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What rate (P,) of energy transfer is attainable by a Maxwell’s demon who sorts gas molecules
serially; and how much time (z,) does it take to achieve a designated temperature difference AT
across a partition? Two estimates are made, using (i) the energy—time form of Heisenberg’s
uncertainty principle and (ii) classical kinetic theory. For a dilute gas, at ~300 K, the
uncertainty principle implies P, < 1.5 10~ ¢ W. If the gas volume is the size of a large room, and
AT = 2K, thent, > 10° years. These bounds are loose, but are of interest because this is one of few
elementary applications of the energy—time uncertainty principle. With similar assumptions,
classical kinetic theory implies much tighter bounds: P, < 107° W and ¢, >4 X 10° years. The
kinetic theory approach allows an extension of Brillouin’s demonstration that the second law of
thermodynamics cannot be violated by a Maxwell’s demon using light signals.

L. INTRODUCTION

In his book Theory of Heat, first published in 1871,
James Clerk Maxwell proposed a thought experiment in-
volving “a being whose faculties are so sharpened that he
can follow every molecule in its course.” Maxwell imag-
ined’ “a vessel of gas that is divided into two portions, 4
and B, by a division in which there is a small hole, and that
a being, who can see the individual molecules, opens and
closes this hole, so as to allow only the swifter molecules to
pass from B to A4, and only the slower ones to pass from 4 to
B. He will thus, without expenditure of work, raise the
temperature of A and lower that of B, in contradiction to
the second law of thermodynamics.” This challenge to the
second law assumes, of course, that the two-chamber sys-
tem is energetically isolated from its surroundings.

Such nimble beings were subsequently nicknamed “de-
mons” by William Thomson,” who referred to the original
Greek definition of a demon as a supernatural (but not
necessarily evil) being. He described this Maxwell’s “de-
mon” as “a creature of imagination having certain perfect-
ly well defined powers of action, purely mechanical in their
character, invented to help us to understand the ‘Dissipa-
tion of Energy’ in nature.” The fascinating idea of a Max-
well’s demon captured not only Thomson’s imagination,
but the imaginations of many physicists over the years.

It was argued later by Szilard* that a Maxwell’s demon
(MD) could sort molecules only if it could obtain informa-
tion about them. Demers® and Brillouin® assumed visual
detection that requires an illuminating radiation field
(light) distinguishable from the blackbody radiation asso-
ciated with the gas itself. The demon gathers information
by detecting light photons scattered by the molecules. Bril-
louin showed that the entropy associated with this kind of
information-gathering process more than compensates for
the entropy decrease associated with the attained tempera-
ture difference. His demonstration that information and
entropy are intimately related, and that the action of a de-
mon cannot decrease the entropy of the universe, laid to
rest, at least temporarily, the idea of an MD circumventing
the second law of thermodynamics.%’

More recently, it was argued that, in principle, informa-
tion gathering need not be dissipative. Bennett, building
upon work of Landauer,® identified the fundamental rea-
son a demon cannot violate the second law to be the erasure
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of its memory, bringing it back to its initial state. This argu-
ment, which shifts attention from acquiring to discarding
information, has rekindled interest in Maxwell’s demon.
Our concern here is with yet another interesting, if less
provocative, aspect of Maxwell’s demon.

Maxwell’s original thought experiment was intended to
show the statistical nature of the second law of thermody-
namics.’ That is, the effect induced by a demon could occur
in principle as a fluctuation—even in the absence of a de-
mon—if the shutter were simply left open for a period of
time. In this regard, Sir James Jeans wrote,'® “Thus Max-
well’s sorting demon could effect in a very short time what
would probably take a very long time to come about if left
to the play of chance.” In what follows, we examine the
extent to which this statement holds true.

Specifically, we ask: How long does it take a sorting de-
mon to achieve a designated temperature difference, and
what rate of energy transfer is attainable? This issue has not
been addressed generally in the past.'' Qur analysis pro-
ceeds along two distinct paths. In Sec. IT we show that the
energy-time form of Heisenberg’s uncertainty principle
limits the time rate at which a Maxwell’s demon can oper-
ate, imposing an upper bound on the power transferred and
alower bound on the time required for ademon to achieve a
specified temperature difference between the two cham-
bers. Assuming serial sorting of molecules in a dilute classi-
cal gas, at temperatures near 300 K, we find an upper
bound of ~1.5X 107° W on a demon’s power generation.
The time needed to generate a 2 K temperature difference
in a large room exceeds 1000 years. These admittedly loose
upper bounds, based upon rough approximations, are of
interest because this is one of the few known elementary
applications of Heisenberg’s energy—time uncertainty prin-
ciple.

In Secs. ITI-IV we use the framework of classical kinetic
theory to get tighter bounds by carefully examining the
effects of serial processing. Specifically, we impose the re-
quirement that the shuttered aperture be small enough that
the MD can process information one molecule at a time,
This condition is similar to that for classical effusion, i.e.,
the flow of gas through a “small” aperture. Smallness can
be defined relative to the mean distance between gas mole-
cules'? or to the mean free path."

We assume atmospheric air initially at room tempera-
ture, with a mean intermolecular separation of
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