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shortcut to adiabaticity

While quantum thermal machines are well described for single particle and discrete systems, there is
a lack of works addressing continuous many-body states. This work addressed this issue in a complex
yet experimentally realizable setup, paving the way for experiments on many-body cold atom engines.

This project showed that many-body cooperative effects can improve the
operation of a quantum heat engine near a critical point. The engine cycle was driven between the
superfluid and insulating phases of a strongly correlated 1D cold atomic gas. These different phases

have distinct energy spectra which are differentiated by a tunable energy gap. Operating the engine
cycle near this gap can improve the efficiency and power output when compared to a non-interacting
single particle engine, showing that many-body effects can be exploited in such systems.

Driving this cycle on short timescales can be difficult due to the creation of unwanted irreversible
excitations at the critical point. These can harm the efficiency of the cycle and are a consequence
of using complex many-body states. However, 1 showed that an approximate shortcut to adiabaticity

can be designed to ensure fast and frictionless cycles on short times.

Quantum thermodynamics

heat engines quantum control correlations speed limits



The control and precision of current experiments on quantum systems opens up exciting
applications of quantum devices which can take advantage of wholly quantum effects such
as entanglement and coherence. Quantum thermal machines are one such example, devices
which use quantum systems as the active medium and require a new description of quantum
thermodynamics for concepts such as work and heat, and how these are related to concepts
already well established in quantum information theory. For example it was shown in
[Klatzow et al, Phys. Rev. Lett.122, 110601 (2019)] that coherence can allow a quantum heat
engine to outperform a classic counterpart, while in [Klaers et al, Phys. Rev.X7, 031044
(2017)] they showed that using non-classical heat baths allows one to exceed the Carnot limit.

While quantum thermal machines are well described for single particle and discrete systems,
there is a lack of works addressing continuous many-body states which are ubiquitous in the
cold-atoms community. Of course, describing continuous many-body interacting systems is
no easy task, however, by restricting the motion of the particles to 1D and assuming strong
repulsive interactions allows one to map these systems to non-interacting fermions which
can be efficiently calculated. Nowadays experiments are regularly performed in this regime
and they offer the perfect testbed to study the thermodynamics of strongly correlated many-
body quantum states.

The purpose of the project was an extensive study of the thermodynamics of many-body
gquantum systems and their role in quantum thermal machines and under quantum control.
The main work of this project was to explore the effect of qguantum criticality on the operation
of a quantum heat engine using a 1D gas of trapped atoms. The particles are confined to a
tunable lattice potential which exhibits a superfluid-to-insulator phase transition when the
number of a lattice sites is equal to the number of particles. This transition is signaled by the
opening of an energy gap in the energy spectrum which depends on the lattice depth. By
driving the system between the superfluid and insulator phases through modulations of the
lattice depth, this energy gap is opened and closed. When the many-body state is near the
critical point the energy spectrum therefore drastically changes during this driving and
should have a large effect on the operation of the heat engine.

Since we are using a many-body state as the working medium, it is also interesting to
investigate if there was an advantage to using strongly correlated many-body states over
non-interacting single particle states in such an engine. Such many-body cooperative effects
have been previously seen in the charging of quantum batteries due to the correlations
between the particles [Uzdin, Phys. Rev. Applied 6(2) 024004] and therefore shows the
advantage of using larger and more complex systems.

However, this comes with a drawback as larger systems are also harder to control in time-
dependent processes. The operation of any quantum device relies on short timescales to beat
the decoherence rate of the system, while for heat engines shorter cycles translate into more
power. Effects such as the orthogonality catastrophe mean that the fidelity of large quantum
states are very sensitive to perturbations making their control problematic. Similarly,
dynamics around quantum critical points are notoriously irreversible leading to the creation
of large non-equilibrium excitations which hamper the performance of quantum heat engines.
One way to mitigate these effects during finite time control is the use of shortcuts to
adiabaticity which allow one to mimic adiabatic dynamics on finite timescales. The final part
of the project was to derive shortcut protocols for the many-body system and compare these
to more stable single particle control to see if the advantage gained from the many-body state
can be preserved for short cycle times.

I focused on the limit of infinite repulsive interactions between bosons trapped in quasi-one-
dimensional trapping potentials. This is known as the Tonks-Girardeau (TG) limit, and with
the use of the celebrated Fermi-Bose mapping theorem can be described in terms of spinless
non-interacting fermions. The many-body state of the fermions can be constructed from single
particle states which are easily calculatable once the potential is known. Local properties of
the TG gas, such as density and energy, are equivalent the spinless Fermi gas, but quantities
that describe correlations such as the reduced single particle density matrix and momentum



distribution are vastly different. However, for the latter their description can be written in
terms of the fermionic correlation functions while taking into account the symmetrization of
the bosonic wavefunction. This allows for efficient calculation in terms of the aforementioned
single particle states allowing one to describe systems containing hundreds of particles.
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The superfluid-insulator is realized by trapping the TG gas in an optical lattice potential that
is commensurate with its density. In this scenario each particle of the TG gas occupies a
single lattice site, and due to the infinite repulsive interactions between them, tunnelling is
restricted between neighboring sites. In the energy spectrum a gap opens and it scales with
the lattice depth Vo, see Fig.1(a). In the groundstate at commensurability the particles then
fully occupy this lowest energy band, while thermal excitations at finite temperature give the
particles some probability to partially occupy the bands above the gap. The temperature and
the filling fraction therefore determine if the gap plays any role in the thermodynamics of
the system. The Hamiltonian of the system is solved numerically using exact diagonalization,
while approximate analytic results were found through perturbation theory for atoms
localized to single sites.

In this work | consider a quantum Otto cycle (see Fig.1(b)) where work is done on the gas by
changing the lattice depth at constant temperature (isentropic compression and expansion).
These strokes are connected by heating and cooling strokes which change the temperature of
the gas. The temperature of the compression adiabat is fixed at T=0 to ensure the system
begins in its groundstate. The initial and final lattice depths, the temperature of the hot
adiabat and the filling fraction can then be used as free parameters to explore the
performance of the cycle. Dynamics of the single particle states were performed using the
Crank-Nicolson in a time dependent Hamiltonian whereby the lattice depth was dynamically
changed. The shortcut to adiabaticity was derived using a variational wavefunction to
describe each single particle state in the lattice [Fogarty et al, SciPost Phys. 6(2) 21].
Individual optimization of these states could then be performed yielding different optimal
ramps of the lattice potential.

Research outcomes

Firstly, it was found that when the filling fraction is unity the best performance is achieved.
This is due to the effect of the energy gap being maximal in this case as the system was driven
between essentially gapless and gapped spectra. Away from commensurability the effect of
the gap was diminished and therefore performance suffered. Secondly, the role of the lattice
depth was explored, finding that driving between finite lattice depths gives the best
performance (see Fig.2(a)). Here the efficiency of the many-body cycle is compared to a
comparable one-body cycle. Values of this ratio larger than 1 indicate a many-body advantage
is present, with the maximum of the efficiency being about 1.5 times that of the one-body
engine. Finite lattice depths are crucial to ensure the particles still overlap and interact in
the lattice, which yields a non-trivial energy spectrum. On the contrary, in deep lattices the
particles are completely isolated from one another and any many-body characteristics of the
system are lost. In this regime the performance becomes comparable to the one-body engine.

The many-body efficiency boost in a finite time cycle is shown in Fig.2(b). The dashed dotted
line shows the efficiency of the cycle when using unoptimized sinusoidal ramps of the lattice
potentials. At short time the efficiency is poor and drops below 1, indicating that it performs



worse than a one-body engine. This is due to many-body excitations induced by the fast ramp
of the potential. For slower ramps the efficiency slowly approaches the adiabatic limit
(dashed lines). Two shortcuts to adiabaticity were used to improve the performance. One
based on an average over all the states in the gas (red line) shows a small increase in the
efficiency. However, by designing the shortcut to only optimize the dynamics of states near
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the energy gap (black line) the performance could be significantly increased over
intermediate timescales.

Impact of the result and unexpected findings

This work, which appeared in the journal Quantum Science and Technology [Fogarty &
Busch, Quantum Sci. Technol. 6 (1), 015003] showed that many-body effects could be used to
enhance quantum heat engines and showed this in a strongly interacting many-particle
system. This is due to the subtle interplay between the interactions and the lattice trapping
potential which can result in a nontrivial energy spectrum which possesses a tunable energy
gap. While the gap is problematic when driving the system quickly as it creates irreversible
excitations, approximate shortcuts can be successfully used to reduce them. While not many
works on shortcuts or heat engines consider interacting many-body states, this work has
shown that a careful examination of the spectrum can yield improved engine cycles and
shortcuts for these experimentally realizable systems. This will hopefully encourage
experimental groups to create many-body engines in future as this system also possesses
good scalability due to the ubiquity of lattice potentials in quantum engineering and the
inherent strong interactions between the particles.

This project also lead to related works on the control of many-body states. One of these works
which appeared in Physical Review Letters [Fogarty et al, Phys. Rev. Lett. 124 (11), 110601]
explored the effect of the orthogonality catastrophe on quantum speed limits, specifically how
large systems are driven away from their initial state faster. While this effect had
consequences for the control of the engine | considered, it also affects quantum devices which
rely on the control of large interacting systems. We showed that the timescale for the driven
system to be orthogonal with its initial states is described exactly by the quantum speed limit,
which in turn is dependent on the energy variance of the system.

Further to this, | also worked on a similar project designing shortcuts for interacting systems
in non-trivial traps [Xu et al, Physical Review Research 2 (2), 023125]. Here the role of
particle statistics was explored, whether the many-body state was fermionic or bosonic.
Spinless fermions were found to be easy to control as they possess interparticle interactions
and therefore low many-body coherence. On the contrary, the bosonic system by possessing
strong interactions and therefore coherence was more difficult to control. This was due to the
presence of particle interactions during the control which can destroy the coherence of the
state during the time evolution. Since coherence can’t be successfully recovered at the end of
the process the fidelity of this state could be vastly different from its fermionic counterpart.
This further highlights the importance of interactions in the control of many-body systems
and how effective approximate shortcut techniques can be.
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