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Maxwell’s demon in the quantum world
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Extraction of work from a heat bath using the Szilard engine depends crucially on the statistics of indistinguish-

able particles.
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Information and thermodynamics are intimately con-
nected. This idea was first illustrated by Maxwell with
his celebrated demon: an intelligent being who uses
his knowledge about the position and velocity of the
molecules in a gas to transfer heat against a tempera-
ture gradient without expenditure of work, beating the
second law of thermodynamics. The Szilard engine is a
stylized version of the demon, where a yes/no measure-
ment of a classical single-particle system allows one to
extract a tiny amount of energy, kT In2, k being the Boltz-
mann constant, from a thermal reservoir at temperature
T. The engine has been around for almost a century
now [1]. Along the way it has furnished insight into the
foundations of statistical mechanics, become the canon-
ical model for investigations of feedback-controlled sys-
tems, and even spurred the creation of a new field: the
thermodynamics of computation.

In a paper appearing in Physical Review Letters[2],
Sang Wook Kim at the Pusan National University, Ko-
rea, and the University of Tokyo, Japan, along with
collaborators from the University of Tokyo analyze a
multiparticle quantum version of the Szilard engine,
highlighting how the quantum statistics of fermions
and bosons can dramatically affect the engine’s perfor-
mance. The paper helps to clarify the interplay be-
tween information and entropy in the quantum world,
the thermodynamic consequences of measurement, and
the information content of spatially extended multipar-
ticle states.

The original Szilard engine consists of a classical par-
ticle in a box attached to a thermal reservoir at temper-
ature T. An external agent inserts a wall in the mid-
dle of the box, confining the particle in one half. Next,
the agent measures in which half of the box the particle
is trapped, and then slowly moves the wall to the op-
posite side of the box, allowing the particle to perform
mechanical work. The motion of the wall is an isother-
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mal expansion and the amount of work performed can
easily be calculated, kT In2. In the classical case, the in-
sertion of the wall can be done, ideally, at zero energy
cost. Therefore the whole process results in the extrac-
tion of a net amount of energy, kT In2, from the thermal
bath or a decrease of the entropy by k In2. This is pre-
cisely the information gathered by the measurement, in
the appropriate units (the information in a yes/no mea-
surement is one bit or In2 nats, a unit of information
that uses natural instead of base 2 logarithms). The sec-
ond law of thermodynamics demands that this decrease
in the entropy must be compensated by an increase in
the entropy of the agent operating the engine. This can
occur either in the measurement or in the erasure of the
information gathered [1]. Sagawa and Ueda have uni-
fied both possibilities in a simple and elegant theoretical
framework [3].

Despite the age of the problem, the analysis of the
Szilard engine continues to benefit from new theoret-
ical and experimental developments. The engine has
been studied using a new class of powerful results in
nonequilibrium statistical mechanics that characterize
the fluctuations in the energetics of arbitrary thermo-
dynamic processes: work and fluctuation theorems. In
particular, the extraction of work has been related to
the time-reversal asymmetry of the engine’s operation
[4, 5]. Additionally, the engine has recently been real-
ized in the laboratory—almost one century since Szilard
proposed the engine as a gedanken experiment—using
a charged Brownian rotor in an electrostatic field con-
trolled by feedback [6].

In their paper, Kim et al. present a general analysis of
the isothermal Szilard engine using an arbitrary number
of quantum particles. The quantum Szilard engine ex-
hibits intriguing differences with respect to the classical
case: the insertion of the wall cannot be done without
expending work [7], and the measurement generally in-
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FIG. 1: (a) The Maxwell demon purportedly violates the sec-
ond law of thermodynamics by directing hot molecules in a
gas to perform work without a heat gradient. The classical Szi-
lard engine, made up of a single molecule coupled to a thermal
bath, illustrates how the second law survives because the de-
mon must generate a compensating entropy. (b) Steps in the
operation of a quantum Szilard engine. (I) Three molecules are
prepared in a closed box with size L. (II) A wall, depicted by a
vertical bar, is isothermally inserted at location [. (IIT) Informa-
tion on the number of molecules m on the left is acquired by
quantum “measurement.” (IV) The wall shifts isothermally to
reach its equilibrium location I,;;. The cycle is complete when
the wall is removed isothermally to reach step (I). (Credit: (a)
Shutterstock.com/Scott Maxwell/LuMaxArt; S. W. Kim et
al., [2]; (b) S. W. Kim et al., [2])

volves the collapse of the wave function [1]. Although
these subtleties have been analyzed to some extent in
previous works, the present article extends these results.
Most importantly, by considering two or more noninter-
acting quantum particles, quantum statistics enters the
game, bringing in new effects. For an illustration of the
operation of this quantum Szilard engine, see Fig. 1.
Take, for example, the case of two particles: Kim et al.
show that the work extracted in one operational cycle is
2kT fy Infy, where fj is the probability of finding both
particles in the same half of the box. For distinguish-
able particles, fy = 1/2, and one recovers the classical
result for a single particle. The reason is that although
the measurement carries more information (2 bits) than
in the one-particle case, two of the possible outcomes
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(namely, one particle in each half of the box) are not used
to extract energy.

More interesting effects occur when both particles are
bosons or fermions, especially close to zero temperature
where the quantum nature of the particles is more sig-
nificant. For fermions near zero temperature, the Pauli
exclusion principle forces the two fermions to be found
in separate halves of the box, thus fy ~ 0 and the
work extracted is much smaller than in the classical case.
On the other hand, at zero temperature, bosons like to
clump together. Kim et al. have shown that in this case,
fo = 1/3, and the work extracted is larger than in the
classical case. Consequently, bosons more efficiently ex-
tract work from measurement, whereas fermions can be
completely inefficient. These differences with respect to
the classical case remain even when the thermal energy
kT is far above the energy of the ground state.

While the field of quantum information is well devel-
oped, we are still a long way from a full understand-
ing of the interplay between information and thermo-
dynamics in quantum systems. Although the paper of
Kim et al. does not make explicit use of quantum coher-
ence, it is a first step in this pursuit. Experimental re-
alization of a quantum Szilard engine is still some way
off, although potential candidates include trapped cold
atoms in the bosonic case and quantum dots from semi-
conductor heterostructures for the fermionic version.
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