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Can many-body systems be beneficial to
designing quantum technologies? We address
this question by examining quantum engines,
where recent studies indicate potential benefits
through the harnessing of many-body effects,
such as divergences close to phase transitions.
However, open questions remain regarding their
real-world applications.

Quantum technologies (QTs) attempt to harness quantum systems to
go beyond the bounds set by conventional classical technologies.
Quantum many-body systems exhibit emergent properties of many
interacting quantum particles, often lacking classical analogs. It is thus
a relevant question to ask if and how quantum many-body properties
might be useful for the development of QTs. In particular, recent
studies have shown that the development of quantum engines might
benefit from many-body physics.

Yet, analysis and control of many-body quantum systems can be
highly non-trivial, owing to the large dimension of the associated Hil-
bert space, which diverges exponentially with the system size. Never-
theless, inter-particle interactions and large system-sizes in many-body
quantum systems may offer several possibilities that may not exist in
their few-body counterparts. This provides researchers with more
avenues for designing novel and high-performing QTs'. Consequently,
combining the fields of many-body physics and QTs to develop many-
body QTs, can disrupt the technologies that drive the modern world.
For example, enhancement in quantum Fisher information close to a
continuous quantum phase transition (PT), which occurs only in many-
body quantum systems, has been shown to be extremely beneficial for
engineering highly accurate quantum magnetometers” and quantum
thermometers’. Similar enhancements due to many-body cooperative
dynamics may also allow us to perform high-precision quantum
thermometry*. The entanglement properties of many-body localized
systems may be used to design quantum batteries with high ergotropy
or work capacity®, while the energy gap statistics of such systems may
enhance the reliability of quantum heat engines®. Furthermore, the
intriguing possibility remains that other many-body effects, which
have hitherto not been explored extensively in the context of QTs,
such as quantum scars’, can present new possibilities for developing
high-performing QTs. Recent advances in machine learning can also
play a major role in optimally controlling many-body QTs®.

Several platforms have been shown to be suitable for experi-
mentally realizing many of the many-body QTs discussed above. For
example, quantum simulators modeled by superconducting qubits’

and Rydberg atoms' have been used for simulating many-body spin
systems driven through quantum PTs. As shown in a recent experiment
using superfluid Helium, connecting two time-crystals can enable us to
make qubits, which can be the building blocks of quantum computers
and quantum information processing setups'. Experimentally, time-
crystals can be realized in optical setups at room temperatures as
well’?; this may pave the way for easier production and real-world
applications of quantum time-crystals, such as for designing quantum
engines®. Recently, the quantum statistics of ultracold ®Li atoms have
been used to experimentally realize a many-body quantum engine; in
contrast to conventional heat engines powered by thermal baths, here
energy stemming from the Pauli exclusion principle was cyclically
converted into output work™.

Below, we focus on the technical aspects of a widely-studied QT,
namely quantum engines, to have a deeper understanding of the role
played by many-body physics in this field.

Many-body effects in quantum engines

The interplay between unitary and non-unitary dynamics can make
quantum engines an ideal platform for studying the thermodynamics
of QTs. In general, a quantum heat engine (QHE) is modeled by a
periodically modulated quantum system, termed the working medium
(WM), coupled to a hot and a cold bath. Heat flows from the hot bath to
the WM; a part of the heat flows to the cold bath, while the rest of the
heat is converted to output work (see Fig. 1). The amount of work
output per unit time is known as the power, while the ratio of the
output work to the input heat is the efficiency. One of the primary aims
of research in this field is to enhance the output work, power, and
efficiency of a QHE, while reducing the fluctuations in the output of the
QHE. Experimentally, QHEs have been realized using different systems,
including nitrogen-vacancy centers in diamonds® and nuclear mag-
netic resonance setups'. As we discuss below, several studies have
shown that many-body WMs may indeed fulfill many of the ambitious
aims described above'.

Cooperative large-spin effects. Cooperative large-spin effects
(CLSEs) can arise when multiple identical spins interact with the same
environment"*'”*$, which, for example, can be realized using atoms in
an optical cavity'. The spins can then share excitations among them-
selves, and under suitable conditions act as a single large spin, which
may result in the setup having a high specific heat’. Recently,
researchers have proposed to harness this enhancement in specific
heat to significantly increase the work, power output*”’ and the
reliability'® in QHEs based on multiple identical spins collectively
coupled to thermal baths.

One major advantage of using CLSEs to analyze many-body QHEs
is the simplicity of their analytical treatment in terms of the dynamics
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Fig. 1| A quantum heat engine. Schematic diagram of a quantum heat engine.
Heat Qy, flows from the hot bath to the quantum working medium; a part Q. of the
heat flows from the working medium to the cold bath. The rest of the energy is
converted to output work W, which can be used to do some useful task, such as
light a bulb.

of the effective single large spin introduced above. However, in spite of
the analytical simplicity and the possibility of realizing them experi-
mentally using well-established quantum-optical platforms'®, CLSEs
may not be able to provide significant insights into QHEs with more
generic setups, which are not describable by single large spins. For
that, we turn to the next example.

Phase transitions. Phase transitions in many-body systems are asso-
ciated with non-analyticities, which give rise to several highly inter-
esting effects, such as divergences in different quantities.
Consequently, the potential of PTs to aid in the operation of QHEs has
also been explored in several recent works'. For example, in general, a
heat engine operating with an efficiency close to the Carnot limit
delivers vanishingly small power output. However, in ref. 20, the
authors showed that diverging specific heat close to a continuous PT
may enable us to circumvent this significant limitation. The authors
considered an Otto engine with the hot bath at a critical temperature,
such that the many-body WM remains on the verge of a continuous PT
when coupled to this bath. The authors showed that choosing a WM
material with suitable critical exponents, such as DY,Ti,O;, may allow
us to model a many-body heat engine that delivers non-zero power
output, even close to the Carnot limit of maximum efficiency.

In spite of the remarkable results reported in ref. 20, the power of
a critical QHE still decreases as we approach the Carnot limit, finally
vanishing at the Carnot limit. Furthermore, non-adiabatic excitations
in engines operating close to quantum PTs can be detrimental to their
operation', and large fluctuations in the output of such engines can
significantly limit their viability for industrial applications”. Conse-
quently, the relevance of critical QHEs for real-world usage is still
unclear, and more rigorous research is needed to understand if and
how PTs can indeed be beneficial for developing QHEs.

Time-crystals. A recently discovered dynamical many-body state that
can be highly relevant to designing QTs is a time crystal. Time crystals
are categorized into discrete and continuous depending on whether
they spontaneously break discrete or continuous time-translational
symmetry. They are characterized by a persistent oscillatory behavior.
Discrete time crystals have been realized in both closed and open
systems under an external periodic drive. The so-called dissipative
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Fig. 2 | A time-crystal quantum engine. Schematic diagram of a time-crystal
quantum engine proposed in ref. 13. An external laser shines on two-level atoms (in
blue) inside a cavity. One wall of the cavity is a movable mirror attached to a
microspring (on the left). The mirror can oscillate around its equilibrium position
due to thermal fluctuations and radiation pressure inside the cavity, thereby
resulting in a work output.

discrete time crystals realized in open systems can be viewed as a form
of quantum engine, where the energy input from a periodic drive is
partially converted to output work, while delivering heat to a cold
bath*. Continuous time crystals (CTC) do not require a periodic drive
and exhibit spontaneous time-periodic behavior. A CTC incorporates
autonomous operation naturally and therefore can play an important
role in the development of many-body autonomous quantum engines
(AQESs). Such many-body AQEs can be an integral part of different near
and long-term applications, such as for powering microscopic robots
for drug delivery inside human bodies.

Indeed, in a recent work, researchers have proposed the idea of
using the periodic behavior of a CTC to model a many-body AQE,
comprising atoms illuminated by light inside an optical cavity, and
exchanging energy with a small movable mirror (see Fig. 2). Under
suitable conditions, a CTC may form, such that the mirror shows
periodic oscillations even without any external driving, thus resulting
in an engine with work output®,

As seen above, the properties of many-body WMs that facilitate
the modeling of quantum engines are varied, with their own advan-
tages and disadvantages. Specially, the role played by time-crystals is
still less explored and may provide an exciting field of research in the
near future. The effects of integrability, which allows studying multiple
interacting particles in terms of non-interacting quasi-particles®, and
topological properties, which are robust to local changes in a many-
body WM?*, on the operation of QHEs are some of the other less stu-
died topics that may lead to interesting areas of research.

The way ahead
In the short term, further theoretical research on possible many-body
effects that can be used for designing QTs, such as integrability*’, and
the relevant costs involved, for example the energetic costs for design
and control of such many-body QTs"%, can give us a deeper under-
standing of the potential advantages of many-body QTs over their
classical counterparts. Relatedly, control of many-body quantum sys-
tems in the presence of dissipation can be one of the main challenges
behind experimental realization of many-body QTs. Therefore con-
current research on control of many-body open quantum systems can
be essential for the experimental development of many-body QTs®%.
In the long term, practical large-scale application of many-body
QTs would depend on the commercial production of such
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technologies. Therefore rigorous studies on quantum materials which
are easily available, controllable, and robust to dissipative effects of
the environment, are crucial for the eventual commercial production
of many-body QTs. For instance, many-body materials which can store
significant amount of ergotropy, i.e., energy which can be converted to
work, and are robust to energy leakage through external dissipation,
may be ideal for the development of quantum batteries’ and therefore
can be a significant practical step towards the transition to renewable
energy sources.

To conclude, the field of many-body QTs promises many exciting
developments in the near future, and more rigorous research is nee-
ded to understand the full potential of this field.
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