
THERMODYNAMICS AND RELATIVITY* 

BY R. C. TOLMAN 

1. Introduction. We have met to do honor to the memory of 
Josiah Willard Gibbs. By the labors of this master, the classi­
cal principles of thermodynamics were given their most complete 
and comprehensive expression. As the subject for the tenth 
memorial lecture, it seems appropriate to discuss the extensions 
to these classical principles which have since been made neces­
sary by Einstein's discovery of the special and general theories 
of relativity. 

The need for an extension of thermodynamics to relativity 
arises in two ways. In the first place, the classical thermody­
namics was—perhaps unintentionally but nevertheless actually 
—only developed for systems which were tacitly assumed to be 
at rest with respect to the observer, and further investigation 
is necessary for the treatment of thermodynamic systems which 
are moving relative to the spatial coordinates in use. This 
further investigation must be carried out with the help of those 
principles for the inter-comparison of measurements—made by 
observers in uniform relative motion to each other—which 
form the subject matter of the special theory of relativity. 

In the second place, the older thermodynamics tacitly as­
sumed that the behavior of thermodynamic systems could be 
described with the help of ideas as to the nature of space and 
time which we now know to be approximately valid only for a 
limited range of space-time and in the absence of strong gravita­
tional fields. The considerations of the classical thermodynamics 
were thus actually limited to the treatment of small enough sys­
tems and weak enough gravitational fields so that the deviations 
from this kind of space-time could be neglected, and the New­
tonian theory of gravitation could be applied as a close enough 
approximation. In order, however, to investigate the thermo­
dynamic behavior of large portions of the universe as we may 

* The Tenth Josiah Willard Gibbs Lecture, delivered at Atlantic City, De­
cember 29, 1932, under the auspices of the American Mathematical Society, 
at a joint meeting of the Society with the American Physical Society, and Sec­
tion A of the American Association for the Advancement of Science. 

49 



50 R. C. TOLMAN [February, 

wish to do in connection with cosmological problems, and in 
order to obtain even in the case of small systems more precise 
expressions for the thermodynamic effects of gravity, it becomes 
necessary to extend thermodynamics to general relativity, and 
to make use of the more valid ideas as to the nature of space and 
time and the more precise theory of gravitation which Einstein 
has now provided. 

2. The Character and Validity of Thermodynamics and Rela­
tivity. In carrying out these proposed extensions of thermody­
namics to relativity, it proves possible to combine the known 
principles of thermodynamics with those of special and general 
relativity in a very natural manner with only small and appar­
ently rational additions in the way of new hypothesis. Hence the 
character and validity of the system of relativistic thermody­
namics that we obtain is largely dependent on the character and 
validity of the two component sciences. 

In character, the classical thermodynamics may be regarded 
as a macroscopic, phenomenological science, which has no ac­
tual need for that interesting kind of support that can be fur­
nished by the microscopic atomic considerations of statistical me­
chanics, but which attempts to treat the gross behavior of mat­
ter with the help of those generalized descriptions of the results 
of numerous gross experiments on the mechanical equivalent of 
heat and on the efficiency of heat engines, which we call the 
first and second laws of thermodynamics. 

As to the validity of thermodynamics, we have feelings of 
great confidence, on account of the extensive experimental veri­
fication which exists, not only directly for the two laws them­
selves, but for an extraordinary number of consequences which 
have been drawn from them—often by elaborate but logical 
trains of deductive reasoning. Further additions to the princi­
ples of thermodynamics may be found, such as the newer so-
called third law of Nernst and Planck, but we cannot escape 
the conviction that, so long as the human mind retains its pres­
ent ideas of rationality, these additions are likely to prove—as 
in the case mentioned—supplementary rather than destructive. 

Relativity, a science which changes as it does our very ideas 
as to the nature of space and time, has much more fundamental 
and far-reaching implications than thermodynamics and cannot 
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be so easily characterized. There are, however, certain similari­
ties between the two sciences which may be emphasized. 

In the first place, at least in its present stage of development, 
relativity must also be regarded as a macroscopic theory dealing 
with ideas as to the nature of space and time which have been 
directly derived from macroscopic experiences. Indeed, in view 
of Heisenberg's uncertainty principle and the great difficulties 
which have been encountered in all attempts to construct a satis­
factory relativistic quantum mechanics, we may even doubt 
whether these ideas as to space and time are really suitable for 
microscopic considerations. This, however, offers no difficulties 
if we are to combine with another macroscopic science such as 
thermodynamics. 

In the second place, although we are often inclined to be spe­
cially impressed by the wonderful conceptual content of the 
theory of relativity, we may here emphasize its not negligible 
character as a phenomenological or descriptive science. 

Thus the first of the two postulates of the special theory of 
relativity may be regarded as a generalized description of many 
failures to detect the absolute velocity of the earth's motion. 
And the second postulate may be regarded as a mere empirical 
statement of that constancy in the velocity of light, which is 
specially clearly demonstrated in the case of distant double stars 
by the lack of any effect from the changing motions of the mem­
bers of the doublet on the time needed for their light to reach 
the earth. 

Turning, moreover, to the two postulates necessary for the 
general theory of relativity, the principle of equivalence may 
be regarded not unfairly as a reasonably generalized description 
of Galileo's discovery that all bodies fall at the same rate. The 
principle of covariance, however, is on a somewhat different 
footing, since as first pointed out by Kretschmann—given suffi­
cient mathematical ingenuity—any physical law whatever could 
undoubtedly be expressed in covariant language the same for 
all coordinate systems, so that the principle of covariance can 
imply no necessary physical consequences. Nevertheless, as em­
phasized by Einstein, the actual phenomena of physics must 
themselves be independent of the choice of coordinate system, 
since this is a conceptual introduction on the part of the scien­
tist which may be made in any way that may suit his conveni-
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ence or please his fancy. Hence the actual employment of invari­
ant forms of expression in searching for the appropriate axioms 
of physics is desirable in order to avoid the introduction of un­
suspected assumptions which might otherwise be insinuated by 
the use of special coordinates. We can then also, somewhat 
facetiously, emphasize the phenomenological character of the 
principle of covariance, by regarding it as a generalized descrip­
tion of the familiar phenomenon, that the purely conceptual 
activities of man—in inventing imaginary coordinate systems— 
are likely in first approximation to have no immediate effect 
on the laws of physics. 

As to the validity of the theory of relativity, we have to rely 
on three different kinds of evidence. 

In the first place, we may put its agreement with a great range 
of diverse facts from different branches of science, which as iso­
lated phenomena can often be attractively explained in terms of 
pre-relativistic notions, but which as a whole have only been 
successfully correlated with the help of the theory of relativity. 

In the second place, we must put those special observations 
which distinguish as uniquely as may be between the predictions 
of relativity and those which would result from other points of 
view. Here we have in the case of the first postulate of special 
relativity the demonstration of the Lorentz contraction by the 
Michelson-Morley experiment and all its now numerous repeti­
tions, if we may include the extensive work of Professor Miller 
as demonstrating this contraction at least as the primary effect. 
And we also have the remarkable demonstration of Einstein's 
time dilation by the beautiful experiments of Kennedy and 
Thorndike. In the case of the second postulate of the special 
theory, we have as most important the precise analysis of double 
star orbits by de Sitter. And turning to the general theory of 
relativity, we have the entirely satisfactory results of the three 
crucial tests provided by the rotation of the perihelion of Mer­
cury, the bending of light in passing the sun, and the shift in 
the wave-length of light originating on the surface of the sun 
and on that of the companion to Sirius. 

Finally, as a third kind of evidence for judging the validity 
of relativity, we must not neglect the bearings of that wonderful 
internal coherence of the theory, with its simple foundation and 
elaborate but logical superstructure, which so well attests the 
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genius of Einstein. Although such qualities can of themselves 
provide no guarantee as to correspondence with external phe­
nomena, we can, nevertheless, regard them as indicating that 
such correspondence—when found for our present limited range 
of observation—is likely to persist over a much wider range of 
possible experience. 

Like all parts of science, the theory of relativity will presum­
ably be subject to future modifications and additions, such, for 
example, as might be provided by a successful unified field the­
ory. Nevertheless, just as the Einstein theory has retained the 
Newtonian theory of gravitation as an exceedingly satisfactory 
first approximation, we may expect at least for a long time that 
such changes will here—as well as in the case of thermody­
namics—be supplementary rather than destructive. 

The character of the two sciences of thermodynamics and 
relativity, which we are going to combine, is thus sufficiently 
similar so that we may have no hesitations on that score, and may 
expect the resulting relativistic thermodynamics to be itself a 
macroscopic theory suitable for use in the description of the 
gross phenomena of the external world. And the validity of the 
two component sciences is sufficiently established so that for 
the present we may concentrate attention, as we shall in what 
follows, on the rationality of that small amount of additional 
hypothesis which we must introduce to effect the combination. 

3. The Extension of Thermodynamics to Special Relativity. We 
are «now ready to consider the actual procedure adopted in the 
extension of thermodynamics, first to special relativity and then 
to general relativity. The extension to special relativity, so as 
to obtain a suitable thermodynamic theory for moving systems, 
was made by Planck* and by Einstein,! as early as the year 
1907, in that brilliant period of development which was initiated 
by Einstein's publication of the elements of special relativity 
only two years previous. 

a. Special Relativity and the First Law of Thermodynamics. In 
order to appreciate the nature of this extension, let us begin by 

* Planck, Berlin Berichte, 1907, p. 542; Annalen der Physik, vol. 26 (1908), 
p. 1. 

t Einstein, Jahrbuch der Radioaktivitât und Electronik, vol. 4 (1907), 
p. 411. 
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seeing what happens to the first law of thermodynamics when 
the extension is made. 

In the classical thermodynamics for systems at rest with re­
spect to the observer, we have found it important to distin­
guish two ways in which there can be an interchange of energy 
between a system and its surroundings, namely, through the 
flow of heat into the system from its surroundings and through 
the performance of work by the system on its surroundings. 
Making use of this distinction, and making use of the principle 
of the conservation of energy, which requires that any alteration 
in energy content can only result from interchange with the sur­
roundings, we then write the first law of thermodynamics in the 
form given by equation (1) 

(1) AE = Q - W, 

where AE is the increase in the energy of the system which ac­
companies the influx in heat Q and the performance of work W 
against external forces. 

Inform this equation can be taken over without modification 
into the thermodynamics of moving systems, in the first place, 
since the special theory of relativity has done nothing to upset 
the principle of the conservation of energy, and in the second 
place, since we shall still wish to distinguish between the energy 
transfer W corresponding to work done against macroscopic ex­
ternal forces and the other modes of transfer which we call the 
flow of heat Q. 

In the application of this equation to moving instead of sta­
tionary systems, however, an important difference—which 
would not have been suspected in prerelativistic days—now 
arises on account of the relations between mass, energy, and 
momentum made clear by Einstein's work. To illustrate this 
difference, let us consider—as we usually do in thermodynamics 
—only very simple systems consisting of a given amount of 
thermodynamic fluid or working substance which exerts a pres­
sure on its surroundings. 

If such a system is at rest, the only way it can do work on its 
surroundings is by a change in volume under this pressure, and 
the application of the first law equation (1) then gives us simply 

(2) dEo = dQo — podvoj 


