indeed, the protocol of injection by local gating
can be recovered by considering a fully open mesoscopic capacitor, with D — 1.
Consider now a monochromatic drive Vy(r) = Vg0 cos(2t), with |g Vgo | < A so that
we can consider a single level of the dot only. In the first half of the period 7 Eq. (237)
gives [354]

9 DA
Ic(t):qD/dE P N/C S S . (239
OE ) 12 + o2 qveQ  2mqVYQ

At low temperature kg7 < A, we thus have the emission of a Lorentzian pulse that
reminds us of the Leviton source. Indeed, in this regime, the latter and the mesoscopic
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capacitor produce the same type of excitation. However, the presence of the density
of states in Eq. (237) is such that the two sources do have different spectral properties
and temperature dependence of the transport quantities [354]. Finally, it can be shown
directly from Eq. (237) that the excited charge (per half-period) is quantized to Mg
whenever max(Vy) — min(Vy) = M A /q, independently of temperature [360].

The other relevant situation is the fast emission regime 2tz >> 1, and particularly a
square-wave driving protocol, first implemented in [53]. Consider then a gate potential
Ve(t) = 0 fort € (m7,m7T/2) and Vy(t) = Vgo fort € (m7/2, m7), withm € Z.
Let us also suppose that the transitions happen on a timescale §f < t, making the
protocol nonadiabatic. Focusing on the interval 7 € (0, 7/2), yet t > 14, Eq. (235)
predicts an exponential current profile

¢ —t/t —__ W 11
(@) e, v = z(D 2)+O(D). (240)

For kgT > A, this is the only contribution to the current, which is however associ-
ated with a non-quantized transferred charge. Quantization is recovered in the regime
kpT « A, thanks to the nonlinear term (236). Once again, the result is that quantiza-
tion requires an excitation amplitude equal to an integer multiple of the level spacing
A. Overall, the current retains an exponential profile, as observed in experiments and
shown in Fig. 5. Notice that the injected charge is quantized as long as the escape
time 7 is not comparable to a half-period of the driving signal, i.e., for not too small
transmissions D.

Until here, charge quantization refers to the average injected charge per half-period.
Clearly, this “quantization” does not exclude spurious emission events, where more
than one charge is emitted in a cycle and no charges are emitted in other cycles, still
keeping the average quantized. Therefore, a further characterization of the system
is required to convincingly show that the mesoscopic capacitor is a reliable single-
electron emitter. Such a study requires considering the current fluctuations in the
device, see also Sect. 5.2.2. This was carried out experimentally in Ref. [363]. It turns
out that having a driving amplitude equal to one level spacing is not enough to guar-
antee a robust charge quantization. In particular, a resonant emission, corresponding
to having the emission energy in resonance with the Fermi level, generates extra fluc-
tuations that do not make the source a reliable single-electron emitter. The optimal
regime to achieve this goal is instead achieved when the Fermi level is exactly halfway
between two dot levels, so the emission energy is A /2 above the Fermi level. A detailed
discussion, comparing theory and experimental data, can be found in [362]. A typical
emission energy for the driven mesoscopic capacitor is around 0.1 meV, making this
source the least energetic among those presented in this section. This also means that
the effect of the Fermi sea is relevant, and relaxation processes can be important [364,
365].

Single-electron pumping The concept of quantum pumping has been introduced in
Sect. 4.2.1. Under specific conditions, itis possible to use pumping to realize controlled
single- or multi-particle emission. One strategy, as first demonstrated in Ref. [55] is
adiabatic pumping around the triple point in the stability diagram of a double dot
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Fig. 5 Current emission from a mesoscopic capacitor in the nonadiabatic regime. A square pulse with
amplitude equal to one level spacing A is applied to the top gate of a mesoscopic capacitor, resulting in a
current exhibiting an exponential decay. Reprinted figure with permission from [362]. Copyright 2012 by
the American Physical Society
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Fig.6 a Sketch of the energy landscape of a driven double quantum dot. The three snapshots show different
level configurations. As response to the changes between these configurations a quantized charge current
is induced. b Cycle in parameter space encircling one triple point in the stability diagram

or of two metallic islands coupled in series, see Fig. 6. Such a double-dot system is
described by the Hamiltonian

~ ~ v A A A~ A~
Hador = '21:2 &N -3 2& (dwdzg n dZde) FUNMN, (241
J=1 o=T,
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with the interdot coupling v and the single-dot occupations N, = > N o =
>y c?}Lac? jo- Here, we set the onsite interaction to be the largest energy scale such
that double occupation on a single dot is excluded. For a double-island system, the
Hamiltonian is equivalent but with continuous energy states. The stability diagram of
this type of systems has a honeycomb structure, where a section including one triple
point between neighboring stable regions is shown in Fig. 6b, as function of the gate
voltages applied to the dots. By slowly modulating the gates, electrons can be trans-
ferred in adiabatic response between dot 1 and the left contact, between dot 2 and the
right contact, or between the dots. These dynamics can be described by a classical rate
equation in the sequential-tunneling regime

a [ Fo —2la f(€a) = 2Ip f(ep) Tp (1 — flep)) Ta(l— f(ea)) Py
)= 2la f(€a) =Ty (1 = flep) 0 Py |-
Pa 2T f (€b) 0 —Ta(l - f(ea) Py

42)

Here, the eigenstates 7 = b,a of the double dot are the bonding and anti-bonding states,
which—sufficiently far away from the triple points—equal the local occupation states
of dots 1 and 2. Their energies are given by ey = (€] 4 €2)/2 £ /v2 + (€] — €2)2/4
and their effective couplings to the left and right reservoirs, « = L,R, which are time
dependent via the level energies, are given by

r —
Fpo = -2 (1 —ap——== , (243)
VA2 4 (€1 — €)?

where « = L/R and n = b,a take the values -1 when used as variables, and the
rates 'y, are obtained from Eq. (110) in the wide-band limit. We also introduce the
abbreviation 'y = >, _; g 'y The induced charge current is given by

: Loy (d
IE=—q ) F—n” (ap,;(’)(z)). (244)

n=b,a

When driving the gates around a triple point as indicated by the example cycle in
Fig. 6b, exactly one charge is transferred peristaltically through the system per cycle
from left to right. A quantized current is found when the amplitudes and phases of
the driving parameters are chosen such that the distance between the parameter cycle
and the triple point is much larger than the temperature and if the time between the
crossing of two lines is long enough to allow the system to reach the stable occupation
state.

Such peristaltic single-electron pumps have for example been experimentally real-
ized in double metallic islands [55], single dopants in silicon [269], graphene [366],
and carbon nanotubes [268]. The accuracy of such devices is typically limited by
cotunneling effects [367].

Injection via nonadiabatic single-parameter pumps  With the goal to meet the high
requirements for using single-electron sources for the implementation of a current
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Fig.7 Working principle of a
single-electron source based on
a dynamical quantum dot. This
is also referred to as a
single-parameter nonadiabatic
pump. Figure reproduced with
permission from Springer
Nature Ref. [368]
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standard, a different strategy has therefore recently become more promising, exploiting
nonadiabatic pumping going along with so-called hot-electron emission [369, 370].
These nonadiabatic single-electron pumps are typically realized in a gated wire, where
the modulation of a potential barrier leads to the asymmetric creation and depletion of
a quantum dot which is charged and discharged by electron transmission from opposite
sides of the conductor. The working principle is shown in Fig. 7.

The left side of Fig. 7 illustrates an example of a single-electron pump implemented
in a nanostructure based on GaAs, and exploiting a dynamical quantum dot. The latter
is defined by two parallel gates with a small space between them, where electrons can
be trapped. By periodically modulating the two gate potentials, the emission of one
electron per repetition cycle can be achieved, as originally demonstrated in [370]. A
schematic of the working principle is shown on the right side of Fig. 7: first, electrons
are loaded by lowering the barrier on the left gate below the Fermi level (1). Then, the
barrier is gradually increased (2), allowing for back tunneling until the dot is isolated
and one electron remains trapped (3). Next, the left barrier is elevated until it exceeds
the right one (4), resulting in the emission of the loaded electron. Using such devices a
quantized current with a precision of one part per million has been demonstrated [368].
Furthermore, by placing an additional barrier downstream with respect to the source
(see Fig. 11 in Sect. 5.2.1), it is also possible to measure the energy distribution and
the wavepacket width of the emitted electrons [371, 372], perform tomography [373],
as well as time-resolved interference [374—376]. For more details, we refer the reader
to the review [377, 378]. Here, it is sufficient to highlight that single-electron pumps
of this kind result in large emission energies (order of 100 meV, that is much larger
than the Fermi level in the system, of order 10 meV) and for this reason the emitted
particles are often called hot electrons.
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Injection and transport via surface acoustic waves  Another approach to emit and
transport single-electrons relies on a combination of quantum dots as discussed in the
previous paragraph and the action of a surface acoustic wave (SAW). This principle is
similar to that of the Thouless pump, discussed in Sect. 5.5.1. The key idea is to exploit
the piezoelectric properties of GaAs to generate an electrically induced perturbation
of the potential landscape that propagates along certain crystal directions at a speed
of about 3000m/s, which is much slower than the Fermi velocity. Details on how
the SAW is generated can be found for instance in [379], with recent developments
and optimization reported in [380]. The important point is that the SAW creates a
moving quantum dot that is able to transport single electrons over micrometer-scale
distances. The protocol is illustrated in Fig. 8. The setup (a) features two quantum
dots, the left one being the source and the right one the receiver. Each of them is
equipped with a quantum point contact acting as a charge sensor, allowing one to
detect the presence of electrons in the dot, with sub-electron sensitivity. At first, an
electron is captured (b) in the left dot and isolated from the Fermi sea (c) by acting
on the gate voltages Vr and V. Then a SAW is sent through the device and creates a
train of moving quantum dots. The electron is thus loaded in a minimum of the SAW
and transported over the depleted channel (d). This approach was pioneered in [381,
382], where electrons were transported over micrometer distances with more than
90% efficiency. Recent developments [383, 384] have greatly improved the accuracy,
also allowing for controlled interference experiments [385]. We will come back to this
point in Sect. 5.3.3. The technique is nowadays very advanced, to the point where there
is complete control over the number of emitted electrons, as well as which minimum
of the SAW electrons are loaded in. One key advantage of the SAW single-electron
source compared to other approaches is the possibility of performing a single-shot
detection of the emitted electrons, enabling counting statistics experiments [385, 386].
This is achieved by using a receiver quantum dot, equipped with a nearby quantum
point contact, as a very sensitive charge detector. Similarly to the nonadiabatic single-
electron pumps, and differently from the mesoscopic capacitor and the Leviton source,
the SAW source injects electrons that are well separated from the Fermi sea.

Superconducting turnstiles The single-electron pumps introduced above exploit
Coulomb interaction and tunable (effective) confinement for the realization of precise
single-electron emission. An alternative strategy is the implementation of so-called
turnstiles in hybrid superconducting devices. A major difference with respect to quan-
tum pumps is that these turnstiles are operated at finite bias, which sets the direction
of single-electron transport. Furthermore, in these hybrid turnstile systems, in addi-
tion to Coulomb interaction, the superconducting gap is used to selectively charge
and discharge a central Coulomb-blockaded island. An example for such a device,
here a normal-metal island with superconducting contacts, is shown in Fig. 9. Also
realizations with superconducting islands have been proposed and realized, see for
example [388].
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Fig.8 Schematics of the SAW single-electron source. Gray areas in a indicate fully depleted regions. b, ¢
Loading of an electron in the source quantum dot. d Capture of the loaded electron in a SAW minimum
and transfer over the depleted channel. Figure adapted with permission from Ref. [379]
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Fig. 9 Working principle of a superconducting turnstile, here shown at the example of an SINIS system. a
Sketch of the normal conducting island contacted to two superconducting reservoirs via insulator barriers
(SINIS). b Stability diagram of a normal-conducting island for comparison. ¢ Stability diagram of the island
in contact with superconducting reservoirs. A possible operation cycle of the turnstile is indicated by a black
line. Figure adapted with permission from Ref. [387]

The superconducting turnstile shown in Fig. 9 is described by the Hamiltonian

. . . 2
Hiurnstile = kad]jadk(r +U (N - Ng(t))
k,o
+ 2 Catllygiato + Y (Adaktda—iy + Aalal )

o.k,o ok

+ Z (wakdikdﬁag + H.c.) .

ako

(245)

The first line describes the island, containing the gate-induced island occupation in
the charging energy, which is time dependent through gate driving, Ng(t) = C¢ V().
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The contacts are BCS superconductors, which hence have a spectral density v(E) =
vo|Re [(E +iyp)/V(E +iyp)? — |A|2] |. Here, the Dynes parameter yp models
smoothening of the sharp peaks in the spectral density, A is the superconducting
gap, and v the density of states of the contacts in the normal conducting state. Finally,
weak tunneling between contacts and central island is described by the last line of
Eq. (245). Across the turnstile, a symmetric bias £V /2 is applied.

The working principle of the turnstile is the following. Assume that the island is
initialized with a particle number N. Then the energy required to add or to remove a
particle from the island via tunneling from/to the left or right contact is

SEY™Y = U[(N+1- N> = (V= N’ | 7 % (246)
SEHRN —y [(N —1—-Ng)’ = (N - Ng)z] - % (247)

In the normal-conducting case, this would lead to a stability diagram (Coulomb dia-
monds) as shown for positive V in Fig. 9b. However, in the presence of superconducting
leads, the Coulomb diamonds are enlarged by the white regions where two different
charge states are stable simultaneously. In the sequential-tunneling regime transfer of
single particles is strongly suppressed by the superconducting gap in these regions,
where transport would require the breaking of a Cooper pair. This results in highly
asymmetric loading and unloading rates when the driving of the gate voltages makes
the driving cycle (an example is indicated by the black line in Fig. 9¢) cross the lines
confining different charge states. Concretely, when crossing the green line, the island
can go from charge state N = 0 to N = 1 via coupling to the left lead (but not the
other way around), while it can go from charge state N = 1 to N = 0 via coupling to
the right lead when crossing the orange line (but not the other way around).

A similar working principle underlies the functioning of turnstiles with supercon-
ducting islands, both with normal-conducting and with superconducting leads. As
described above, for the operation of these turnstiles, in particular the gap of the
superconductor was exploited for realizing single-particle control. However, also the
superconducting phase can play play an important role in pumping, as for example
discussed in Sect. 5.1.3.

Furthermore, the oscillating phase of a biased superconductor was used to imple-
ment time-dependent driving of a mesoscopic conductor, thereby realizing an adiabatic
quantum pump [389] following the theoretical proposal of Ref. [390].

5.1.3 Time-dependent transport as spectroscopy “knob”

In the previous section, we have mostly focused on the control over single parti-
cles in quantum conductors that can be achieved with time-dependent driving. In
this context we have highlighted also research on the dynamical properties resulting
from this time-dependent control, such as the decay dynamics in response to a gate
switch. However, quantum transport induced by time-dependent driving provides fur-
ther intriguing opportunities, since it can be used as an additional “knob” to perform
transport spectroscopy that goes beyond the possibilities that arise from steady-state
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Fig. 10 Left panel: sketch of a driven double dot. Stability diagram of the double dot. The central white
region around the triple point of three coexisting double-dot states is the region where quantized charge
can be pumped. In the surrounding triangles charge is transferred in the nonadiabatic pumping regime and
allows for readout of the indicated rates. Figure adapted from Ref. [206]

transport spectroscopy. In this section, we will show some examples: we start by
demonstrating how the inherent properties of the dynamics can be accessed, in partic-
ular the decay rates of the central system, as well as the geometric nature of adiabatic
pumping. In a second step, we show how time-dependent transport spectroscopy can
be used to reveal fundamental many-body properties of the central system, which
are not accessible from steady-state measurements. For this purpose, pumping in the
adiabatic-response regime is particularly appropriate, since the slow driving mini-
mally excites the system, and at the same time it leads to a dc signal that is more
straightforward to detect than purely time-dependent currents.

Readout of relaxation times A main ingredient to understand transport in the pres-
ence of time-dependent driving are clearly the decay dynamics of a system in response
to an excitation. Here, we show how the different relaxation times of a double quan-
tum dot—of high relevance in the context of single-particle control or in the context
of charge qubits to name two examples—can be read out by analyzing the transition
between adiabatic and nonadiabatic charge pumping [206]. We consider two quantum
dots that are weakly coupled to each other and to one electronic reservoir each. The
double dot is described by the Hamiltonian given in Eq. (241), where we now choose
€j(t) = €j + 8¢ cos (Q + ¢;) as the time-dependently driven local dot levels. The
coupling A between the dots, as well as the tunnel coupling I', between the dots
and the neighboring contacts are weak, A, BI', < 1. Double occupations of the
double dot is forbidden by strong Coulomb interaction. This setting is ideal for adi-
abatic pumping of quantized charges, since driving of the separate dots via gates is
experimentally straightforwardly realized and in the limit of large driving amplitudes
dej > A the working principle of a peristaltic pump allows to “squeeze” one electron
after the other through the device. This happens when the gates drive the system around
the triple point indicated in the stability diagram in Fig. 10, see also Sect. 5.1.2. In
the adiabatic-response regime, the pumped charge has geometric properties, leading
to the fact that the current pumped per cycle 1€ is related to the current pumped in the
reversed cycle 1¢ by I = —I¢'. This is different when the driving is fast, such that
the response is delayed due to the response times of the system. Relevant timescales
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are here the charge relaxation rate of the double dot due to coupling to the left and
right contact, namely y1, = I'L(1 + fL(E)) and yr = ['r(1 4+ fR(E)), as well as
the inelastic relaxation rate enabling transitions between the dot levels at different
energies. It turns however out that in the nonadiabatic regime the ratio of the pumped
currents due to reversed driving protocols always has the shape

IC
o = e (248)

with some relaxation rate y, and a specific timescale 6, which depend on the region
of the stabilty diagram, we are considering, see Fig. 10. For example, in the upper
violet regions, the ratio between currents reads

c
% — eyR(At—At’)’ (249)
where At is the time between the crossing between left and right dot level and between
the right dot level and the Fermi energy of the right contact (and vice versa for At’).
Interestingly, the relaxation rate yr detected in this way, will be found to take two
different values in the two violet regions, namely, yr >~ I'r and yr =~ 2I'r depend-
ing on whether the discharging or the charging is regarded. This factor 2, stemming
from the value of the Fermi function in the considered regions is a result of spin
degeneracy of the single dot levels. This strategy to read out relaxation rates from
nonadiabatic pumping suggests an alternative to time-resolved measurements [53],
counting experiments [391], measurement of finite-frequency noise [362] or radio-
frequency reflectometry [392]. Relaxation rates due to inelastic scattering have also
been detected from spontaneous emission spectra [393].

Geometric phase of pumping Furthermore, the geometric nature of pumping is
particularly evident in superconducting systems, where transport takes place via
non-dissipative Cooper-pair transfer [394]. This was for example analyzed both the-
oretically [395, 396] and experimentally [397] in so-called superconducting sluices,
which are flux-assisted Cooper-pair pumps. The transferred charge in a two-terminal
device is then directly related to the quantum state W (¢) describing the system via

2

qa (7 A
2 AN, = 2L / W)l (3, AN (@)), (250)
0

with the phase difference ¢ across the central system. The Hamiltonian H(@) =
H (X (), ¢) depends on time through the driving parameters X(¢#) and will have
additional dependencies on local charges and their conjugated phases of elements
of the specific central circuit realization. This transferred charge is directly related
to the Berry curvature. Interestingly, it has been shown that this concept can even be
extended to revealing non-abelian holonomies in superconducting sluices [398]. This
is possible when the periodic adiabatic driving takes place in a degenerate sub-space
‘H,, of the Hilbert space. A quantum state v, € H, then follows the time evolution
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[Yna (D)) = [Un(Dlay 1¥ny (D) (plus higher-order nonadiabatic corrections) with the
time-evolution matrix of the dimension of H,, given by

Uy (T) = e I3 Endt g = [ Tty (251)

where E,(t) is the energy eigenvalue of the degenerate subspace and ', () =
(Yrna (1) |1'p,,y (1)) is the geometric connection. We recall that .7~ denotes time ordering.
If the system now starts the evolution in a superposition of these degenerate eigenstates
Cny |¥ny ), then the transferred charge after one cycle is given by

2, T
2gAN = %Zczycny//(; dt[B(pEnS),yf
vy
=it (108 Tya (9 ITnlor) Wnlary = o1 (10 1y (Va0 Vo WUty ) ) |-

ao’

(252)

It consists of the usual contribution from the supercurrent (first term) as well as
geometrical contributions due to pumping which reveal qualitatively new effects for
non-Abelian dynamics. They occur as a modified periodicity in the pumped charge as
well as a dependence on the starting point of the driving cycle. In order to even show
the non-commutativity arising from the non-Abelian dynamics, a three-island system
has been proposed in Ref. [398].

A number of different opportunities for transport spectroscopy with adiabatic
pumping have been theoretically proposed in hybrid systems with normal- and
superconducting contacts containing for example quantum dots as central driven
region [173, 399]. Concretely, it was shown that the adiabatically pumped charge
reveals distinct features of Andreev interference [400] or of crossed Andreev reflec-
tion [401]. Also features of a Higgs-like pair amplitude have been elucidated [402].
Hybrid superconducting devices have furthermore recently come to the focus since
they can host Majorana fermions. Even here, adiabatic pumping has been suggested as
a tool to reveal features of Majorana states that are distinct from the ones potentially
observable in steady-state transport measurement [403], and are expected in the noise
of a quantum pump [404].

Revealing level renormalization  These latter examples show that measurement of
pumped charge can serve as a tool to access the otherwise hidden intrinsic properties
of the central many-body quantum system. Further examples, in which the advantages
of using adiabatic pumping as “enhanced transport spectroscopy” become visible,
show the possibility to read out Coulomb interaction effects. This is for example the
case when pumping charge through a single-level quantum dot with strong onsite
Coulomb interaction U and weakly coupled to two electronic contacts, « = L,R. The
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Hamiltonian for this setup reads

H= ZE(t)de + UNTN¢ + ZEakgcakJCQkU + Z (wak(t)d Cako + . C)
ako ako

(253)
with the dot number operators for spin o given by N, = de and ) N, = N.
Here, the single-level energy €(¢) and the couplings to the contacts wy(#) can be
time-dependently driven. In the sequential-tunneling regime the current pumped into
the left contact takes the particularly simple form

I'L@) d

) (©
T FrA a2 (254)

If(1) =

where (1\7 Y@ (7) is the expectation value of the dot occupation in zeroth order in the
tunnel coupling. This expression shows in a clear way the working principle of the
single-dot adiabatic pump: a current arises due to the time-dependent variation of
the dot occupation. If this results in a dc current after time-averaging and in which
direction this current flows, depends on the (relative) time-dependence of the coupling
parameters I't (¢) and I'r(¢), where here I'(#) = I'L(¢) + I'r(¢). The rates I'r/.(¢) are
obtained from Eq. (110) and the time-dependent Hamiltonian (253) in the wideband
limit. In the weak-coupling regime, this pumping mechanism, in addition to the usual
requirements of a minimum of two out-of-phase time-dependently driven parameters,
needs a time-dependent variation of the level energy € (¢) (or of the interaction strength)
since the time-dependent couplings do not impact the dot occupation, which in lowest
order is given by

. H)a— Hn+u
WO = SED =@ +U) 055)
L+ f(e(®) — fe() +U)
Higher-order effects in the tunnel coupling lead to a finite life-time broadening as well
as to a renormalization of the level position, also referred to as Lamb-shift. These

renormalization effects directly impact the expectation value of the dot occupation

( >(1) _ ( >bmad ( >ren (256)

broad ( (0)) ¢'(€) + (N A>(0)¢/(6 +0U) (257)
d 0

(N>ren _ <d) o (e, U), (258)

but they are typically hard to access experimentally, since they appear as small cor-
rections to the lowest-order result. Here, ¢ (¢€) = 5— Re\ll(2 + 18 E) with the digamma
function ¥ and o (€, U) = ¢p(€) — ¢ (€ + U) is the level renormahzatlon A rigorous
calculation in second order in the tunnel coupling, based on the gerneralized master
equation approach of Sect. 3.6.5 shows that the pumping current is directly related to
these corrections of the dot occupation

I'L@) d

- A d o~ bros
o @ (0O +E @) +q g (@t 259

IL()_q dr
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Interestingly, the effect of line-width broadening (entering here only due to coupling
to the left contact) contributes in terms of a total time derivative. In the time-integrated
charge pumped per period it hence cancels out. When choosing the coupling contacts
I'L(¢) and I'r(?) as pumping parameters, the lowest order contribution of Eq. (254)
is zero, as explained above. This means that the pumped charge as a result of driving
I'L () and T'r(¢) is uniquely due to level renormalization. In fact in the regime of weak
driving (small driving amplitudes), the pumped charge is even directly proportional to
the level renormalization, ANy = g Ao (¢, U)d(N )(0) /de, with the area A enclosed
by the pumping parameters. This pumped charge induced by level renormalization
provides hence a tool for its direct readout.

Readout of screening effects Time-dependent driving of a conductor has also been
proposed as a tool to read out screening effects, see Sect. 2.3, resulting from the pile-up
of charges in a biased conductor [95]. In the absence of Coulomb interaction, transport
through a conductor can be described within scattering theory, characterizing the
conductor by the energy-dependent transmission probability D (E). Pile-up of charges
and resulting screening effects modify this transmission probability as function of the
applied potential or even temperature biases

1dDyg(E
D(E, gV, AT)) = Dy(E) - 5 ﬁ)

(qV — xksAT), (260)

with the screening coefficients &, x, which contribute linearly in the regime of weak
screening. These screening effects (such as quantified via the coefficients £ and yx ) are
again difficult to read out and typically occur as corrections in nonlinear response [88,
92-94, 405, 406], while linear-response coefficients are not affected by these screening
effects. However, the injection of a pure ac signal onto such a conductor results in
modifications of the (thermoelectric) linear-response coefficients,

1\ ( 1dr G+Gae L+Lac [V
<ﬂ>‘<$“‘+ M+ My K+ Koo )\ a1 ) 20D

where the corrections G ¢, Lac, Mac, Kac are induced by screening effects. Concretely,
the corrections read

2
k
Gac = 30, Lic = =X 3.
k k T()
Mue = £ 5L T, Koo = —x-2207,, (262)
where J; = Y, [dE|Sp(E, E,) 2% (E kg To) [ f(E) — f(E + hin)], with

the Floquet scattering matrix (here a scalar) characterizing the ac source, see
Sect. 3.4.2. The modifications of this set of thermoelectric response coefficients given
in Eq. (262) can be switched on and off by the driving and their combined readout
hence gives direct access to the screening coefficients [95].
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5.2 Dissipation and noise

The charge current, as discussed in the previous sections, is the most frequently ana-
lyzed observable in quantum transport. However, also energy currents are of high
interest in the context of transport due to time-dependent driving, not only because the
time-dependent drive acts as a source of energy for the system, but also because energy
currents give complementary access to the spectral properties of transported particles.
In addition, fluctuations of charge and energy currents can limit the performance, but
they also elucidate the properties of quantum transport due to time-dependent driving
for example due to particle-particle correlations. These aspects are the focus of the
present subsection.

5.2.1 Energetic and thermodynamic properties of time-dependent transport

In Sect. 4.1.2, using the mesoscopic capacitor as the simplest example, we have
discussed how the energy response of a time-dependently driven system contains
complementary features compared to the charge response.

As a result, energy currents and other thermodynamic properties [407, 408] are
an additional means to study the properties of time-dependently driven single- or
few electron sources, as introduced in Sects. 5.1.1 and 5.1.2. Indeed, when single-
electron sources are realized with the goal of providing single-particle excitations
as input for quantum experiments, such as flying qubits [378] or for fundamental
experiments in quantum optics with electrons as introduced in the following Sect. 5.3,
the spectral properties of the signal are often relevant. Information about these spec-
tral properties [194, 354, 409] can for example be accessed via the measurement
of energy currents or energy-resolved currents. For the analysis of single-electron
sources, such energy-resolved measurements have been carried out using (driven)
detector barriers, placed behind the single-electron source [371, 372] or via tomo-
graphic techniques [410—413]. A sketch of the driven-detector barrier setup, exploiting
the influence of the barrier gate driving on the charge response is shown in Fig. 11. It
demonstrates how the signal—emitted here from a hot-carrier single-electron pump
(blue, see also Sect. 5.1.2)—is injected onto a driven barrier (red), where the con-
ductance in response to the barrier drive yields the spectral properties of the source
current.

The complementary behavior of charge and energy currents of time-dependently
driven systems can go that far to lead to counterintuitive effects of charge-energy
separation. For example, it has been shown that—depending on delay times between
different single-electron signals in electron interferometers, interference effects can be
fully suppressed in charge currents, while the energy current carried by these particles
displays coherent oscillations and vice versa [237, 414]. Another related phenomenon
is the generation of charge pulses by means of heat pulses in interferometers [125].

It has furthermore been shown in Sect. 4.4 that time-dependently driven quan-
tum systems, such as quantum pumps constitute a possibility to implement heat
engines in electronic conductors. Here, the time-dependent driving is used to real-
ize the engine cycle, connecting and disconnecting the quantum systems to different
heat or work baths. In addition to this conventional heat-engine implementation, time-
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Fig. 11 Hot-carrier single-electron pump (blue) injecting particles onto a driven barrier, which filters the
injected signal in energy space. The conductance in response to the barrier gate provides the spectral
properties of the injected signal. Reprinted figure with permission from [371]. Copyright 2013 by the
American Physical Society

dependent driving has also been proposed to improve the efficiency of thermoelectric
devices [415], where the different time-dependent response of charge and energy
currents is exploited. Time-dependent driving can furthermore be used to prepare
unconventional resources for thermoelectrics, which due to their non-thermal proper-
ties lead to counter-intuitive results when standard efficiencies are investigated [416,
417].

5.2.2 Fluctuations in time-dependent transport

Up to here, the focus has been on average transport observables resulting from or
influenced by the time-dependent driving of system parameters. However, the fluc-
tuations of these observables, or in other words their noise, can play an important
role in small-scale devices [96, 418, 419]. The noise of a transport current is related
to the two-time correlator of the current operator Sy, (,1") = (8 I, s fy (1)) with
1) fa (1) := fo, (t)—1I,. Note that the noise is often defined via the symmetrized correlator,
see Eq. (12). Furthermore, while we here present an expression for particle—current cor-
relations, the same procedure can be employed for other types of transport currents. An
important conceptual difference of the current—current correlator in time-dependently
driven systems is that it does depend on two times t, ', compared to the current—
current correlator in stationary systems which only depends on a time difference
T = t — t'. Therefore the noise power in general also depends on two frequencies,
and a time average, as shown in Eq. (14), needs to be employed to obtain a standard,
frequency-dependent noise power. The most often studied zero-frequency noise, Sy,
is hence obtained from a double time integration. Zero- and finite-frequency noise
of time-dependently driven systems have been analyzed in detail employing different
methods. A detailed introduction to the calculation of noise in time-dependently driven
systems using scattering theory [139, 362, 420, 421] can be found in this book [141].
In such a setting, weak interactions effects have been included using a renormaliza-
tion procedure [422]. Zero- and finite-frequency noise of time-dependently driven
quantum dots and metallic islands with a possibly strong onsite interaction has fur-
thermore been analyzed based on a generalized master equation approach [423, 424].
Also, bosonization techniques have been employed to calculate the noise of adiabatic
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pumps in the presence of strong correlations [404] and Green’s function techniques
for photon-assisted tunneling [425].

Beyond the finite- and zero-frequency noise of time-dependently driven conduc-
tors, also the full counting statistics have been analyzed giving access not only to the
variance but to all cumulants of a transport current [352, 426, 427], possibly at very
high driving frequencies [428, 429] or—in the opposite regime—for adiabatic pump-
ing [430—432]. In the latter case, full counting statistics reveals nicely the geometric
nature of quantum pumping [99]. Let us here highlight three aspects that make the
noise in time-dependently driven systems a crucial observable.

(1) Time-dependently driven conductors are of high interest as single-electron
sources for the realization of the current standard [388, 433]. Here, precision is of
utmost importance which means that fine-tuning of the device parameters or even
feedback mechanisms [434—436] are employed to reduce the noise [437], for example
in the charging and discharging process of driven quantum dots [438]. Excitations
with suppressed noise have recently also been created by shaping an ac driving sig-
nal [60]. The ideal case of a so-called Levifon, a Lorentzian-shaped pulse [59, 439],
is characterized by the absence of electron—hole pair creation leading to a noise that
is suppressed to the one of a stationary system [61, 348, 349, 353, 356, 440]; see
Sect. 5.1.1 for more details.

(2) Noise of time-dependently driven conductors is furthermore employed as an
important spectroscopy tool, to reveal quantum statistics and multiparticle quantum
effects. One particularly prominent example is the field of quantum optics with elec-
trons, as discussed in detail in Sect. 5.3 of this review. Importantly, time-dependent
driving of a conductor creates multiparticle correlations that appear in noise [441];
in particular, interference in electron-hole pairs created by driving has been dis-
cussed [89, 142, 347], including dephasing and interaction effects [442], as well as
the possibility of entanglement generation by driving [443]. All these phenomena can
be straightforwardly revealed by noise, while they are typically hidden in average cur-
rents. Moreover, photoassisted shot noise has also been used to provide an alternative
determination of the fractional charge in the fractional quantum Hall effect [444-446]

(3) In equilibrium, fluctuation-dissipation theorems (FDTs) relate the noise of a
system to linear-response coefficients, see also Sect. 3.2.1. Extensions of FDTs beyond
equilibrium have been the focus of extensive research, see for example Ref. [447]
for a review. Non-equilibrium due to time-dependent driving has been one of the
fields of interest, which we want to focus on here. Note that non-equilibrium FDTs
can also serve as guideline for noise reduction in driven systems. In the following,
we focus on some instances of fluctuation-dissipation theorems of time-dependently
driven systems.

Fluctuation-dissipation theorem for adiabatic quantum dot pump  The fluctuation-
dissipation theorem is generally violated in the presence of a time-dependent driving,
which can directly be brought in connection with the heat pumped into the sys-
tem [448]. Still, one can find modified fluctuation-dissipation theorems for adiabatic
quantum pumping, which we present here focusing on the regime of weak tunnel cou-
pling [431]. A convenient starting point for the derivation of fluctuation-dissipation
theorems is to exploit fluctuation relations of the cumulant generating function of the
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transport full counting statistics, here for the driven system [449]. The generating func-
tion F can be found from the time evolution of the system in the presence of counting
fields, where in the long-time limit F({x, £ }) depends on the charge counting field
for exchange with contact o, x4, and on the energy counting field &, but not on initial
or final measurement times. From the generating function, the charge current and its
noise as well as the energy current can be found

IOCl = _ia)(a]:'{)(o(séo(}_)o’ (263)
IOlE = _iafot]:'{Xa‘éa}"O’ (264)
Say = =0y, 0y, Flixa £} —>0- (265)

For a slowly driven system, the generating function can be expanded in orders of the
driving frequency with an instantaneous and an adiabatic-response contribution. Those
can be written in terms of the smallest eigenvalue of the time-evolution operator in the
presence of the counting fields Ao ({ x«, £x}) and the related eigenvectors, |0({ x«, &« }))
and (0({x«, &« })|, which are operators in Liouville space,

0 7 dt
FO (e £a]) = / S0 Ee) (266)
0
" Tde
FO (s £a)) = — /0 Ok DI O e, ) 267)

The adiabatic-response contribution clearly shows the discussed geometric properties.
One of the consequences are fluctuation relations which differ by a sign for the instan-
taneous, FO ({xq. &a)) = FOUiBatta — XasiPa — Ex)), and adiabatic response,
FOUxa, &) = —FO{i Batta — Xa»iBa — Ea}), since micro-reversibility for the
adiabatic response also requires a change in the current direction. Based on these mod-
ified fluctuation relations and on gauge invariance and the fact that the energy current
is not conserved in the presence of driving, one furthermore finds for the generating
functions

FOUxa)) = FOUiBra — xa)) (268)
FOUxeh) = FOUiBria — xab) + BOV (xa)), (269)

where we here focus on charge transport. These relations are valid for all contacts being
taken at the same inverse temperature 8. The important function oW Xa»> Ea}) =
— f % O x> &a])1€el0({ xxs &x})) is related to energy transport, where e is the
energy superoperator. These relations are the starting point for deriving a fluctuation-
dissipation theorem for weakly coupled and slowly driven quantum systems, which

reads ‘
s o ary )

(270)

s =kgT
ay|{ua%/t} B L, 3 fta 1Ly dite
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Here, Iﬁl% is the total energy current pumped into the system by the driving fields.
This is a first instance of the important role that energy currents play for dissipation
relations of driven systems.

Fluctuation relations from perturbation theory  Also for more general driving
schemes, including the time-dependent driving of a bias voltage, fluctuation rela-
tions can be found, which relate the noise to the current [450, 451]. Starting from a
general Hamiltonian

qV,

~AD + h.c.) 271)

H() = Hy + (e"

with a tunneling term composed of a tunneling operator V,a time-dependent driving
A(t), and a dc voltage V., a perturbative approach in the tunneling with respect to the
unperturbed Hamiltonian Hy has been applied [450-452]. This approach shows that
the noise of the charge current in a two-terminal setup> can be expressed as

dw hw
S= — | A(qVie — hw)|? coth | —— ) I (w), 272
qunl (g Vie — hw)|” co <2kBT> (w) (272)

where the driving term A explicitly appears in the relation (here written in fre-
quency space). For a non-driven system, this expression reduces to the stationary
non-equilibrium fluctuation relations [453, 454]. It involves the statement that charge
fluctuations are super-poissonian, while specific driving schemes, such as the previ-
ously introduced Lorentzian voltage pulses have poissonian noise.

Mesoscopic capacitor: fluctuation theorem for higher harmonics In general, the
noise power of a driven conductor depends on two frequencies. For conductors subject
to periodic driving with frequency €2, this noise power can be expressed as the sum
over noise-frequency-dependent Fourier components, S(w, o) = Y ;2 8§(w + &' —
£2)S¢ (w). For (a set of) mesoscopic capacitors described by scattering theory, the £th
Fourier component is given by [455, 456]

2 00
Se(w) = Z—h > de LfEYA = f(En — h8)) + f(En — R (1 = f(E))]
Tdt inqu o Tdr mma [ ox K
x/ e [S*(t, En — hw)S(t, E)—l]fo e [$*(t, En — he)S*(t', Eq — hw) — 1],
0
(273)

with the scattering matrix of the capacitor S(¢, E). Also here, a relation with the energy
current can be established, which for the driven capacitor is written as

. T *
E_ | ﬂ 0S8*(t, E)
1" = —271/dEf(E)/0 TS(t, E)—at . 274)

5 Here, we simply write S, without specifying the indices Sy because in a two-terminal setups all corre-
lation functions are the same (up to a sign) due to charge—current conservation I = —Iﬁ.
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In the adiabatic-response limit and for small amplitudes of the gate potential U (¢)
driving the mesoscopic capacitor, both the Fourier components of the finite-frequency
noise and of the energy current can be expressed in terms of the density of states

i 3S*(1, E)
V(t, E)—ES(I,E)a—E (275)

Concretely, one finds

h 3f(E
St(w) = 1¢*HPw(w — £9) coth (Zk]:)T) /dE (—%) {1)2}1Z (276)

IE = W/w G%) [{v2}0 - - {vz}z], @77)

with {v2 } , being the £th Fourier component of v2(z, E). Starting from these expres-
sions, a fluctuation-dissipation theorem can be found for the driven mesoscopic
capacitor, relating Fourier components of the finite-frequency noise to the energy
current due to the driving

So(w) —

S S- 21F he? h

@) +Sa) 2077y (e (278)
2 U2 Q2 2kgT

The study of Fourier components of the finite-frequency noise has also been promoted

as a tool to study transfer processes in weakly coupled capacitors and to identify

features of Coulomb interaction impacting the capacitor’s finite-frequency noise [424].

Trade-off relations These examples show the relation between noise in driven sys-
tems and the energy (or heat) currents provided by the driving fields. However, also
these energy currents fluctuate and it is hence of interest to study the fluctuations of
energy or heat currents [457], which are directly related to power fluctuations [89,
458-460] or even the correlations between charge and energy currents [461].

One of the scopes of studying power fluctuations comes from the interest in real-
izing heat engines at the nanoscale, producing power due to coupling to different
heat baths and to external driving. In these nanoscale engines, not only the output
power, but also the precision of the output power is relevant. The attainable pre-
cision of an engine is limited by a trade-off, known as thermodynamic uncertainty
relation [462—464], with the efficiency and the average output power. Recently, these
thermodynamic uncertainty relations valid for arbitrary transport currents have been
extended to time-dependent driving [465] also in the context of quantum transport [466,
467]. In particular, for adiabatic pumping, the role of the geometric contribution to
currents or produced work have been highlighted [467]

(279)
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In the steady-state limit, the bracket on the right-hand side of the inequality equals 1
and the standard thermodynamic uncertainty relation is found, bounding the average
of a current (J) and its variance ((J?)) together with the entropy production () by 2.
In the case of an additional time-dependent driving, the current does not only contain
the dynamical contribution, given by the time-average over instantaneous currents,
but also the geometric contribution, which lowers the imposed bound. Also beyond
adiabatic-response driving and beyond linear response, bounds on the precision of a
driven conductor can be found, which if subject to a large temperature bias is directly
related to the power provided by (or transferred to) the external driving [468].

5.3 Electronic quantum optics
5.3.1 General context

The experimental progress in controlling single-electron excitations, from their
emission to coherent propagation in quantum conductors, and possibly single-shot
detection, has triggered the development of the subfield known as electronic quantum
optics (EQO) [469]. In this section, we describe the main achievements within this
field over the past 20 years and we highlight some of the challenges that are still being
faced.

Electron quantum optics exploits the coherent manipulation of few-electron states
in electronic quantum conductors to achieve a sort of signal processing with electric
currents at the quantum level [470, 471]. To this aim, a theoretical description of the
coherence of quantum electric signals, as well as the circuit elements that allow one
to manipulate them in various ways is needed. The key elements in electron quantum
optics are (i) reliable single-electron sources, (ii) waveguides for electron propagation,
and (iii) beamsplitters with which interferometers can be built. By combining these
elements, it is possible to perform controlled (and in principle time-resolved) electronic
interferometry and achieve signal processing with quantum electrical currents [471].

(i) We have described in Sect. 5.1 some of the different strategies that have been
proposed to implement reliable, on-demand single-electron sources. The success in
implementing these sources has been a major step forward toward the development
of electron quantum optics. The available single-electron sources are complementary
to each other, insofar as they work in distinct energy ranges and operate in different
platforms that play the role of waveguides for electronic propagation.

(i1) Most of EQO experiments have been performed in 2-dimensional electron gases
(2DEGS) in the integer quantum Hall regime (see Ref. [472] for an early review). Here,
currents are carried by chiral edge states, along which propagation occurs according
to a direction fixed by the applied magnetic field. Edge states in the integer quantum
Hall effect are protected against backscattering, behaving as ideal waveguides for
electron propagation. This is why integer quantum Hall edge states have been chosen
as a platform to be combined with low-energy single-electron sources, such as the
Leviton voltage source [61] and the mesoscopic capacitor [53]. Another strategy is
to use 2DEGs in combination with surface acoustic waves. Here, the surface acoustic
wave acts both as a source and as a carrier, by loading a single electron from a properly
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initialized quantum dot in one of its minima and transporting it along a channel that
is defined in the 2DEG by electrostatic gating [62, 378].

In addition to these well-established platforms, theoretical proposals have been put
forward, suggesting other systems where additional effects can play a crucial role
and enrich the physics of EQO. Very early, the strongly correlated fractional quantum
Hall edge modes have been proposed [473], suggesting that the generation of clean,
on-demand electronic excitations can also be achieved there, and spurring several
studies where the impact of strong correlation on the charge and energy dynamics,
and interference of few-electron states were addressed [355, 459, 474-481]. One of
the exciting features of this platform is the presence of exotic anyonic excitations
with both fractional charge and statistics. Recent developments in this regime have
been reported, and we will come back to this point at the end of this section. In
addition, the interplay between single-electron sources (Levitons in particular) and
superconductivity has been explored in several studies [351, 482-489], highlighting
the opportunities for the on-demand generation of entangled states. Finally, the gen-
eration and propagation of few-electron states has also been studied in the helical
edge states of two-dimensional topological insulators [490-495], where the presence
of spin-momentum locking offers additional opportunities for interferometry [496].
The fate of Levitons in the presence of interacting systems of different kind has been
a major focus, leading to the conclusion that their minimal noise property (recall
Sect. 5.1.1) is very robust [348, 473, 483, 484, 494, 497].

(iii) Beam splitters in EQO are typically implemented by relying on quantum point
contacts. They are usually defined by electrostatic gates deposited on the heterostruc-
ture hosting the 2DEG where the propagation of the few-electron states of interest
occurs. In a typical configuration, quantum point contacts allow electrons to tunnel
from an edge state to another, such that an incoming excitation is partitioned in two out-
going channels. In this way, interferometers can be realized. Notable examples in EQO
are the Mach—Zehnder and Hong—Ou—Mandel interferometers. They are described in
more detail in Sect. 5.3.3.

5.3.2 Description of single-electron sources using the theory of electronic coherence

A powerful method to describe generic states in EQO is the theory of electronic
coherence, which is introduced in Sect. 3.5.5. The definitions given therein are very
general and can be employed to characterize an arbitrary non-equilibrium state, which
is in general a highly nontrivial task. Let us therefore begin by discussing the properties
of the electron coherence function for some idealized cases that help our intuition.

Ideal single- and multi-electron states We consider a situation where the non-
equilibrium state is generated by an ideal single-electron source that emits a
single-electron state on top of a (effectively non-interacting) Fermi sea. We there-
fore assume the many-body state p = |®)(P|, where

@) = / dt () (1) F), (280)
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and ¢(r) is a normalized wave function,® with Fourier transform
+00 )
¢(w) = f dte'o(t). (281)
—0o0
In Eq. (280), | F) is the unperturbed Fermi sea, whose correlation function is given by
itkgT
2rvehsinh (“trkeT +i07)

Gr(t' =0 = (¥ aw0) = .8

where T is the electronic temperature, and we have considered the electrochemical
potential & as a reference energy, namely we have set © = 0. Given this choice,
the wavefunction ¢(#) represents an electron above the Fermi sea if all its frequency
components ¢(w) lie at @ > 0, when T = 0, or well above the thermal excitation
scale in the finite-temperature case. In the following, we will assume that this is the
case, unless otherwise specified.

Then, one finds

1
G- (t.1)y=Gr(!' =) + Ew*(t’)w(t) . (283)

Equation (283) shows that the injection of a single-electron state on top of the Fermi
sea by an ideal source leads to an excess coherence function that is factorized in a part
that depends on 7 and one that depends on ¢’. This crucial property extends to the case
of an M-electron state formed with orthonormal wavefunctions

+00
(¢k|¢j)=/ drgf(ej(t) =8;x  (ok=1,...,M) (284)

—00
in a Slater determinant, for which one finds
1 M
G5(t.)=Gp(' =D+ — Y g (e (1). (285)
VF D

showing the same factorization with respect to 7 and ¢’ as in the single-electron case.
Similarly, the energy representation reads

< - (I
g (w,w’)=Qp(w)5(w—w’)+;z:<ﬂff(w )Pk (@) (286)
k=1

where ¢ (w) are the Fourier-transformed wavefunctions. The presence of the Fermi sea
contribution G5 (t' — t) constitutes one of the major differences compared to standard

6 Wave functions are expressed in the time domain; the assumption of chiral evolution allows us to always
trade the position x with vgt.
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photonic quantum optics, as the electronic excitations of interest are not in the vacuum,
but in a condensed-matter system with many electrons. For this reason, it is customary
to define excess coherence functions

AGZ(t.1) =G2(t.1) — G2(t' — 1) (287)

that encode the variations in the system due to the presence of the injected, time-
dependent few-electron state. From this excess coherence function, all relevant
quantities characterizing the state of interest can be obtained. For example, the excess
charge current is easily obtained as the diagonal part of the excess electron coherence.
Taking the pure M -electron state introduced above, we have the excess current

M
AW =q ) le®P. (288)
k=1

and the excess electron distribution function
| M
Afe@) = =3 Ige@)*. (289)
k=1

Finally, the case of a pure M-hole state is described by

1 M
AGT(r 1) = = PR AGIAGY (290)
k=1

and an identical discussion follows along the lines of the pure-electron case illustrated
above.

In the following, we apply the formalism of this section to three relevant injec-
tion schemes, that are closely connected to the single-electron sources described in
Sects. 5.1.1 and 5.1.2.

Levitons Let us start with M -Leviton states, that can be obtained by applying voltage
pulses of the form V() = M Vi (2), with Vi (¢) in Eq. (212). For these states, we
have

o (t—tg+io)!

7 (t—ty—io)k’ 291

(1) =

where 19 is the emission time and o is the characteristic width of the pulse. This gives
rise to the characteristic Lorentzian current profile

o/m

Alf (1) = MfIm :

(292)

@ Springer



Quantum transport phenomena induced by time-dependent fields 745

0.4 6/ ;
@] oF (®)
0.3 "
Q o 4
o a ol
202 3
S S o
0.1 : .
1 .
0.0 = —
4 5 6

-3 -2 -1 0 1 2 3

t/o wo

Fig. 12 a Time representation and b energy representation of the Leviton wavefunctions, see Eqs. (291)
and (293), with g = 0
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Fig. 13 Wigner function representation (294) of M-Leviton states for the first few values of M

Notice that injecting M Levitons per pulse affects the current by a multiplicative factor
only,” and we gain no information about how the different states are filled. This can
be seen by considering the energy representation of the wavefunctions, given by

(@) = 2ie'" /10 6(w)Li—1 Rwo)e 7 , (293)

where Ly are the Laguerre polynomials. This shows that the energy distribution has
an overall exponential decay governed by the time width o. The vanishing of @ (w)
at negative energies is a consequence of Lorentzian pulses being pure-electron states
that do not excite any hole contribution (w = 0 is the reference energy determined by
the Fermi level). Moreover, the structure of the wavefunctions (293) shows that energy
states are occupied starting at very low energy above the Fermi level, with wavefunc-
tions with larger k (k numbering the electrons contained in the pulse) contributing at
higher energies, see Fig. 12.

Finally, the Wigner function of an M-Leviton state can be obtained explicitly [87]
(see Appendix A.3 for the derivation)

M-1 k 2p+1

1 (200 \2P

AW= (1, 0) = 2J/T0(@)e " 33 E <%) L3P (4w0) T ps12Q0t).
k=0 p=0 £

(294)

7 This is because these excitations are generated by voltage pulses, and the current can then simply be
obtained as /€(t) = q2V(t)/h, instead of using Eq. (288).
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Fig. 14 Wigner function representation of a single-electron excitation with a well-defined energy, whose
wavefunction is given in Eq. (295). We have chosen wy = 10y

Once again, the presence of 8 (w) stems from the purely electronic character of Levi-
ton states. Furthermore, the Wigner function combines the time and energy information
previously observed separately in the excess current A7€(¢) and in the distribution
function A f,(w), as depicted in Fig. 13.

Single-electron excitations with a well-defined energy  As discussed above, Levi-
ton states have a well-defined time width, while their energy is rather spread, with
the largest contributions arising from just above the Fermi level. Another relevant
example of single-electronic excitation is the one generated by the driven mesoscopic
capacitor [53], consisting of a quantum dot capacitively coupled to a top gate and
tunnel coupled to a chiral conductor, cf. Fig. 2d. In this case, the emitted state can
be rather complicated and requires a full description of the scattering matrix of the
driven dot, cf Sect. 5.1.2. However, in the so-called optimal operation regime [362,
363], the emitted state is a single-electron excitation (thus M = 1) well described by
the following wavefunction

oo [T 0@ (2
(p(w)_\/;a)—wo—i—iyﬂ’ /\/'—z—l—narctan( S ) (295)

Here, y is the level broadening as introduced in Sect. 5.1.2. This wavepacket rep-
resents an excitation with a well-defined energy ey = hw( above the Fermi level. In a
sense, it is a “conjugate” of the Leviton with M = 1, as it has a Lorentzian shape in
energy rather than in time. Therefore, the current profile o< |¢(z)|? has an exponential
decay with a characteristic time o = 1/y. This is confirmed by the explicit calculation
of the wavefunction in the time domain, which reads [87]

o(t) = _i\/%/ewoltliwot {O(I) — %Ei [t (g + iw()):l} , (296)

@ Springer



Quantum transport phenomena induced by time-dependent fields 747

a) b)

Beamsplitter —0o—\(1)
P,

—O—

QHE Edge Channel _._: ;
Jo Coorest | o) $E(t)_._'
QD | * |

vl

' JE(t)

-\ — vy
. K +vm o)

Fig. 15 Single-electron emission from a localized level driven at constant speed across the Fermi level of
a continuum. a Sketch of the setup. b Illustration of the working principle: the dot level follows a linear
evolution E(t) = ct due to the application of a gate voltage V (¢) to the dot. For appropriate voltages (see
main text), the state obtained via the linear behavior of E(¢) is a good approximation in each half-period of
the drive. Reprinted figure with permission from [438]. Copyright 2008 by the American Physical Society

with Ei[e] the exponential integral function. The wavefunction (295) is valid in the
regime y < wy, as y represents the escape rate from the driven dot. So, the mentioned
condition is required to have a well-defined energy in the dot. The Wigner function
computed by using Eqs. (123) and (286) is shown in Fig. 14. The cutoff at o < wq/2
is a consequence of the 6 function in the wavefunction (295). This feature shows that
the Wigner function of the single-electron excitation of (295) is not exactly obtained
by rotating the corresponding one of the 1-Leviton state.

Single level driven at constant speed across the Fermi sea  Another interesting case
is that of a single energy level coupled to a continuum of states, and subject to a driving
such that the crossing of the level with the Fermi energy off the continuum happens
with constant speed. This situation has been studied in Ref. [439, 498], and is linked,
for instance, to the response of a harmonically driven mesoscopic capacitor, where a
single level of a quantum dot is periodically driven above and below the Fermi level of
a conductor coupled to the dot. In this way, when the dot level crosses the Fermi level,
it evolves linearly in time as E(t) = ct (assuming without loss of generality that the
Fermi level is set at zero energy and the crossing occurs at t = 0). This linear behavior
describes the evolution of the dot level in the first half-period of the drive and is a good
approximation when the period of the drive is long compared to max(iy ~!, yc=1)
and when the extremal value of E(¢) is larger than y, the linewidth of the localized
level, as depicted in Fig. 15. With this particular protocol, Ref. [439] has shown that
a single-electron state is emitted, whose wavefunction is given by

+oo . ® | : ho? 2T | ho?
o) = /L/ dwe TG s o(w) = ,/—ye(a))e_%’”?.
2me Jo c

(297)
From the energy representation, it is easy to check that this state is properly normalized.
Reference [498] has obtained the same result with a different approach, starting from
the scattering matrix of a driven mesoscopic capacitor.
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hle(t)?/

yt/h

Fig. 16 Current profile obtained from the wavefunctions (297) for different values of the adiabaticity
parameter { = hc/y. For illustration purposes, different curves are vertically shifted by an amount of
0.25/y

Let us now analyze the main features of the single-electron state (297). It is useful
to introduce the timescale 7, = 2y /c and the adiabaticity parameter { = hc/ y2, with
which we can rewrite

1 +00 et 1ni 2
o) = —— / dse Sy TITASE (298)
y JO

This form makes the analysis of the adiabatic regime rather simple. Indeed, when
¢ — 0, the above integral can be easily solved and one finds (up to a phase) the
same wavefunction as the one of a Leviton, namely Eq. (291), with k = 1, and
0 = 1,. As a result, the current profile AJ°(t) l¢(1)|* is a Lorentzian of width
7, and the energy distribution decays exponentially as expected. This shows that
the driven mesoscopic capacitor in the adiabatic-response regime generates the same
state as the Leviton voltage source. Note that this exponential decay follows from
the frequency representation ¢(w) in (297) for any value of ¢. The current profile,
however, strongly depends on the emission regime, as shown in Fig. 16, illustrating
the evolution of the current with increasing values of ¢. Starting from the Lorentzian
profile of the adiabatic-response regime, there is a crossover where the current develops
interference fringes with oscillations that are more and more rapid as ¢ increases, while
the asymptotic shape for ¢ — oo is exponential with a decay rate y. The origin of the
oscillations can be attributed to interference among the (energy-resolved) scattering
amplitudes describing the escape process from the dot to the continuum [498]. Indeed,
when the time it takes for the dot level to cross the Fermi level is much larger than
the dwell time, all energy components of the dot’s initial wavefunction escape the dot
independently, so that the current profile simply reflects the Breit—Wigner resonance
(with the energy width y rescaled by c to obtain a time width 7,,). When the speed of
the driving increases, the evolution E (¢) is fast enough so that several energy-resolved
components escape the dot in time windows that overlap, causing interference.
While the nonadiabatic emission regime has an exponentially decaying current
profile that reminds of the state emitted by the mesoscopic capacitor with square
voltage drive [53], there is a crucial difference. Indeed, the state (297) has always an
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Fig. 17 Wigner function of the single-electron excitation described by the wavefunction (297). Here, we
show three different values of the adiabaticity parameter ¢, and the frequency axis has been rescaled to
w¢ = {y/h=wy/c.So, for larger ¢, larger values of the frequency w are involved. Moreover, increasing
¢ leads to a Wigner function that is more and more concentrated along the line @ = ct/h, reflecting the
evolution E (1) = ct of the dot level

exponential profile in energy, meaning that it is not an energy-resolved excitation. To
show this more clearly, we compute the Wigner function, which is shown in Fig. 17.
Comparing this with the Wigner function in Fig. 14 we observe a clear difference.

Indeed, increasing the speed ¢ does not lead to the appearance of a well-defined
energy like in Fig. 14. Instead, we observe a structure that is more similar to the Wigner
function of a Leviton, except for a tilt along the line w = ct/h. The effect of this tilt
is negligible in the adiabatic regime ¢ — 0, and thus one recovers exactly the Leviton
Wigner function in this limit, consistently with the above analysis at the wavefunction
level. We also observe that increasing { makes the Wigner function more and more
concentrated on the line w = ct /h, reflecting the evolution E(t) = ct of the dot level.
Moreover, higher-energy components become relevant in this regime (notice that the
frequency axis in Fig. 17 is rescaled with respect to w; = ¢y /h). Finally, the Wigner
function being less spread is also connected to the sharper rise of the current profile
after r = 0 that we observed in Fig. 16 at large ¢.
Finite-temperature effects  Until now, we have discussed the case of thermal exci-
tations with energies below the characteristic frequency components of the electronic
wavefunctions ¢ (). When this condition is not fulfilled, the simple representa-
tion (283) of the coherence function no longer holds. However, for ideal single-electron
emitters, it is possible to show that introducing a finite temperature does not completely
destroy the structure of the electron coherence and simply turns pure states into mixed
states [498]:

+o00 9 f
AG=(t.1) = [ de (——) PEge(0) (299)

—o0 e

where f(e) is the Fermi function at temperature 7. Technically, this expression is
valid if the scattering matrix of the source has the symmetry property S(¢, e 4+ §¢) =
S(t — d¢/c, €), for some constant c. Examples in which this condition is met are
the mesoscopic capacitor source, the level moving at constant speed (see the earlier
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discussion in this section), and the Leviton source. In this last case, S(z, ) is energy
independent, so the symmetry property is formally recovered as ¢ — oo. The compo-
nents g, characterizing the mixed state in (299) are given by ¢, () = e~/ h(p (t—e/c).

Ideal periodic sources and general decomposition Because of the lack of single-shot
detection capabilities in many situations, the most common experimental conditions
involve periodic single-electron sources. For the description of this scenario, the peri-
odicity properties discussed in Eqs. (127) and the following are very useful.

In the case of an ideal source that emits purely electronic states above the Fermi sea,
we expect to recover a representation of the form (285) even in the periodic case. This
can be done by introducing an infinite family of wavefunctions {¢ ¢}, called atoms
of signal [470] or electronic wavelets, such that

AG(t.1) = ; ZZ% (i) = ZZcpz(r’—w)sok(r—m, (300)

k=1 teZ k=1 teZ

with @ (1) = @k.0(t). This expression can also be thought of as a definition of an
ideal periodic source. The orthogonality relation (284) is generalized to @k ¢l@; o) =
d;.k8¢,¢- The choice of wavefunctions enabling the above representation is not unique,
but it is possible to choose them in such a way that ¢y ¢ represents a localized state on
the ¢-th period, for each k.

Even though this representation only applies to ideal sources, the concept of elec-
tronic wavelets (or atoms of signal) is extremely useful to characterize the properties
of an arbitrary state generated by a periodic source, making a direct connection with
experimental data possible. The question is whether it is possible to think of a generic
periodic coherence function as being built by simple blocks of the form (300). The
remarkable result, proven in Ref. [471] is that this is indeed the case. Of course, a
non-ideal source that injects M electrons per cycle also generates a cloud of particle—
hole excitations. As a result, the decomposition of Ref. [471] relies on a set {go(e)}
of electron-like single-particle wavefunctions (corresponding to states with energy
above the Fermi level) and a set {(p(.hz/} of hole-like wavefunctions (corresponding
to states with energy below the Fermi level). Here, the index ¢ labels the period, and
k=1,...M},j=1,... M, with the constraint M = M, — M . For an ideal electron

source, M; = 0 and one recovers Eq. (300). The functions {gok é )} are maximally
localized states on the period £ and provide complete information on the electron/hole
content in a generic state. They are analogous of the Wannier functions in solid state
theory. For a stationary source, they reduce to the Martin—Landauer wavepackets [499]

1 sin(t/2) e_,gz( )

ﬁ Qt/2 ’ (301)

(1) =

with energy bandwidth /€2, originally introduced to study the stationary transport of a
continuous stream of electrons due to a constant voltage bias. Roughly speaking, the
wavefunctions (301) are suitable to decompose states with large inter-period overlap.
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The general framework presented in Ref. [471] is also of practical use because
it allows one to numerically extract the wavefunctions {(plgfl/h)} from experimental
signals, thereby determining how close a given source in experimental conditions is
to an ideal one [412].

Periodicinjection of Levitons  For trains of Levitons the wave functions in the decom-
position (300) are explicitly known. They can be obtained analytically for a train of
Levitons with a unit charge g, namely M = 1. In this case, it was first shown in
Ref. [500] that the representation (300) is satisfied with

[ 1 Tl —{T—io)/T]
pLel) = \/;r —{T+io Tt — (T+io)/T]’ (302)

where I denotes Euler’s gamma function. For each ¢, these wave functions have width
o and are localized in the ¢-th period. So, when the source injects well-separated
Levitons (i.e., 02 <« 1), each ¢; , tends to the single-Leviton wavefunction ~ (¢ 4
io)~!, properly shifted in time.

For M > 1, we know from the general theory of Ref. [471] that the represen-
tation (300) holds, but the wave functions are not known analytically. Instead, it is
possible to show that the following expression is valid [474]

/

M
AG=(t1,1) = —2iGE (' — 1) sin (nt ;’) S i), (303)
k=1

where {¢y}; is a set of 27-periodic functions satisfying the orthogonality relation
f0T¢k (t)d)}‘ (t)dt /T = §; . Notice the difference between this condition and Eq. (284).

They read [474, 501]
sinh(27r ) sin* [ (u + in)]
= 304
Bl = (304)

with u = t/7 the dimensionless time and n = o/7 the width-to-period ratio. Equa-
tion (303) can be proved by direct calculation in the case of a Leviton with unit charge
M = 1 and extended to every M > 1 by induction. Notice that this expression does
not have the form of Eq. (285) for a multi-electron state. Nonetheless, the functions
in Eq. (304) are useful to express the noise in a Hong-Ou-Mandel geometry, see
Sect. 5.3.3. To the best of our knowledge, a closed formula for the Wigner function
stemming from (303) has not been reported.

5.3.3 Interferometry of few-electron states
One of the distinctive features of mesoscopic physics is the possibility of observing

phenomena that are intrinsically linked to the phase coherence of electrons, thereby
demonstrating quantum interference effects in transport observables for systems as

@ Springer



752 M. Acciai et al.

Fig. 18 Sketch of a Mach—Zehnder interferometer. A single-electron source S emits a state that gets split in
a superposition at the beam splitter A, after which propagation can occur on channels 1 and 2, with different
propagation times 7] and 7o, before reaching a second beam splitter B. The interferometer encloses a
magnetic flux @ p. Reprinted figure with permission from [87]. Copyright 2013 by the Americal Physical
Society

large as tens of micrometers. Prominent examples are the observation of the Aharonov—
Bohm effect (see, e.g., the textbooks [1-5]), and the implementation of electronic
Mach-Zehnder interferometers, pioneered in Ref. [502]. Early experiments in this
context focused on time-independent transport configurations. Here, we are interested
in discussing electron interferometers as spectroscopy tools to probe the dynamical
properties of few-electron states. We mainly address two kinds of interferometers,
namely the Mach—Zehnder and the Hong—Ou—Mandel ones, and we discuss how they
can be used to access important information on the coherence properties of few-
electrons states.

Mach-Zehnder interferometer A Mach-Zehnder (MZ) interferometer is depicted
in Fig. 18, and consists of two channels that are initially mixed at a beam splitter
(A), then propagate for different lengths, enclosing a magnetic flux ®p, and finally
recombine at a second beam splitter (B) before the current they carry is detected. In
the simplest configuration, which we will focus on, there is a single source S, located
before the first beam splitter at one of the input channels. In addition to the magnetic
flux @ p, the interferometer is characterized by different propagation times in the upper
and lower arms. They can stem either from an asymmetric interferometer, or from the
presence of additional mechanisms inducing a relative phase shift between the two
arms. The first study that considered the problem of a MZ interferometer driven by a
single-electron source was Ref. [503], that mainly focused on the adiabatic emission
regime. Further studied provided extensions to the nonadiabatic regime [504], multiple
sources [237, 505], and the effect of noise [237, 414]. Finally, a study with numerical
techniques aimed at describing more realistic devices was presented in Ref. [506].
Recently, a Mach—Zehnder interferometer fed by ultra-short pulses has been realized
experimentally [507].
Evaluating the current at the output of the interferometer, one finds [503, 504]

Tout(r) = RARBIS(t — 71) + DADBIs(1 — 12)
—2qvp+/ RARgDA DB Re [e‘i2”¢3/®0+kF”FAfg< (t—11,t — ‘52)] s (305)
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with the flux quantum &9 = h/q, and At = 11 — 12. In this expression, Is(?) is
the time-dependent current generated by the single-electron source, so the first line
corresponds to classical terms associated with a simple current partitioning due to the
beamsplitter. Conversely, the second line is associated with quantum interference, and
indeed it contains the single-electron coherence function. Since this term is sensitive
to the magnetic flux, a measurement of the time-resolved current Iy, (¢) for different
magnetic fluxes and/or time of flight differences would allow to reconstruct the single-
electron coherence and thus completely characterize the emitting source. This clearly
illustrates that interference can be used as a spectroscopic tool. Moreover, as noted
in the original proposal [503], it is possible to extract the single-particle coherence
length of the injected electrons by looking at the (less demanding) time-averaged
current I, (#) and the visibility of the associated Aharonov—Bohm oscillations. In
essence, the result is that the visibility decays as a function of the interferometer
imbalance At, on a scale that is precisely the coherence length A set by the source.
This is because for At > A the current pulses propagating in the different arms do not
overlap at the second beamsplitter, determining a decay of G and therefore suppressing
the interference.

As emphasized in Refs. [87, 470], an ideal MZ interferometer produces a linear
filter on the incoming single-electron coherence function (or the Wigner function)
of the source. However, this linearity holds as long as interactions can be neglected,
which in practice is often not justified, due to decoherence and dephasing effects,
that could be attributed to neighboring channels [S08-511]. These difficulties make
the use of MZ interferometers to reconstruct the electronic coherence function rather
challenging. For this task, it has turned out that two-particle interference is more
suitable, as we discuss in the following. Before moving on to this topic, we would
like to close this part by mentioning that a recent proposal has suggested to invert
the logic and use a known single-electron state propagating in a MZ interferometer to
probe electromagnetic fields, enabling an on-chip detection of nonclassical radiation
states [512]. A first step in this direction has been recently achieved [513], relying on
a Fabry—Pérot interferometer.

Another promising avenue employing the MZ interferometer as a key building block
is the use of ultrafast electronic excitations to implement flying qubits. In this concept,
information is stored in the states of propagating electrons, rather than in localized
objects. Explicitly, the state |0) or |1) of a flying qubit can be defined by the presence
or absence of the electron in a given propagation channel. The key observation is that
a MZ interferometer, combining the effect of the magnetic field and that of a relative
phase shift can implement an arbitrary rotation of the qubit state on the Bloch sphere,
rendering it a general 1-qubit gate. The vision for more challenging two-qubit gate is to
exploit the Coulomb interaction to couple two qubits, in order to achieve a combined
operation on both. Of course, the idea of a flying qubit architecture is viable only if there
is enough time to perform a sufficient number of gates before decoherence intervenes.
This results in the necessity of implementing picosecond-scale single-electron pulses,
which is at the forefront of current technological capabilities. For details on the flying
quibit vision, we refer to the review [378].

Hong-Ou-Mandelinterferometer We now discuss two-particle interference schemes
and how they can be used to reconstruct the state of a single-electron source. The pro-
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Fig. 19 Sketch of a HOM interferometer. Two sources, 1 and 2, emit time-dependent excitations that are

combined at a beam splitter with a tunable delay. The two output ports, 3 and 4, collect the signal, that could
be photon counts in the case of photon sources, or current fluctuations in the case of electron sources

cesses we are going to present are related to intensity interferometry in optics. The
main character of this overview is the Hong—Ou—Mandel (HOM) experiment, owing
its name to the authors of the seminal paper [514]. It was originally performed with
photons, using the setup sketched in Fig. 19. It consists of a beam splitter to which
two different single-particle states are sent with a tunable time delay, and the number
of particles at the output contacts 3 and 4 are monitored, in particular the coinci-
dence counts. When the time delay is much larger than the wave packet extension,
the incoming particles are partitioned independently and so coincidence counts occur
with probability 1/2. At time delays that are comparable to the wave packet extension
the behavior is different based on the statistics of the particles. Classical particles are
still partitioned independently. Bosons exhibit a bunching effect, such that it is much
more probable that the two particles exit the interferometer in the same channel than in
separate ones. As a result, the coincidence counts drop, and vanish completely when
the time delay between the incoming particles is zero. This observation was used in the
original experiment to determine the extension of single-photon wave packets [514].
Fermions, instead, behave in the opposite way and exhibit an antibunching effect,
which is due to the Pauli principle, leading to an increase in the coincidence counts.

From this description, it is clear that the HOM experiment requires single-particle
detectors to monitor the coincidence counts. Unfortunately, in EQO experiments, a
single-shot detection with single-electron sensitivity has not yet been achieved (with
the exception of SAW-based schemes). However, it is possible to extract equiva-
lent information by looking at the current fluctuations at output 3 and 4, which are
experimentally accessible via low-frequency noise measurements, exploiting peri-
odic sources and averaging over a long measurement time. Now, the expectations are
reversed: an increase of fluctuations should happen for bosons and a suppression for
fermions, indicating that the output state of the latter is always the same (one fermion
in channel 3 and one in channel 4). Both autocorrelations and crosscorrelations can
be considered. Here, we focus on the latter. They are obtained from Eq. (12), setting
I = I' = I°. Following the notation of Ref. [87], one has

S3a(t, 1) = g°vERD[S11 (1, 1)) + Sn(t, 1)) — Q(t, )], (306)
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where, as usual, R and D are the reflection and transmission probabilities of the beam
splitter. The terms Sy and S»; are the fluctuations of the incoming states that get
transmitted to the output fluctuations by the beam splitter. It is clear that S,, only
depends on source o = 1, 2. In some cases, the sources are noiseless and such terms
thus vanish. The interesting information on the interference of the incoming states is
contained in the correlator Q, which can be expressed as

Qt, 1) = ¢*v} [GF (', G5 (', 1) + G5 (¢, G (', )] . (307)

The task is to isolate this quantity and also make it experimentally accessible. This
can be done in two steps. First, we specify which of the two sources is switched on:

for example, 8(3)2/ off means that the first source is on and the second is off. We then
define ASY," = 83" — 5% /o1 for any given configuration. Finally, we define the

HOM noise as
SHOM _ Son/on _ AS(3Jn/0ft" _ AS(g)ff/on ) (308)

By construction, this quantity eliminates unwanted contributions and only contains
the interesting two-particle interference terms. Now, we consider the zero-frequency,
time-averaged correlators, meaning that we implement the prescription of Eq. (11).
One finds

2
SHoM = 2¢*v%RD [Z/;C;AW;(Z,w)[l—Zj'(w)]—fd:AWf(t,w)AW;(t,w)i| . (309)
a=1

with the excess Wigner functions we described earlier in this section. The first two
terms are called the Hanbury—Brown Twiss (HBT) contribution as they represent the
independent partition noise of the two sources, taken separately. In the description
given at the beginning of this paragraph, the HBT term corresponds to the situation of
large time delay. The electronic version of the HBT experiment was implemented in
Ref. [515]. The second term encodes the two-particle interference contribution of the
two sources. It clearly shows that the HOM experiment probes the overlap between
the Wigner functions of the incoming states. This overlap is typically suppressed when
the time delay between the injections is much larger than the typical time width of the
Wigner functions themselves. It is a common procedure to express the final result in
terms of the HOM ratio

_ Shom _ | _ fd“’AW<(t ) AW (1, ) G310
SHBT S [ AW o)l - 2f(@)]

Note that the minus sign is related to the fermionic statistics.

An even more transparent interpretation is possible when the sources are ideal
single-electron emitters, so that the incoming states are characterized by electron
wavefunctions go(m). In this case, in the zero-temperature limit, one can show that

R = |:1 _ ‘<¢(1)|¢(2)>)2j| , (311)
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which demonstrates that the HOM noise is directly related to the (temporal) overlap
between the two incoming wave packets ¢! (r) and ¢® (7). For identical wave packets
emitted with some time delay §¢, namely go(l)(t) = ¢(t) and (p(z) (t) = @(t + 6t), the
HOM noise vanishes exactly at §+ = 0, due to maximal wave-packet overlap. This
is consistent with the expected perfect antibunching for the simultaneous arrival of
identical particles. The proposal to perform HOM interferometry with single electrons
was put forward in Ref. [516, 517], where the HOM noise for two ideal single-electron
states based on the adiabatically driven mesoscopic capacitor (cf. Sect. 5.1.2) was
calculated. A following work [518] extended the result to generic but ideal single-
electron emitters and investigated the HOM noise due to electron-hole interferences,
showing that this scenario leads to an increase of the fluctuations, rather than a decrease.

If the sources emit an M-electron state, a generalization is known in the case of
periodic Levitons, and reads

1 T ar ?
— _ hdpA ey (2%
R 1 o j Ek:1 T¢j e (1) , (312)

with the functions {¢;} defined in Eq. (304). This relation was first conjectured in
Ref. [501] and then rigorously proven in [474], where a generalization to the fractional
quantum Hall regime was also given.

For generic, non-ideal sources, there is no simpler expression than Eq. (310) and
the interpretation of the HOM noise as single-particle wavefunction overlap is not
justified. However, the result (310) shows that an HOM experiment can be used to
perform a tomography protocol and reconstruct the Wigner function of an unknown
source, provided the properties of the other source are known. Indeed, as elaborated
in [519], it is possible to devise a protocol in which a series of measurements, using
as reference signal properly chosen voltage drives, achieves the desired tomography.
Experimental implementations have been demonstrated in [410, 412, 520].

Role of interactions Until now, we have completely disregarded the effect of
Coulomb interactions during the propagation of the injected states along the conduc-
tor. However, typically the propagation channels (integer quantum Hall edge modes
mainly) do interact with other neighboring channels, having an impact on trans-
port properties. In the context we are discussing, an indication came from the first
implementation of the HOM experiment with single-electron sources based on the
mesoscopic capacitor [521]. In the experiment, the source is operated in the optimal
regime, so that the emission of a pure electron state is expected, thereby producing a
HOM noise of the form (311), which predicts a full dip at zero time delay. However,
the experiment showed a non-zero noise even for identical emission at §z = 0. It was
soon after shown via a Luttinger liquid description [364], that Coulomb interactions
between co-propagating edge modes can partially reduce the indistinguishability of the
emitted states due to decoherence. This model is able to account for a non-zero HOM
noise, and further extensive comparison between theory and experiments have been
reported in [522]. One of the most striking features of interacting one-dimensional
systems is charge fractionalization, by which an incoming electron is split into col-
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lective excitations that propagate at different velocities. This phenomenon produces
side dips in the HOM noise as a function of the time delay, where the additional dips
correspond to the partial overlap between excitations propagating at different veloci-
ties. This feature has been indeed observed, and Ref. [523] has exploited it to estimate
the interaction parameters of the theory. In the context of EQO in integer quantum
Hall edge channels, interactions have also been addressed in Refs. [365, 509, 510,
524-531].

The analysis of Coulomb interaction reveals that Levitons should be more robust
to decoherence, compared to the states generated by the mesoscopic capacitor. This
is because of their many-body structure: indeed, a feature shared by all the states
generated by a voltage pulse is that they are bosonic coherent states when expressed in
terms of the particle—hole bosonic operators that are used in the bosonized description
of the edge mode Hamiltonian. Then, interactions leave this structure unchanged,
because their effect is equivalent to an energy-dependent beam splitter for the bosonic
modes [526]. As a result, for this class of states, the HOM dip should always be
maximal even in the presence of interactions [529, 530]. In a recent experiment [532],
however, a non-vanishing noise at zero time delay has been observed and was attributed
to channel mixing. Unlike Coulomb interactions, mixing induces tunneling processes
connecting neighboring channels. The full HOM noise then splits in a sum of several
ideal HOM noises (i.e., with no mixing), each governed by a different time delay (in
addition to the bare §¢), related to the typical mixing length and the velocity mismatch
between the propagating channels. The competition among the different delays is such
that the full noise never vanishes as a function of §7. A simple model of channel mixing
with these ingredients [533, 534] was able to explain the experimental data [532].

Finally, we would like to briefly mention recent activity about extending HOM
interferometry to anyons in the fractional quantum Hall (FQH) regime. The interest in
time-resolved interferometry in this context stems from the success in using this tool
as a probe of quantum statistics in non-interacting systems. As discussed above, HOM
interference provides clear signatures that distinguish bosons from fermions and it is
therefore natural to ask whether some unique features of exotic anyonic excitations
hosted in the FQH can be discovered by noise. The analysis of current fluctuations
in the FQH regime has a long history, but renewed interest in the field originated
from the observation of anyonic statistics in Fabry—Pérot [535] and HOM-like inter-
ferometers [536], with the latter generating a lot of theoretical follow-up works. Most
of these consider a stationary regime, with no time-dependent transport observables,
which is not the focus of this review. However, a few recent works have addressed
time-resolved transport of anyons [537], proposing some observables from which the
fractional statistics can be extracted [538], and inspiring experimental implementa-
tions [359]. Nevertheless, HOM-like setups where the incoming states have anyonic
properties are dominated by a different mechanism compared to fermionic or bosonic
HOM interference. Indeed, the most relevant processes are not “collisions” between
the incoming states, but rather time-domain braiding with anyons that are locally
excited at the beam splitter, as originally introduced in [539]. So, a naive general-
ization of fermionic HOM exclusion probability (linked to the magnitude of the dip)
is not possible for these setups. Even more, the standard HOM ratio contains no
information on the anyonic statistics [540]. The recent theoretical and experimental
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activity demonstrates interest in extending concepts from EQO to the FQH regime (and
other strongly correlated systems). However, in these systems, the ability to identify a
decomposition of generic time-dependent currents into elementary constituents with
a well-defined meaning, as discussed in [471] is currently lacking. Answering this
challenging question would represent a major progress.

5.4 Time-dependent quantum transport in atomic systems, Bose Einstein
condensates and phononic systems

In this section, we aim to briefly address time-dependent transport in systems that
are not based on electrons. The most important difference between quantum electron
transport and quantum transport in cold atoms is the fact that, while electronic systems
are connected to the external environment, ultracold gases are well isolated from it due
to the confinement and extremely low temperature and density. Small perturbations on
ultracold atomic systems can easily drive them out of equilibrium and a steady state
is not always achieved.

The confinement of the atoms is engineered artificially using optical or magnetic
means. Usually, these systems are not in contact to macroscopic reservoirs and there-
fore theoretical microcanonical descriptions of transport have been proposed [541].
Experimentally, it has been recently possible to simulate “reservoirs” and ensure that
the dynamics in the small region of interest is in a quasi-steady state for a finite period
of time [542-545]. The interaction between atoms can also be tuned by using magnetic
fields. This enabled the realization of lattice models with many-body interactions in
many geometries [546—-549] and motivated the study of the non-equilibrium dynamics
of strongly-interacting closed systems [550, 551]. It is also possible to induce com-
plex tunneling coefficients either by using artificial gauge fields or by modulating the
lattice, which realizes the Peierls substitution for lattice systems in the presence of
magnetic flux [552, 553]. This is important in order to realize topological phases and
ring-shaped systems.

Other non-electronic systems are nanomechanical or phononic devices. They
are characterized by absence of particle conservation and transport consists in the
exchange of excitations and energy between the driven system and the baths. In sys-
tems with stationary driving by temperature differences there exists a large body of
literature, which has been reviewed in Refs. [554, 555]. The experimental study of
cooling in nanomechanical systems [556] motivated the study of this mechanism in
the framework of driven oscillators and we briefly discuss this effect below.

Nonlinear transport in bosonic condensates An important achievement has been the
formation and manipulation of a bosonic condensate using a microscopic magnetic trap
onachip[557,558]. Inthese platforms, waveguide geometries are implemented, which
enables the investigation of interference and transport phenomena of the condensate.
This motivated to explore analogous phenomena to those observed in mesoscopic
electron systems [559, 560]. The appropriate framework to analyze these systems
is the time-dependent Gross—Pitaevskii equation. Since this equation has a nonlinear
term, it prevents the description of the transport process by means of scattering states as
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in the theory of particles described by a linear Schrodinger equation. The nonlinearity
usually generates instabilities to the steady-state solutions and the problem must be
solved numerically.

Another very active and interesting direction is the investigation of quantum fluids
realized in optical systems. A review article presenting the basics is Ref. [561], while
recent advances are covered in Ref. [562]. These quantum fluids are Bose—Einstein
condensates realized in lasers, nonlinear optical devices, excitons and polaritons. They
are characterized by the macroscopic quantum coherence of usual Bose—Einstein con-
densates. However they exist in non-equilibrium conditions under the effect of driving
and dissipation. The full quantum mechanical models for these systems are based on
the coupling between the quantum field describing the photons in a cavity and quantum
well excitons. Many problems in this context are studied by means of a mean-field
approximation where instead of describing in parallel the dynamics of photons and
excitons, a classical polariton field W (r, ¢) is introduced, which obeys the following
modified Gross—Pitaevskii equation,

2 .
ihd, ¥ = [wo - %vz} U+ Ve (M)W + g| VPV — iy W +inE™ @, 1). (313)

Here, " is the frequency of the lower polariton band, m is the effective mass describing
the kinetic term, Vex(r) is the external potential felt by the polaritons and g is the
effective polariton—polariton interaction. These terms are the usual ones in the Gross—
Pitaevskii equation for bosonic condensation of particles. The additional terms take
into account the driven dissipative nature of the polariton gas and represent the loss rate
(y) and the driving with the incident field E™™(r, r). Many problems in this context
are studied under coherent driving, where E™(r, 1) = Ege'*¥" e~ The stability
and the nature of the steady-state solutions depend on the parameters. Many scenarios
are possible, which we are not able to review here, but they have been discussed in
detail in Ref. [561].

In cold atoms as well as in photonic systems, there is a large body of work on
lattice models implemented by optical confinement of the atoms or in arrays of optical
cavities. The Hubbard model is a paradigmatic example. Interestingly, synthetic gauge
fields can be also realized in these systems. This enables the investigation of topological
states of matter like the quantum Hall and quantum spin Hall state. Examples are [81,
82, 563] along with several other contributions that will be mentioned below.

Rings threaded by time-dependent fluxes One of the fundamental concepts in the
field of electron quantum transport in mesoscopic structures in contact with reservoirs
is the nature of the resistance. The concept of “contact resistance” [11] has been coined
to stress the fact that in these structures inelastic scattering processes take place in the
reservoirs while the propagation is ballistic along the quantum system. This is at the
heart of scattering-matrix theory of quantum transport proposed by Landauer and
Biittiker. An important step in this theoretical construction has been the analysis of the
ballistic quantum system bent and closed to form a ring. In linear structures the charge
transport is induced by recourse to a bias voltage applied at the reservoirs. Instead,
here the transport mechanism is implemented through a time-dependent magnetic
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flux ®(¢), inducing an electric field £ o« dA/d¢, with fOL A(t)dl = ®(t). The first
observation is the fact that without any inelastic scattering, for a constant electric field
this system undergoes periodic oscillations in time named Bloch oscillations [47].
This can be easily understood in 1D cases by noticing that the ring defines a periodic
potential for the particles in space and the states are characterized by wave vectors
k = 2nm /L, with L being the length of the ring. The electric field introduces a time-
dependent shift —g E't /h in the instantaneous k-values, with the subsequent generation
of a time-dependent current J (¢). The occupied states under a given value of the Fermi
energy is repeated with a period 7' = (2w h)/(lg|L E). This is precisely the period of
the Bloch oscillations and the periodicity of the current. This mechanism was already
known in the context of superconductors and is the basis of the ac Josephson effect.
The main differences are, on one hand, the macroscopic coherence of the condensate in
the superconductors vs the requirements of mesoscopic ballistic transport of normal
conductors. On the other hand, the carriers of the superconductor are Cooper pairs
with effective charge 2¢, such that the corresponding period is half of the one in Bloch
oscillations.

In the absence of any inelastic scattering process Bloch oscillations take place with
a pure ac current J (¢). The simplest device to introduce inelastic scattering, resistive
behavior and the resulting energy dissipation was proposed by Biittiker in Ref. [9]. It
consists in coupling the ring to a single lead, a fermionic reservoir, where the electrons
can exit from the ring or be injected, loosing the phase coherence and exchanging
energy. This generates a dc component of the current in addition to Bloch oscillations.
The fact that purely elastic processes introduced by disorder are not enough to introduce
such a resistive behavior was discussed in Refs. [48, 49, 564-569]. The behavior of
the dc current in the dissipative ring was later investigated with different techniques
in clean and disordered systems in Refs. [570-577].

Generalizations to rings with harmonic time-dependent fluxes coupled to two or
more leads have been studied in Refs. [578, 579]. In those cases, the focus was the
generation of currents between the leads generated by the time-dependent fluxes at
the rings. This problem is basically a pumping mechanism. Similar studies focus on
pumping generated by locally driving a quantum dot embedded in an annular system
connected to two leads [156, 280, 580].

The study of persistent currents in cold atoms systems confined to ring-shaped
potentials and pierced by a synthetic static magnetic field was motivated in Ref. [581].
These and related advances have been reviewed in Ref. [81]. Recently, results on
quantum transport induced by time-dependent fluxes in cold atoms were reported in

Ref. [582]. The considered Hamiltonian is H = I:Iring(t) +>, <1:1a + I:Icoup,o(),
with

|

R M
Hring(t) = Z |:

; (Nj _ 1) —w (ew(t)dAJTH&'j +h.c.)} ,
Us 0o (1 . .
Sy (W 1) = v (8] o + e |
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Fig. 20 Sketch of the cooling cycle proposed [584] (left) and microscopic representation in a one-
dimensional phononic system (right). A nanomechanical system contains hot and cold parts. A perturbation
is introduced at the boundary of the cold part (A) and it travels slowly until it reaches the hot one (B), a
second perturbation is inserted at the hot boundary (C), the first barrier is removed and the cycle is repeated.
Figure adapted from Refs. [73, 584]

Aeoupa = —wi™ (&;,a&a, L+ h.c.) , (314)

where d s c?; are, respectively, bosonic annihilation and creation operators acting at the
site j of the ring, satisfying c?MH = d;, while N = c?j}c? j is the number operator. U is
the local interaction strength and w is the hopping amplitude between nearest-neighbor
sites. The leads are represented by linear chains of the same type of Hamiltonian Hq,
while I-Alcoup,a is the Hamiltonian describing the coupling between the first site of the
lead chain and one site of the ring, here named j = my,.

This problem bears relation to the mechanism of electron pumping discussed in
previous sections. In fact, it focuses on the currents induced at the leads because they
are coupled to a driven ring.

Also in close relation to pumping a cooling cycle was proposed to be realized in a
Bose-Einstein condensate, including details on how to realize the different stages in
one-dimensional cold atomic systems [583]. The protocol is very similar to the one
proposed in Ref. [584] for a nanomechanical system (see below).

Quantum oscillators and phononic systems Cooling nanomechanical modes down
to the ground state has attracted the attention of both experimental [556] and theoret-
ical [585, 586] communities. The basics of this mechanisms can be analyzed in the
context of driven coupled quantum mechanical oscillators.

Figure 20 presents the sketch of a cooling cycle proposed for a nanomechanical
system in Ref. [584]. The nanomechanical system targeted for cooling is depicted on
the left (cold) side. In this setup, a localized modulation of the phonon velocity or of
the pinning potential acts similarly to a semi-reflective, moving barrier for phonons.
During stage A — B, this barrier travels from the cold side to the hot side across
a cavity-like area. Upon reaching the far end, a second barrier-like perturbation is
initiated at the opposite side (stage B — C). In the step, C — A’, the initial barrier is
turned off, allowing phonons from the hot reservoir to freely expand into the cavity.
This sequence is then cyclically repeated.
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A microscopic model for this protocol in the framework of coupled harmonic oscil-
lators has been proposed in Ref. [164]. The Hamiltonian for the full system has the
structure of the Hamiltonian Eq. (1), with the hot and cold reservoirs modeled by 1D
coupled harmonic oscillators. The driven region is described by the same 1D model
of harmonic oscillators with a time-dependent perturbation representing the traveling
periodic barrier (see Fig. 20). This term of the Hamiltonian reads

; N T = WL 7 (O S
Hgys (1) = E m + E 7()‘1 —Xi41)" + E Tx[~ (315)
=1 =1 =1

This problem was solved by means of non-equilibrium Green’s functions. Further
discussions on the cooling properties and limits of time-dependent driving in systems
of harmonic oscillators were presented in Ref. [587]. More recently, these type of
models was regarded as a paradigm to engineering dynamical couplings for quantum
thermodynamics tasks beyond weak coupling [588]. A related idea has been explored
recently in Ref. [589], where a target oscillator is coupled to a collection of driven
oscillators that simulates an environment with a time-dependent temperature. The
problem is analyzed at weak coupling with quantum master equations and driving
protocols that cool the target oscillator are identified.

5.5 Topological effects

For some years now, the relevance of topology emerged in many properties of quantum
systems. We already highlighted the crucial properties of the quantum Hall effect - a
paradigmatic topological system - to realize quantum optics and other phenomena of
quantum transport. In this final section, we would like to briefly survey other activity
connecting time-dependent quantum transport and topological effects.

5.5.1 Topological pumping

As introduced in Sect. 4.2, the concept of pumping involves the transport of some
entity, such as charge, spin, quasiparticle and/or energy as a consequence of time-
periodic changes of the underlying Hamiltonian. This mechanism takes place in both
the classical and quantum realms. In the case of slow driving, this mechanism is
typically described by geometric quantities. In certain quantum scenarios, it can also
possess topological properties, meaning that the pumping is characterized in terms
of a topological invariant. This invariant is directly related to a quantization of the
pumped quantity.

The most paradigmatic examples of topological pumping are the mechanisms pro-
posed by Laughlin [590] and Thouless [78]. In both cases, a single electron is pumped
through a fully gapped—insulating—system by a slow time-periodic change in the
Hamiltonian. This is an important feature of topological pumping, which makes it
fundamentally different from other quantum transport mechanism: here the particle
is not transported through a window defined by two Fermi functions. Instead, a filled
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band experiences a peculiar slow change according to which a particle is spatially
moved between two positions.

Laughlin pump In Laughlin’s “gedanken experiment” two boundaries of a two-
dimensional electron gas (2DEG) in the quantum Hall state are connected to form
a cylinder [590]. The interior of the cylinder is threaded by a magnetic flux that
changes linearly in time. The corresponding electromotive force induces a current
and every time the flux is increased by a flux quantum, a single electron is effectively
transported between the free edges of the 2DEG through the gapped bulk. The relation
between this current and the effective electric field is the Hall conductance, which is
proportional to the Chern number. Hence the pumped charge per cycle is related to
the Chern number. The Laughlin pump has been observed in quantum Hall systems
in the Corbino geometry [591, 592], more recently in an anomalous quantum Hall
insulator [593] and it has been also realized with cold atoms [594].

Thouless pump  The Thouless pump is a sort of quantum version of Archimedes
screw. In the original proposal it is formulated in terms of a Hamiltonian of non-
interacting electrons with a slowly varying potential which is periodic in space and
time [78]. Focusing, for simplicity on 1D, the Hamiltonian has a potential of the form
Vx,t) = Vo(x) + Vi(x —vt), where Vo(x + L) = Vg(x) and Vi (x —v(t + T)) =
Vi(x — vt), with v small enough so that the system remains in the ground state. It is
also requested that both components of the potential have the same spatial periodicity,
hence, L/v = n7, with n being an integer. The particle current integrated over a
period gives the number of particles transported in a cycle. Implementing an adiabatic
expansion in the wave function, we have

1
Ej — &0

WOl @) |,

(316)
where H 1y (t)) = €jly;(t)) defines the instantaneous eigenenergies and eigen-
states for the Hamiltonian with the time frozen at ¢ and the phase is chosen so that
(wo(t)wo(t)) = 0. In terms of this, introducing periodic boundary conditions, and
calculating the instantaneous current within the adiabatic description we get

: t
(1)) ~ exp [—% / dt/so(f/)} o) + ik S v (1)
Jj#0

G dk  fu(1 = £.)
TO= MZ/ 27 k) — eu (0
(@i W) (Wi Vo) + (Wi [ W k) (W k105 W i) ] (317)

where (1, v label the bands of the periodic lattice while f,, = 0,1 for empty and
filled bands, respectively. Using properties of the periodic boundary conditions, it is

@ Springer



764 M. Acciai et al.

possible to express the particle transferred per period as follows:

T T dk
= /0 ar J(t)=i;fv fo ar / [l bs) = enaldd].

(318)
which is the 1D version of the definition of the Chern number while the pumped charge
per cycleis AN = ¢C.

There are many studies of models realizing Thouless pumps, which have been
reviewed in Refs. [82, 595], including experimental realizations in cold atoms and
optical systems. Another interesting direction is the study of the role of many-body
interactions and a prominent example in this context is the Rice-Mele—Hubbard
model in both the fermionic [596] and bosonic versions [327, 597]. Some of these
studies focus on the proper calculation of the invariant C in terms of many-body
functions [598]. This can be accomplished in the framework of the theory of polariza-
tion [599-601]. In 1D, the polarization in a lattice model with lattice constant a with
periodic boundary conditions is defined as

P(r) = Z—almln (W ()| e X [ W (r)), (319)
T

where X = Zj” Xj N ;j 1s the position operator, being N ;j the occupation of the site j

and x; = ja,forasystem with a single site per unit cell, while | ¥ (¢)) is the many-body

wave function. The transported charge per adiabatic cycle is expressed as

1 T
AN = _f A9, P(t). (320)
alJo

It can be verified that this definition recovers the one for non-interacting fermions
given by Eq. (318) by expressing the many-body wave function |W(¢)) as a direct
product of single-particle states |, ). The combined effect of driving and disorder
in topological pumping was analyzed in [602].

Pumping in the quantum spin Hall effect Another topological charge pump has been
proposed to take place in a helical Kramers pair of edge states of a 2D topological
insulator in the quantum spin Hall state contacted by a magnetic island [603, 604]. This
type of topological pumping motivated several studies [605-613]. Here, we explain
the basic ideas following Ref. [603], where the topological pumping can be understood
in simple terms as follows. The free edge states are modeled by a Dirac Hamiltonian

Hy = ivfdxqﬁ(x)axazwx), (321)

where the spinor W(x) = (WT (x), ¥y (x))T represents the pair of edge states with
opposite polarization along a given direction z and moving in opposite directions
along the edge. The coupled nanomagnet has a magnetization with a perpendicular
component M, with M x z # 0. Such a coupling effectively introduces a mass
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term and opens a gap in the Dirac spectrum which, in the static problem, prevents
the charge transport along the Kramers pairs. The topological pump is introduced by
the precession of the magnet, which is represented by a time-periodic mass in the
Hamiltonian

Hy = /dxqﬁ(x) (M(x,1) o] ¥ (x). (322)

This problem has been previously studied in Refs. [614, 615]. Introducing the
parametrization of the transverse magnetic moment as M, = M cosf and M, =
M sin 6, the ground-state density and current induced by the time-dependent mass
read

1 1
p(x, 1) = z—0(x, 1), Jx, 1) = —=—08:0(x, ). (323)
21 21

Hence, the total number of carriers enclosed in a segment confined in x; < x < x is
givenby AN = [0(x2,t)—0(x1, t)]/(2m). In particular, a half-charge +¢ /2 is carried
by a domain wall where 0 changes between /2 and — /2. Similarly, the pumped
charge crossing a point x as the angle changes in time in an interval t; <t < 1; is
ANPYP (1 — 1) = [0 (x, 1) —6O(x, t;)]/(27). Hence, under achange of 0 < 6 < 27
in a cycle, a charge of +¢ is pumped. As in previous cases, the quantized transport
takes place through an insulating system that exhibits a gap in the static limit.

5.5.2 Floquet engineering of topological phases

The previous sections focused on time-dependent quantum transport phenomena that
arise due to the intrinsic topological nature of certain systems. In this section, we
briefly address a complementary and actively developing research direction: the engi-
neering of driving-induced topological phases in systems that are topologically trivial
in equilibrium. This area, commonly referred to as Floquet engineering, explores how
periodic driving can endow otherwise conventional systems with topologically non-
trivial properties.

A wide range of experimental platforms are being investigated in this context,
including not only solid-state electronic systems, but also optical lattices and ultra-
cold atomic gases [616-618]. Reviews covering recent advances are Refs. [79, 80].
In condensed matter settings, results have been reported in superconductors [619,
620] as well as in Moiré systems [621-623]. As in other topological systems, features
emerging in the time-dependent transport properties, in particular the generated pho-
tocurrents, play a central role in characterizing and probing the topological nature of
these phases [624, 625].

A paradigmatic example is graphene irradiated by a circularly polarized laser of
frequency 2 [626—633]. This is described by the following time-dependent tight-
binding Hamiltonian

R; .
H(t)=-w) exp |:—i/ Age(t) - dr] e, (324)

) Ri
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where (i j) are nearest-neighbor sites of the graphene lattice, while EIT creates an elec-
tron with any spin orientation in the site / and ¢ is the corresponding annihilation
operator acting on a lattice site /. The effect of the laser field Eyc () = 0;Aac(?)
is accounted for by the Peierl’s substitution in the time-dependent hopping, with
Ayc(t) = A(cos 2, sin Q2r). As a result of the time-dependent term in the Hamil-
tonian, an effective next-nearest-neighbor dynamical hopping is generated and the
model effectively becomes a topological Chern insulator, similar to that predicted by
Haldane [634]. The invariant characterizing this phase is the Chern number, which
is directly related to the Hall conductivity. In the present problem, such a transport
coefficient is defined as the response to an extra transverse dc electric field E repre-
sented by an extra vector potential Acx () = Et. In Refs. [138, 626, 628, 635] a Kubo
formula has been derived by treating Ae¢x(?) in linear response for the system in the
background of the intense ac field. An overview of later developments in this direction,
including the generation of topological quantum pumping by Floquet engineering has
been presented in Ref. [618]. Signatures of Floquet states have been recently observed
in graphene [636, 637].

In addition to models related to real materials, there are a wide variety of proposals
in the framework of pure theoretical models. An interesting example is presented in
Ref. [638], where a topological phase is generated by Floquet engineering and it is
shown to enable a Thouless pump effect as a response to an extra adiabatic driving.
Another related interesting idea is the generation of a two-dimensional topological
phase by driving a single two-level system with two different frequencies [298, 299].
In this case, the topological phase is associated with the mechanism of power pumping
and the possibility of controlling dissipation by topological driving protocols [300].

6 Conclusions

In this review, we have provided a comprehensive overview of various aspects related
to time-dependent transport in quantum systems. Our primary emphasis has been
on time-dependent steady-state regimes, as opposed to transient dynamics, which,
although important, fall outside the main scope of this review. We have surveyed the
range of theoretical frameworks available to study non-equilibrium quantum systems,
deliberately excluding numerics-focused approaches in order to offer analytical insight
and physical intuition.

Throughout the discussion, we have identified and analyzed several fundamental
mechanisms that are recurrent in quantum-driven systems and are essential to the
understanding of quantum transport phenomena. These include the periodic charging
and discharging of a mesoscopic capacitor, dissipation, quantum pumping, noise, and
energy conversion, all of which play key roles in the characterization of transport
properties and the design of quantum devices.

A significant portion of our review has been devoted to electronic systems, which
continue to be a central area of investigation due to their rich phenomenology and
relevance to both fundamental physics and practical applications. In particular, we
have highlighted recent advances in electron quantum optics, quantum transport spec-
troscopy, and quantum electrical metrology. Additionally, we have addressed the role
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of quantum fluctuations, a crucial ingredient in understanding transport and thermo-
dynamic behavior at the quantum scale.

Beyond electronic systems, we have also considered developments in atomic,
molecular, and optical systems, as well as in nanomechanical platforms, which are
witnessing rapid progress due to advances in experimental control and measurement
techniques. These systems also provide versatile testbeds for exploring quantum trans-
port in regimes.

Furthermore, we have briefly reviewed emerging research that connects time-
dependent quantum transport with the topological properties of matter. The interplay
between topology and dynamical driving has opened up novel avenues for robust
transport control, quantized responses, and the engineering of synthetic dimensions
that are at the forefront of contemporary condensed matter and quantum information
science.

Taken together, the topics covered in this overview reflect a vibrant and evolv-
ing research landscape, where theoretical insights and experimental innovations are
continually reshaping our understanding of quantum transport under time-dependent
conditions.

Appendix: Technical details
A.1 Equivalence between Egs. (25) and (34)

We show here that the response functions obtained in the two different derivations of
the linear-response mean value of the operator O at the time ¢ are the same. To this
end, we introduce the Lehmann representation in the response functions of Eqs. (25)
and (34).

In Eq. (25), we get

([0 E4,@]), = 5= 3 e 5 { 1Oy 0l oml £ 1

(I () lm) m] Oy (1) |
1 i / A A
- e BEn {eﬁ(En*Em)(l*t)(n|0|m)<m|FJ|n>
ZO n,m

e (En—Em)(t'~1) (n|ﬁj Im) (m| é|n)}

1 i / A A
= = 3 BB 0| Gl (| B ) (e FEr — P
ZO n,m
(325)

In Eq. (34), we get
B N . ;j , l ﬂ N . A , N
[ a0 ium Fy ' =0y =~ | du<0H0(—zuh) [FHO(t —t),H0]>O
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l A~ A A 1 ’
_ du 3" e“En=Em (] O|m) <m| [F/, Ho] |n)eﬁ<Em_E")(’ =)

hZ() 0 n,m
i [eﬂ(En*Em) _ 1] n n. . ,
=—— ) e PP —————(n|Olm)(m|F/|n) (E, — Ey) €' Fr=F0C=0
hZy (En — Em)
i A A . i /
= —— (e—ﬁEm _ e—ﬁEn> (n|Om) (m| E7 [n)eF En—En'= (326)
0 n,m

which proves that the response functions in the two formulations coincide.

A.2 Equivalence between Egs. (36) and (44)

We introduce in these two equations the Lehmann representation. The second term of
Eq. (36) can be written as

:opt
l ~ s
i a0 Fo)
.t { i , ) N
= %/lo dt’(t’ — [)Z Zeﬁ(En—Em)(t—t)(n|0|m)(m|FJ In) (e—ﬂE,, _ e_ﬂEm)
n,m
( _ﬂE” — _lgEm)
e e

, 327
E _E, (327)

! 1 i ’ A A s
:f dz’—Zeﬁ(En_Em)(t_’)(n|0|m)(m|F]|n)
1o Z n,m

where we performed a partial integration and assumed that the exponential vanishes
for #y. Similarly, Eq. (44) can be written as follows

t B R .
—/ dt’/ du(O(—iuh)FI (' — 1)),
In) 0

1 t [ePE—Em 1] o )
=7 2 / d'e™ B = (n[ O lm) | F/ ) F =0,
z i) (En = En)

(328)
which is the same as Eq. (327).

A.3 Wigner function of n-Leviton states

Combining the definition (123b), the property (286), and the explicit expression (293),
we have

n 400 g4 .
AW<(MO)=Z/ %@}f (w—%) Pk <w+§> e "8
k=1Y7%°
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= Zag_ZwUQ(a)) Z/ du Li[20(w — u)|Li[20 (w + u)]e—2iut ]

Tk

Next, one exploits the identity

(xy)

k
L)L) =)

p=0

where L,((p ) are the generalized Laguerre polynomials, to simplify Z to

k 2p
Ti=)Y i (20)°" (2”)(4600) / du(w? — u?)Fe=2m
= (p)?

2
=2w Z( wt'f))z (2p)(4a)a)/ dy(1l — y) cos(Qwyt)

wﬁ Qwo)*P (2 )
N Z (a)t)P+1/2 -’ (4“’0)Jp+1/2(2a)a)
=0

where in the last step we recognized an integral representation of the Bessel functions
of the first kind J;. Combining the above results, we obtain the final expression (294)
reported in the main text.
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