Entropy of measurement and erasure: Szilard’s membrane model revisited
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It is widely believed that measurement is accompanied by irreversible entropy increase. This
conventional wisdom is based in part on Szilard’s 1929 study of entropy decrease in a
thermodynamic system by intelligent intervention (i.e., a Maxwell’s demon) and Brillouin’s
association of entropy with information. Bennett subsequently argued that information acquisition
is not necessarily irreversible, but information erasure must be dissipative (Landauer’s principle).
Inspired by the ensuing debate, we revisit the membrane model introduced by Szilard and find that
it can illustrate and clarify (1) reversible measurement, (2) information storage, (3) decoupling of
the memory from the system being measured, and (4) entropy increase associated with memory

erasure and resetting.
1. INTRODUCTION

In his Theory of Heat, Maxwell proposed a thought ex-
periment designed to illustrate that the second law of ther-
modynamics is statistical.' The chief character in that idea
became known as Maxwell’s demon.>* For approximately
120 years the puzzle of whether a Maxwell’s demon can or
cannot violate the second law has been studied and debated.*
This rich history inspired a resource letter on Maxwell’s de-
mon in this journal.” A resolution based largely on the work
of Szilard® and Brillouin’® gained wide acceptance: A demon
must gather information in order to operate, and information
acquisition is sufficiently dissipative to “save” the second
law. Following the widespread acceptance of this reasoning,
it appeared that Maxwell’s demon was ““dead.”

Thirty-one years after Brillouin’s work a very different
solution to the Maxwell’s demon puzzle was proposed by
Bennett.® Asserting that information acquisition is not neces-
sarily dissipative, Bennett found Brillouin’s resolution to be
incomplete. Drawing upon the seminal work of Landauer on
energy limits in the computational process,® he proposed an
alternative resolution of the puzzle using the notion that a
demon requires a memory and must clear that memory peri-
odically. According to Bennett the second law is saved by the
fact that erasing and resetting a memory is a dissipative op-
eration.

The importance of memory had been discussed in 1929 by
Szilard.® He introduced the idea of measuring a system pa-
rameter x and recording the measurement’s result via a cor-
responding value y in a memory register. He wrote, “Then
let x and y be uncoupled after the measurement, so that x can
change, while y retains its value for some time. Such mea-
surements are not harmless interventions. A system in which
such measurements occur shows a sort of memory faculty, in
the sense that one can recognize by the state parameter y
what value another state parameter x had at an earlier mo-
ment, and we shall see that simply because of such a
memory the second law would be violated, if the measure-
ment could take place without compensation.”

Szilard identified both “intervention” and “memory” as
key ingredients, providing seeds for Brillouin’s and Ben-
nett’s subsequent work. One of Szilard’s three examples,
which involved a heat engine with a one-molecule working
fluid, became quite popular and was examined further by a
variety of researchers. Expounding on that model in his book
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Foundations of Statistical Mechanics, Penrose!! noted that
memory erasure is dissipative. He wrote, “The large number
of distinct observational states that the Maxwell demon must
have in order to make significant entropy reductions possible
may be thought of as a large memory capacity in which the
demon stores the information about the system which he
acquires as he works reducing its entropy. As soon as the
demon’s memory is completely filled, however, ... he can
achieve no further reduction of the Boltzmann entropy. He
gains nothing, for example, by deliberately forgetting or
erasing some of his stored information in order to make more
memory capacity available; for the erasure, being a setting
process, itself increases the entropy by an amount at least as
great as the entropy decrease made possible by the newly
available memory capacity.”

Bennett’s subsequent ideas regarding irreversible memory
erasure and also the possibility of reversible information ac-
quisition were developed independently, and have received
enthusiastic support.'** Unfortunately, a difficulty with
Bennett’s thesis is that relatively few known thermodynami-
cal models clearly illustrate nondissipative information ac-
quisition. Identification of unambiguous examples would
help resolve criticisms* of the subtle points involved.

Our purpose here is to re-examine a simple, tractable
membrane model introduced by Szilard in 1929 along with
his one-molecule gas model. In contrast with the latter
model, which has been discussed widely, the membrane
model has received little attention. We show that a simple
modification of his analysis can shed light on the issue of
information acquisition and erasure. The modified membrane
model is related to the Maxwell’s demon puzzle in the sense
that it takes a working fluid through a cyclic process during
which: (a) physical measurements (which are reversible in
this case) are made, (b) the results are stored in a memory
register, (c) the memory is then decoupled from the working
fluid, and (d) the memory register is erased and reset irre-
versibly.

Szilard’s membrane model differs from the Maxwell’s de-
mon problem in that it does not involve conversion of heat to
work. Although it is too specialized to allow general conclu-
sions, it clearly illustrates the central points that link the
efforts of Szilard, Landauer, and Bennett. In Secs. II and III
the original form of the model is revisited, and two question-
able parts of Szilard’s analysis are scrutinized. In Sec. IV we
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