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Abstract. The dynamics and thermalization of classical systems have been
extensively studied in the past. However, the corresponding quantum phenomena
remain, to a large extent, uncharted territory. Recent experiments with ultracold
quantum gases have at last allowed exploration of the coherent dynamics of
isolated quantum systems, as well as observation of non-equilibrium phenomena
that challenge our current understanding of the dynamics of quantum many-
body systems. These experiments have also posed many new questions. How
can we control the dynamics to engineer new states of matter? Given that
quantum dynamics is unitary, under which conditions can we expect observables
of the system to reach equilibrium values that can be predicted by conventional
statistical mechanics? And, how do the observables dynamically approach their
statistical equilibrium values? Could the approach to equilibrium be hampered if
the system is trapped in long-lived metastable states characterized, for example,
by a certain distribution of topological defects? How does the dynamics depend
on the way the system is perturbed, such as changing, as a function of time
and at a given rate, a parameter across a quantum critical point? What if,
conversely, after relaxing to a steady state, the observables cannot be described
by the standard equilibrium ensembles of statistical mechanics? How would they
depend on the initial conditions in addition to the other properties of the system,
such as the existence of conserved quantities?
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The search for answers to questions like these is fundamental to a new
research field that is only beginning to be explored, and to which researchers with
different backgrounds, such as nuclear, atomic, and condensed-matter physics, as
well as quantum optics, can make, and are making, important contributions. This
body of knowledge has an immediate application to experiments in the field of
ultracold atomic gases, but can also fundamentally change the way we approach
and understand many-body quantum systems. This focus issue of New Journal
Physics brings together both experimentalists and theoreticians working on these
problems to provide a comprehensive picture of the state of the field.

A few years ago, questions related to the dynamics and thermalization of isolated quantum
systems would have appeared completely academic. However, the advent of cold atomic gases
has changed this perspective. Since the achievement of Bose–Einstein condensation (BEC) in
ultracold atomic gases for the first time in 1995 [1]–[3], experimentalists have routinely studied
the coherent quantum dynamics of these highly controllable and, to a large extent, isolated
forms of matter. Reporting in this issue, Ferris and Davis [4] present a theoretical analysis of a
recent experiment in which non-classical correlations were observed in weakly coupled BECs,
and where the dynamics played a fundamental role [5]. In another paper in this issue, Martin
and Ruostekoski [6] study the non-equilibrium quantum dynamics of atomic dark solitons, a
subject that has also been of great interest in context of the dynamics of BECs. Ultracold Fermi
gases have also attracted much experimental and theoretical interest in recent times. Thus, in
connection with ongoing experimental efforts to observe a type of fermion superfluid predicted
long ago by Fulde and Ferrell [7] and Larkin and Ovchinnikov [8], Tezuka and Ueda [9] report
in this issue on a study of the ground state and dynamics of these systems.

The largely isolated character of ultracold atomic gases sets them apart from other, more
conventional, condensed matter systems, for which coupling to the environment is largely
unavoidable and leads to rapid decoherence. Furthermore, more recently, the availability of
optical lattices and Feshbach resonances has allowed experimentalists to control the strength
of interactions, to realize strongly correlated systems, and to drive these systems between
different quantum phases in quite a controlled manner. In this spirit, von Stecher et al
report in this issue [10] an experimentally realizable scheme to study interaction-induced
ferromagnetism in ultracold atoms. They discuss how to prepare and detect ferromagnetism
in ultracold fermions loaded in optical superlattices by using specially selected initial states
and engineering the desired final state through designed modifications of the superlattice
potential. Quantum control methods, on the other hand, are used by Dinerman and Santos [11]
to manipulate the dynamics of quantum many-body systems. In this case the idea is to
construct sequences of control operations that modify the Hamiltonian of a one-dimensional
spin-1/2 system appropriately and force it to follow a desired dynamics. This opens many
new opportunities for controlling quantum systems and is of interest for quantum information
processing.

We should mention that many experiments with ultracold gases have already studied the
dynamics of quantum systems in optical lattices in regimes where correlations are important,
as they are in the theoretical proposals mentioned above. Some examples include (i) the dipolar
oscillations of bosons confined in optical lattices [12, 13], (ii) the response of the gas to a
sudden change or a periodic modulation of the amplitude of the optical lattice [12, 14] and (iii)
the effect that a moving lattice has on the condensate fraction close to a superfluid–insulator
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transition [15], to mention just a few. In other remarkable experiments with bosonic gases out
of equilibrium, the emergence of non-thermal states in close realizations of one-dimensional
integrable models has been observed [16], and states where a certain type of long-range order
is perturbed by the existence of many topological defects have been produced [17]. Indeed,
the possibilities offered by atomic gases for study of non-equilibrium phenomena appear
to be infinite. However, many experimental challenges still lie ahead. One major problem
is the difficulty of probing ultracold atom systems. For example, even in states that can
be characterized as ‘thermal’ equilibrium states, thermometric measurements are extremely
cumbersome. Thermometry is particularly important for the strongly correlated phases realized
in optical lattices, for which there are concerns that even adiabatically turning on the lattice
raises the temperature well above the energy scales where exotic correlated behavior may
emerge. In this regard, an interesting proposal towards an accurate thermometry for optical
lattice systems is reported in this issue by McKay and DeMarco [18].

Concurrently with the above experimental developments, there has been major progress
in the numerical algorithms designed to tackle the quantum dynamics of many-particle
systems. It is particularly worth mentioning advances in the development of numerically
efficient time-dependent density-matrix renormalization group (DMRG) techniques, which
have become a very important tool for analyzing the above phenomena in one-dimensional
systems. A notable example can be found in this issue, in the work of Stoudenmire and
White [19]. These authors report on a new and efficient method called METTS (minimally
entangled typically thermal states), which allows one to study the dynamics of systems at finite
temperatures with a computational cost comparable to the conventional (ground state) DMRG
algorithm. For specific integrable models, analytic insides can also help reduce the complexity
of numerical calculations in one dimension [20]. In another paper in this issue, Jukić and
Buljan follow this path to study the reflection of Lieb-Liniger wave packets from a hard-wall
potential [21]. These methods, combined with present experimental capabilities and the more
refined theoretical understanding that is slowly beginning to emerge, are helping to understand
how reduced dimensionality and correlations impact on the dynamics of quantum many-body
systems.

One dimension is host to numerous special models of statistical mechanics, many of which
are integrable and for which exact analytical solutions are available. How integrability affects
the quantum dynamics of an isolated system is a topic in which major advances have been made
in recent years [22]–[27]. New results in that direction are also reported in this focus issue, in
particular for the so-called quantum sine-Gordon model (qSGM), which plays a central role in
the theory of integrable field theories in one dimension. In equilibrium, it captures the essence
of the superfluid-to-Mott-insulator quantum phase transition in one-dimensional boson fluids.
Since the latter has been the focus of much research in the field of ultracold atoms, the qSGM
was the natural framework for theoretical investigations of the dynamics across a quantum phase
transition. Several papers in this issue deal with this problem from different perspectives. The
work by Sabio and Kehrein [28] investigates the quantum quench dynamics within the gapped
phase of the qSGM using the flow equation method. Also in this issue, the quench dynamics
across the critical point both at zero and at finite temperatures is analyzed in certain limits
where the model reduces to a quadratic Hamiltonian by Iucci and Cazalilla [29]. Furthermore,
in a mathematical tour de force, Fioretto and Mussardo [30] demonstrate how the use form
factor methods—which rely on the integrability of the qSGM and have been extremely useful
in extracting information about equilibrium correlations—can be applied to the analysis of the
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long time dynamics of the qSGM following a certain class of quantum quenches. The qSGM
has also a lattice version in the Heisenberg-Ising or XXZ spin-chain model. This model was
the first to be shown integrable using the Bethe ansatz, and in this special issue two papers,
one by Barmettler et al [31] and one by Mossel and Caux [32], tackle the relaxation dynamics
of this model following a quantum quench from two different perspectives. Thus, Barmettler
and coworkers investigate the dynamics of correlations in the XXZ model both numerically
(using time-dependent DMRG techniques), and analytically in connection with its continuum
description (the qSG and the Tomonaga–Luttinger models). Mossel and Caux use the exact
Bethe-ansatz wave functions to analyze the dynamics when the initial state is a ferromagnetic
state containing a domain wall, but the dynamics is dictated by a Hamiltonian which favors
anti-ferromagnetic correlations of the Ising type.

Within integrable models, those described by quadratic Hamiltonians are very special and,
on a lattice, they have been studied in recent works [33, 34]. Thermalization, that is a regime
where generic observables are described by conventional statistical ensembles, does not occur
in those systems. However, relaxation through dephasing can take place and its local effects
are further studied by Cramer and Eisert in this issue [35]. When integrability is broken, one
expects that the relaxation dynamics should lead to thermalization. This has indeed been seen
in recent numerical studies of bosons and fermions in one-dimensional chains [36, 37]. On
the experimental side, thermalization was not observed in any one-dimensional regime when
the confinement was generated by a deep two-dimensional optical lattice [16], while it was
inferred to have occurred in a one-dimensional gas where the confinement was generated by
an atom chip [38]. How integrability is broken in those experiments is discussed by Mazets and
Schmiedmayer [39] in this focus issue. They provide an explanation for the different outcome
of the experiments in [16] and [38]. The problem of thermalization in generic isolated quantum
systems or of systems weakly coupled to a much bigger environment is analyzed in detail by
Reimann [40]. The results reported by Reimann [40] are consistent with the idea that thermal-
ization in isolated quantum systems can be understood in terms of the eigenstate thermalization
hypothesis, which states that observables in individual eigenstates of a many-body Hamiltonian
already exhibit thermal behavior [41]–[43]. In this issue, Deutsch [44] takes on the task of
defining the thermodynamic entropy for energy eigenstates of a generic many-body system.
Another topic of interest is how the onset of thermalization is related to the development
of quantum chaos in the system as one departs from an integrable point [45]. Reporting
on that topic, Stone et al study two interacting atoms in a harmonic multimode waveguide
and an interacting two-component Bose–Bose mixture in a double-well potential [46]. They
determine the quantum-chaotic regimes and show that in those regimes there is strong eigen-
state thermalization and hence thermalization occurs even though the evolution dynamics is
unitary. One can then wonder what is the nature of the measured fluctuations of any given
observable after relaxation has taken place in a generic quantum system. This topic is discussed
by Linden et al in [47], where they find that time fluctuations are actually very small after
relaxation and hence that fluctuations observed experimentally must have a quantum character.
This is in agreement with recent numerical calculations [43] where for even small quantum
systems the quantum fluctuations were found to be dominant over the time fluctuations after
relaxation. The stability of thermal equilibrium in large quantum systems is addressed by
Restrepo and Camalet [48] in this issue. They consider two large one-dimensional cavities
which, initially in thermal equilibrium, are suddenly brought into contact. Common sense
suggests that the systems will eventually relax to a thermal equilibrium state, and these authors
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show that for a perfect gas in one dimension this will be indeed the case. However, they
also show that this is not the case when the cavities are described by a one-dimensional gas of
phonons with linear dispersion.

Driving the system across a quantum critical point (QCP), either suddenly or at a given
change rate of the control parameter, is also the focus of much theoretical and experimental
attention. If the phases on one side of the QCP are characterized by a certain type of order,
one can expect the formation of topological defects. In classical systems, this takes place by
virtue of the Kibble–Zurek mechanism (KZM), and there is also a version of this mechanism
for quantum critical phenomena, which has been extensively investigated in recent years. As
mentioned above, one interesting question is how topological defects impact on thermalization
dynamics. In this special issue, Dziarmaga and Rams [49] study the KZM in the dynamics across
a QCP when the control parameter has an inhomogeneous variation across the system. This is
an important question for experiments with ultracold atomic systems which, being harmonically
trapped, have a non-uniform density profile. Thus driving the system across a QCP using a
control parameter depending of the local density will necessarily lead to an inhomogeneous
quantum phase transition. Bermudez, Amico, and Martin-Delgado, on the other hand, study
the adiabatic dynamics of Majorana fermions across a quantum phase transition. They show
that deviations of the scaling of defects from the usual Kibble–Zurek paradigm occur on such
systems [50]. Yet in another paper in this issue, Eckstein and Kollar study the excitation energy
generated by slow ramps of the hopping parameter in the Falicov–Kimball model [51]. By
means of non-equilibrium dynamical mean-field theory, they find that such an energy vanishes
algebraically for long ramp times with an exponent that depends on the whether the ramp is
performed within the metallic phase, within the insulating phase, or across the Mott-insulator
transition. A very interesting related question is how relaxation takes place as the ramp time
is decreased and one moves further away from the adiabatic limit. This question is explored
by Moeckel and Kehrein, who present a perturbative study of a linear ramp of the onsite
interaction in the Hubbard model [52]. A prethermalization regime, as already seen after a
sudden quench [53, 54], is also present for finite ramping times and is studied in detail in that
work.

Many of the questions addressed above are also highly relevant to the goal currently being
pursued by many experimental groups to ‘quantum simulate’ condensed matter phenomena and
models using systems of ultracold atoms. The reliability of such simulations will depend on
our knowledge of the conditions under which conventional ensembles of statistical mechanics
are applicable to these systems, on what the actual relaxation times are in the experiments, and
on questions such as the definition of temperature and its measurement. Much still needs to be
done but, as follows from the work reported in this issue and the references cited therein, the
first steps have been taken.
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