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Fig. 1. A scheme of periodically driven nonequilibrium
quantum transport and its geometry. (a) A diagrammatic
nonequilibrium quantum system. The middle quantum sys-
tem is illustrated by a multi-level system, which is coupled
with several thermal reservoirs. The temperature of reser-
voirs (7 and T¢) and the mechanical parameter of the
system () are simultaneously and periodically modulated.
The heat exchange (Qp and Q.) and work output (W)
are thus generated. (b) The geometry of this nonequilibri-
um quantum system in the space of parameters (A=
(T, A\)). The curvilinear coordinate is adopted to show the
inhomogeneous thermodynamic distance and the local vec-
tors are for the geometric connection, as derived in the
main text. Geometrically, the geometric connection is the
holonomy angle during an infinitesimal parallel transport
and the thermodynamic distance between neighboring

points defines a Riemannian space with endowed metric.
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Fig. 2. The geometric heat pump effect. (a) The originally studied quantum molecular junction system. The working medium is de-
scribed by a quantum two-level system, with p and k denoting different populations and transition rates!’”. (b) The geometric
curvature in the two-temperature parameter space. The color denotes the magnitude of the geometric curvature. The pumped heat
is the integral of geometric curvature over the encircled areal'”l. (c), (d) The geometrically pumped heat versus the coupling strength

between the middle system and reservoirs in a quantum spin-boson system['8. (c) is for the setup with no Zeeman splitting while the

splitting is present in (d) 8. (a), (b) are adapted from [15], while (c), (d) are adapted from [18].
plitting is p (d) ; P ; ; p
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Fig. 3. The constraint on and optimization of slowly driven quantum heat engine using the thermodynamics distance method:
(a) The efficiency-power tradeoff in driven quantum heat engine. The gray area is ruled out by the thermodynamic geometry, with
the black and orange line corresponding to the constant-speed driving and optimized driving protocols (driving speed is time de-
pendent) respectively. The driving speed in these two protocols is illustrated in Figure (b)?. (c), (d) A multiple target optimiza-
tion of a driven heat engine composed of a harmonic oscillator: (c¢) the driving speed of the optimization result with different
targets?; (d) the relative work fluctuation versus the oscillator’s frequency (system’s parameter) with a multiple target optimiza-
tion. The red line is for the constant speed driving while the blue one is for the optimized protocol. The gray area is prohibited by
the thermodynamic geometry. (a), (b) are adapted from Ref. [25], while (c), (d) are adapted from Ref. [26].
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SPECIAL TOPIC—Non-equilibrium quantum many-body systems

Nonequilibrium thermal transport and thermodynamic
geometry in periodically driven systems”
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Abstract

With the in-depth understanding of nano-/micro-scaled systems and the developing of the corresponding
experimental techniques, the heat transport and energy conversion processes in these small systems have
attracted much interest recently. In contrast to the static manipulation methods, which hinge on the steady
nonequilibrium sources such as temperature bias, chemical potential difference, etc., the temporal driving
methods can control small systems in nonequilibrium non-steady states with much more versatility and
universality. The research on periodically driven small systems holds both fundamental and pragmatic promises.
This review is based on the fundamental concept of geometry. By analyzing the geometric phase and
thermodynamic length in the transport process and the energy conversion process, we provide a unified
perspective for the recent researches on the thermodynamic properties of driven nonequilibrium quantum
systems. Thermodynamic geometry not only is the intrinsic origin of the nontrivial transport and dissipation,
but also provides us with an all-applicable theoretical framework. The discussion over the geometry would yield
multiple thermodynamic constraints on the transport and energy conversion, and can naturally construct a
general optimization method as well. This will conduce to a better understanding of functionality for
nonequilibrium quantum many-body systems acting as thermal machines. Also, this will inspire people to design
quantum thermal machines with simultaneously more ideal performance, i.e. higher efficiency, higher power and

higher constancy.
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heat engine
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