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The numerical simulation of strongly correlated quan-
tum systems is a major challenge in different branches of
modern physics as condensed matter, quantum informa-
tion, cold atoms and lattice gauge theories. Indeed, nu-
merical simulations lie at the hearth of our theoretical un-
derstanding of many different phenomena and of the sup-
port, design and verification of experimental setups rang-
ing from single optical tables to large particle physics fa-
cilities. Optimal control techniques have been widely ap-
plied in different fields, as for example in Nuclear Magnetic
Resonance, and have been recently extended to encompass
many-body quantum systems dynamics paving the way to
the design of novel experiments and to the optimal engi-
neering of quantum- and nano-technologies. These tools,
together with our increasing capability of performing ef-
ficient numerical simulations of many-body quantum sys-
tems, allow for the first time to explore at the quantum level
the fundamental limits of the manipulation of many-body
systems, in terms of (thermodynamical) resources (energy,
time, information. . . ) and complexity (system size, inte-
grability. . . ). Possible fields of applications of these inves-
tigations ranges from quantum information processing, to
ultra-sensitve sensors, and optimal light-harvesting proto-
cols.

We illustrate some recents developments in numerical
tensor network methods to simulate strongly correlated
quantum systems, present an efficient algorithm to opti-
mally control their dynamics and some fundamental bounds
to the resources needed to achieve such control. Finally, we
report on novel theoretical and experimental applications of
these methods, in particular we present some time-optimal
protocols to drive cold atoms in optical lattices and in atom
chips.
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We demonstrate that via optimal control arbitrary time evolutions of many-body quantum systems
can be reversed. The optimal reversed dynamics –contrary to standard time-reversal procedures–
is extremely robust with respect to external source of noise. We propose a conjecture establishing
a relation between control complexity and the dimension of the manifold supporting the dynamics
of a quantum system, verifying its validity in three di↵erent models and elucidating the role of the
integrability of the model.

PACS numbers:

In recent years, fast progress on the understanding
non-equilibrium dynamics of many-body quantum sys-
tems has been spurred by unprecedented opportunities
o↵ered by cold atom quantum simulators as well as by
the development of powerful numerical tools [1, 2]. In-
deed, numerical methods like tensor networks have made
it possible to investigate the out-of-equilibrium dynamics
of many-body quantum systems and to compare theoreti-
cal results with experimental data obtained in highly con-
trolled and clean systems. Many interesting e↵ects have
been investigated so far including (just to give a few ex-
amples) quench dynamics [3–5], thermalization [6], quan-
tum phase transition dynamics [7], e↵ects of disorder [8]
and of periodic perturbations [9, 10] both in fermonic and
bosonic systems [11]. These advances in manipulating
and characterising non equilibrium dynamics may result
in the development of strategies to control the quantum
evolution of many-body systems. This task, unthinkable
till a few years ago, paves the way for the realisation of
many-body state engineering where optimal control tech-
niques [12] appear to be the ideal tool to use.

Quantum optimal control has been applied only re-
cently to quantum many-body systems, e.g. to the adi-
abatic dynamics through a quantum critical point [13]
or to the cooling of Luttinger liquids [14]. In particu-
lar, an algorithm for optimal control particularly suited
for many-body problems, the CRAB optimization, has
been recently developed and applied to state prepara-
tion of strongly interacting cold atoms in optical lattices
and spin systems [15]. The theoretical study and ex-
perimental implementation of optimal control strategies
to quantum many-body systems poses in turn a number
of important questions. While it has been shown how
quantum control can drive a system up to its quantum
speed limit [16, 17], to which extent it is possible to con-
trol a quantum many-body systems? Which resources
are needed in terms of complexity, in particular in con-
nection to the integrable/chaotic dynamics of the system
under investigation? And how e�cient and robust will
the resulting control strategy be?
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FIG. 1: Dynamical scheme to optimally reverse the system
dynamics: a system in the ground state is taken out of equilib-
rium by multiple random quenches. Reversing the dynamics
can be obtained in general via a time-inversion or by solving
an optimal control problem.

In this Letter we address these questions by character-
ising qualitatively and quantitatively the ability to reach,
from a given input, a predetermined final state of a many-
body system through the time dependence of some global
couplings. We will in particular consider the problem of
reversing complex quantum dynamics: a system is first
taken from the ground state to a highly disordered state
via random quenches (see Fig. 1), characterised by a high
diagonal entropy Sd (see Ref. [18]), and then driven back
to the initial states. We will first address the robust-
ness problem, showing that while the obvious strategy
of returning to the ground state by time-reversing the
protocol is highly sensitive to external noise in the cou-
plings [18], an optimal protocol based on CRAB, is in
turn much more robust against errors, making it a good
candidate for experimental realizations. We then address
the problem on a more general ground, elucidating for
the first time the relationship between control complex-
ity and dimension of the manifold in which the dynam-
ics occurs. In particular, we demonstrate that the com-
plexity is weakly dependent on the initial and final state
properties while it is instead strongly influenced by the
integrability of the system.

FIG. 1. Optimal control allows to engineer a route to reverse
complex quantum many-body dynamics also when standard time-
reversal procedure is not achievable.


