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1.  The last quarter of the nineteenth century has the reputation of being 
one of the least exciting periods in the history of scientific thought. Al- 
fred North Whitehead’ was expressing the generally received view 
when he characterized this period as “an age of successful scientific 
orthodoxy, undisturbed by much thought beyond the conventions.” He 
even went so far as to call it “one of the dullest stages of thought since 
the time of the First Crusade,” but this was going too far. As Whitehead 
himself pointed out, those were the years when “the adequacy of scien- 
tific materialism as a scheme of thought for the use of science 
was endangered.” For two hundred years physical theory had had a fixed 
clear goal, the goal of ”the true Philosophy, in which one conceives the 
causes of all natural effects in terms of mechanical motions.”2 Chris- 
tiaan Huygens, whom I have just quoted, went on to emphasize the 
point: “This in my opinion, we must necessarily do, or elsz renounce 
all hopes of ever comprehending anything in Physics.” Huygens’ opinion 
was almost universally shared, and the search for mechanical explana- 
tions.of natural phenomena was the accepted and largely successful pro- 
gram of physical theorists until the latter part of the nineteenth century. 
During those supposedly stodgy years this traditional goal of the 

physicist drew serious criticism. Some of the sharpest thinkers of the 
period questioned not only its attainability but even its desirability and 
its legitimacy. It was a time of probing and testing, a time when questions 
of principle were much considered and often hotly debated. The closing 
decades of the last century did not bring the kind of exciting new ideas 
that typify the quarter century that followed, but it was an extremely 
interesting period, nevertheless. Part of this interest comes from the 
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complexity and variety of the ideas that were current then. Just because 
of the difficulties in continuing to develop the mechanical explanation 
of nature and the criticisms raised against such attempts, the mechanists 
were forced to re-examine and refine their own positions. It is no ac- 
cident that the most intense polemics against the mechanical program 
are contemporaneous with the most elaborate, subtle and ambitious ef- 
forts to provide mechanical explanations for all of nature, or at least 
all of inanimate nature. 

When discussing a period where the issues are complicated and the 
points of view are diverse-and for what period would this not be the 
case?-one must try to avoid the temptations of two simple ways of 
dealing with the problems. It will not do just to compile a kind of 
catalogue in which all the various positions that physicists adopted on 
the methodological issues are stated and grouped into schools of thought. 
Such compilations are rarely interesting or illuminating and may well be 
misleading. For as Albert Einstein once wrote: “If you want to find out 
anything from the theoretical physicists about the methods they use, I 
advise you to stick closely to one principle: don’t listen to their words, 
fix your attention on their  deed^."^ Nor will it serve to construct a sche- 
matic and oversimplified account that purports to give the essence of 
the thought of the period by omitting its complexities. “There is not an 
essence of history,” to quote Herbert B~tterfield,~ “that can be got by 
evaporating . . . the incidental or momentary or local things, and the 
circumstantial elements, as though at the bottom of the well there were 
something absolute, some truth independent of time and circumstance.” 
All we can do is try to select in such a way that we suggest the richness 
of the material from which the selection is made, to deal with the 
”minute particulars” of which historic truth is composed. It is certainly 
appropriate in this place to remember how Niels Bohr always in- 
sisted, with Schiller, that one must concentrate one’s maximum force on 
the smallest point, “im kleinsten Punkte die hochste Kraft.” 

The point on which I shall concentrate my efforts is the mechanical 
analogy for the second law of thermodynamics that Hermann von Helm- 
holtz introduced in 1884. Helmholtz’s monocyclic systems are of some 
interest in themselves, but they are of considerably more interest for 
their impact on Helmholtz’s two most active readers-Ludwig Boltz- 
mann and Heinrich Hertz. An analysis of the very different ways in 
which these individual physicists used this particular class of mechanical 



60 Martin 1. Klein 

systems to understand phenomena as diverse as the limited convertibil- 
ity of heat into work and electromagnetic induction should suggest some- 
thing about the actual status of mechanism at the end of the nineteenth 
century. It is also no accident that Helmholtz referred to his work as 
providing only an “analogy” for the second law, and I shall try to ex- 
plore the significance of that term as an indicator of the changing for- 
tunes of the mechanical world view. 

2. By the 1860’s the program of mechanical explanation had made 
enormous progress. Much had been done since Newton gave a superb 
“example” of the use of rational mechanics in investigating natural for- 
ces by explaining the “System of the World, and expressed his wish that 
“we could derive the rest of the phenomena of Nature by the same 
kind of reasoning from mechanical  principle^."^ Mechanics itself had 
developed into an extremely powerful and flexible mathematical theory. 
With its expanded and refined concepts and methods it could now deal 
with rigid bodies, elastic solids and fluids of various kinds, as well as 
with systems of particles. There was also a mechanical theory of heat: 
the new science of thermodynamics, created as such by Rudolf Clau- 
sius’ memoir of 1850, incorporated the old idea that heat is motion into 
a conceptual system whose full generality and great scope were not ex- 
hibited until Josiah Willard Gibbs’s memoirs of the 1870’s. Thermodyna- 
mics was accompanied by a more detailed mechanical theory of heat, 
the kinetic theory of gases, which promised to provide a complete mech- 
anical explanation of “the nature of the motion we call heat.”6 

The Newtonian program had also had much success in dealing with 
electric and magnetic phenomena. The laws of force for both electric 
charges and magnetic poles at rest were determined before the end of 
the eighteenth century, and were quickly developed into a mathematical 
theory of electrostatics. When the phenomena of electromagnetism were 
discovered, more elaborate laws of force for current elements and mov- 
ing charges were proposed by Ampire, Weber and others. But the most 
fruitful electromagnetic theory was James Clerk Maxwell’s dynamical 
theory of the electromagnetic field. Maxwell gave up forces acting at 
a distance in favor of Michael Faraday’s local action in a medium, but 
he viewed his theory as being essentially dynamical, just as its name 
implied. 

The mechanical theories were not uniformly successful. The kinetic 
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theory of gases, for example, was beset by difficulties from its very be- 
ginning. Maxwell pointed to one of these in his first paper on the sub- 
ject, when he deduced the value of the ratio of the specific heats of a 
gas from his theory. “By establishing a necessary relation between the 
motion of translation and rotation of all particles not spherical,” 
he wrote, “we proved that a system of such particles could not possibly 
satisfy the known relation between the two specific heats of all gases.’’’ 
This incompatibility between the equipartition theorem and experiment 
turned out to be an irremovable difficulty, “the greatest difficulty yet 
encountered by the molecular as Maxwell later wrote, and one 
that kinetic theorists long went on hoping was “not necessarily a fatal 
objection to the the~ry . ”~  

Maxwell’s theory of the electromagnetic field provided other difficul- 
ties for the mechanical world picture. Maxwell had arrived at the view 
that light is an electromagnetic wave with the help of a detailed and 
rather complicated mechanical model, but he never claimed that this 
model faithfully represented reality. In the later and more complete 
version of his theory the model disappeared completely, although Max- 
well continued to treat the electromagnetic field by the methods of 
analytical dynamics. His rather subtle views on the nature of mechan- 
ical explanation, to which we shall return, puzzled most of his con- 
temporaries. Some (like Lord Kelvin) thought he had not gone far 
enough in constructing mechanical models; others (like Pierre Duhem) 
drew back in dismay from the model Maxwell had used, and tried to 
manage without any mechanical assistance at a11.l0 All agreed on one 
point: the relationship between Maxwell’s theory and the old goal of 
mechanical explanation was not clear. 

It was the second law of thermodynamics, however, that proved to be 
the first insurmountable obstacle for the developing mechanical theories 
of nature. In 1866 Ludwig Boltzmann began his scientific career with a 
memoir in which he claimed to have found a .“purely analytical, com- 
pletely general proof” of the second law which reduced it to a theorem 
in mechanics.” Boltzmann’s claims were too strong. His mechanical 
theorem allowed one to define the entropy in terms of mechanical con- 
cepts, but only when the system was strictly periodic, an unreasonably 
severe limitation for anything as complicated as a sample of gas. Even 
within this limitation Boltzmann had not done anything to explain the 
irreversibility required by the second law. 
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In the course of the next few years Boltzmann studied Maxwell’s 
papers on the kinetic theory of gases. He learned from Maxwell that it 
was essential to describe a gas by statistical methods, that the statistical 
distribution of molecular velocities was basic to any analysis of the 
properties of a macroscopic system. Boltzmann made this approach 
his own, generalizing it and applying it to new problems.12 Foremost 
among these was the problem he had started with, and in 1871 
Boltvnann gave a new “analytical proof” of the second law.13 This 
time the second law, or rather those aspects of the second law that deal 
with equilibrium and reversible processes, appeared as theorems in a 
new and as yet unnamed discipline-statistical mechanics. The laws of 
probability played as essential a part as the laws of mechanics in the 
new explanation of the second law of thermodynamics. 

Although Boltzmann was the one to develop this idea and create the 
basic structure of statistical mechanics, Maxwell had already seen to the 
heart of the matter several years earlier. The reason why Maxwell created 
his often misunderstood demon, that “doorkeeper very intelligent and ex- 
ceedingly quick, with microscopic eyes,” was precisely to point this mor- 
al: “The second law of thermodynamics has the same degree of truth as 
the statement that if you throw a tumblerful of water into the sea, you 
cannot get the same tumblerful of water out again.”14 Maxwell made the 
issue even clearer in his supposedly elementary textbook, Theory 
of Heat. 

“If heat in a body consists in a motion of its parts, and if we were able to 
distinguish these parts, and to guide and control their motions by any kind 
of mechanism, then by arranging our apparatus so as to lay hold of every 
moving part of the body, we could, by a suitable train of mechanism, transfer 
the energy of the moving parts of the heated body to any other body in the form 
of ordinary motion. The heated body would thus be rendered perfectly cold, 
and all its thermal energy would be converted into the visible motion of some 
other body. 
Now this supposition involves a direct contradiction to the second law of 

thermodynamics, but is consistent with the first law. The second law is therefore 
equivalent to a denial of our power to perform the operation just described, 
either by a train of mechanism, or by any other method yet discovered. Hence, 
if the heat consists in the motion of its parts, the separate parts which move 
must be so small or so impalpable that we cannot in any way lay hold of 
them to stop them.”*5 

Since, in other words, the second law denies the possibility of certain 
processes that are perfectly consistent with the laws of mechanics, it 
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must be expressing some essentially nonmechanical aspect of nature. An 
explanation of the second law cannot be purely mechanical but must 
also refer to the smallness of the molecules or, equivalently, to their 
enormous numbers. Statistical description of large systems of molecules 
is necessary, and not merely convenient, if one is to understand the basis 
for the second law of thermodynamics. 

Maxwell never developed these ideas into a statistical mechanics, 
leaving the field open for Boltzmann. It was Boltzmann who show- 
ed how irreversible behavior could be explained and who obtained an 
expression for the entropy in terms of the molecular distribution func- 
tion.16 Under the pressure of Josef Loschmidt’s criticism of his H- 
theorem of 1872, Boltzmann” constructed a fully statistical explanation 
of the second law, in which irreversibilty was to be understood as the 
normal evolution of a system into the most probable state, that is, the 
most probable molecular distribution allowed by its circumstances. 

Boltzmann reached this fully statistical interpretation of the second 
law of thermodynamics in 1877.’* He evidently believed that the prob- 
lem was settled, that he had explained the essential features of the 
second law, and he turned his attention to other matters. His later dis- 
cussions of this problem, in the go’s, were undertaken only in response 
to new criticisms, and always consisted of elaborations and more care- 
ful restatements of his statistical point of view.19 There is an exception 
to this general statement, however, and it brings us finally to Helm- 
holtz and his monocycles.” When Boltzmann read Helmholtz’s first 
papers on monocyclic systems in the spring of 1884, he immediately 
set to work to explore this apparently very different approach to the 
meaning of the second law. To understand Boltzmann’s response we 
must first look at what Helmholtz had done?’ 

3. Helmholtz’s first major work, in 1847, argued for the universal valid- 
ity of the law of conservation of energy:’* heat was to be considered as 
mechanical energy on the molecular scale. He actually proclaimed the 
mechanical philosophy in its strongest form, asserting that all natural 
phenomena were to be “referred back to motions of material particles,” 
and that these particles attracted or repelled one another by central 
forces depending only on their mutual distances. After giving this com- 
pletely mechanical version of the first law of thermodynamics Helm- 
holtz devoted himself to other branches of science-almost all of them, 
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it sometimes seems-for the next thirty five years. In 1882 he returned 
to problems involving the transformation of energy from one form to 
another and wrote several papers applying thermodynamics to chem- 
ical and electro-chemical phenomena. It was apparently in connection 
with these researches that Helmholtz became actively interested once 
again in the mechanical foundations of thermodynamics.u This time 
the entropy law rather than the energy law drew his attention. 

Helmholtz presumably knew of Boltzmann’s statistical interpretation 
of entropy and the second law, although he did not refer to it explicitly 
in the series of papers he began to publish early in 1884. His intro- 
ductory remarks made clear his awareness of the use of statistical de- 
scriptions for systems containing many particles, but they also made 
clear his choice of another approach to the second law. Helmholtz had 
been studying the properties of a particular class of mechanical systems. 
These were systems, describable by Lagrange’s equations of mo- 
tion, whose generalized coordinates could be separated into two distinct 
classes. Coordinates of the first type were cyclic; that is to say, these 
coordinates did not themselves appear in the Lagrangian function of the 
system. Their time derivatives, the generalized velocities, did appear in 
the kinetic energy and so in the equations of motion. These velocities 
were to be considered as large, so large in fact that the velocities asso- 
ciated with the second class of coordinates could be neglected by com- 
parison. The coordinates of this second class, then, did appear in the 
Lagrangian, but their time derivatives did not. When only one indepen- 
dent cyclic coordinate was present, Helmholtz called the system mono- 
cyclic. But why consider such systems at all, and what did they have to 
do with thermodynamics? 

Helmholtz had a definite analogy in mind. Thermodynamic systems 
are fundamentally complicated; a sample of gas in a container, for 
example, is composed of an extremely large number of molecules in 
rapid irregular motion. The locations of the molecules in the container 
at any particular time, the molecular coordinates, have no effect (to a 
first approximation) on the thermodynamic properties of the gas. The 
molecular velocities, however, determine the molecular kinetic energy, 
which is proportional to the temperature. The volume of the gas, on the 
other hand, is a coordinate or parameter of the system that is normally 
varied at a rate negligibly slow compared to molecular speeds. The two 
quantities whose interplay constitutes the essence of thermodynamics, 
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heat and work, are the energy changes of the system produced by 
changes in the molecular velocities and in the slowly varying parameters 
(like the volume), respectively. 

Now, if one has a mechanical device, like a wheel, rotating rapidly 
about a fixed axis, its energy depends only on the angular velocity of 
the wheel and not on its instantaneous orientation. In this respect the 
rotating wheel is analogous to the molecular motions in a gas. One can 
imagine a device, like a governor, attached to the axle in such a way 
that the energy of the system also depends on the coordinates of certain 
masses, coordinates that can be varied at a rate which is slow com- 
pared to the speed of rotation. Helmholtz’s idea was that such a purely 
mechanical system, monocyclic in the sense described before, might pro- 
vide an analogy for the complicated systems of thermodynamics, not 
only with respect to the classification of its coordinates but also with re- 
spect to the relationships between heat and work. The essential point 
was to show that energy provided to the system as heat (that is, as a 
change in the kinetic energy of the cyclic coordinate) could not be com- 
pletely converted into work (that is, into a slow change in the auxiliary 
parameters, the second class of coordinates referred to above). In other 
words Helmholtz had to show that the analogue of the differential heat 
had an integrating factor proportional to the kinetic energy of the sys- 
tem. 

To see how this goes in the simplest possible case let L be the La- 
grangian of the system. Lagrange’s equations have the form, 

where q is a generalized coordinate, q is the corresponding generalized 
velocity, and F is the external generalized force acting on this coordinate. 
For the single cyclic coordinate q. of our monocyclic system one has, 
by definition, 

aL 

8% 

Fa = pa 

-- -0 

so that 

where p. is the corresponding generalized momentum, 
3 C B N T A U I U S V O L M I  

(3) 
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For the remaining coordinates, qb, which are slowly varying, one can' 
drop the terms in (aL/aqb) and write simply 

for these coordinates. 
ten simply as 

The kinetic energy T of the system can be writ- 

and the differential of the total energy U can easily be put in the form 

dU = bdPa -f- ZFbdqb . 0 
Il 

The first term is the energy change produced by a change in the veloc- 
ity of the cyclic coordinate, and is identified with the heat dQ added 
to the system. The second term is the work done on the system by a 
change in the slowly varying parameters, qb. One can now write dQ 
in the form 

dQ = qadpa = T d  In@# (8) 

with the help of equation (6). We see that dQ is the product of the 
kinetic energy and the differential of a state function, ln(pJ2. If kine- 
tic energy is identified with temperature, then the state function ln@J2 
will be the analogue of the entropy of the system. 

Helmholtz carried the analysis a great deal further, treating more 
general monocyclic systems and showing how two such systems can be 
coupled in much the same way that thermodynamic systems are coupled 
isothermally. In other words, he developed a rather complete mechani- 
cal analogy for the laws of thermodynamics. Helmholtz was quite aware 
of the fact that real thermodynamic systems are not monocyclic, and 
that he was giving a mechanical analogy for thermodynamics and not a 
mechanical explanation of thermodynamics. 

He made this point emphatically in response to a criticism from Claw 
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sius. The actual thermal motions in a system like a gas or a solid were 
unknown but certain to be complicated. "In these circumstances," Helm- 
holtz wrote, "it seems completely rational to me to look for the most 
general conditions under which the most general physical characteristics 
of thermal motion can appear in other well known classes of motion. It 
is in this sense, of course, that I have called special attention to the 
analogies between the behavior of thermal motion and of the monocyc- 
lic motions I have investigated, but I have declared from the outset 
that thermal motion is not strictly monocyclic. I have, accordingly, never 
claimed to have given 'an explanation' of the second law of thennody- 
namics."u 

4. Boltzmann, who had tried to give an explanation of the second law, 
and who was convinced that he had succeeded in giving one in terms of 
statistical mechanics, was, nevertheless, fascinated by Helmholtz's 
work. He was quite ready to accept Helmholtz's approach to the second 
law in parallel with his own and even to develop it further himself. 
Boltzmann already knew and appreciated the idea of a mechanical anal- 
ogy: he had learned it from the writings of the master of this concept- 
James Clerk Maxwell. Maxwell had made effective use of dynamical 
analogies in developing his electromagnetic theory, to the bewilderment 
of his continental critics. We must have a look at Maxwell's analogies 
as an essential aspect of his view of mechanical explanation. 

Maxwell proposed the use of analogies in his first paper on electro- 
magnetism, which he began by pointing out that "the present state of 
electrical science seems peculiarly unfavorable to speculation."u Under 
these circumstances, Maxwell thought, one had to reject two common 
ways of dealing with the extensive but unstructured body of experimen- 
tal results and "intricate mathematics." A "purely mathematical" 
approach-formal, phenomenological and free of physical content- 
would make one "entirely lose sight of the phenomena to be explain- 
ed." The alternative-introducing a physical hypothesis about the basic 
nature of electricity-was decidedly premature and would make one 
"see the phenomena only through a medium," making one "liable to 
that blindness to facts and rashness in assumption which a partial ex- 
planation encourages." What he wanted was "some method of investi- 
gation which allows the mind at every step to lay hold of a clear 
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physical conception without being committed to any theory. . ., so that 
it is neither drawn aside from the subject in pursuit of analytical 
subtleties, nor carried beyond the truth by a favorite hypothesis.” 

To make it possible to think physically and concretely without having 
to adopt a dubious physical hypothesis, Maxwell urged the use of anal- 
ogies. He meant by an analogy “that partial similarity between the 
laws of one science and those of another which makes each of them 
illustrate the other.” He had in mind a definite example of such an 
analogy, recently demonstrated and used by William Thomson, an “al- 
legorical representation of the case of electrified bodies by means of 
conductors of heat.”26 The laws of electrostatic potential theory and 
the laws of stationary heat conduction apply to completely different 
physical situations; the forces between charged particles and the flow 
of heat through a continuous medium have no common physical features. 
But because the mathematical equations of the two theories are 
identical in form, one can solve a problem in the theory of attrac- 
tions by W i g  physically about the analogous problem in the theory 
of heat conduction, and vice versa. Maxwell’s paper exploited just such 
an analogy between the flow of an incompressible fluid and Faraday’s 
lines of magnetic force. He emphasized though that however suggestive 
such an analogy might be, it was no substitute for “a mature theory, in 
which physical facts will be physically explained.” The subject was not 
ready for such a theory in 1855. Maxwell was arguing against a prema- 
ture commitment to the physical hypothesis of a force acting at a dis- 
tance between moving charges, like the force proposed by Weber. He 
wanted to keep open the possibility of a theory based on Faraday’s 
local action of a field of force, even though he could not yet construct 
such a theory. 

A few years later Maxwell elaborated his analogy in the series of pa- 
pers entitled, “On Physical Lines of Force”.*’ He could now represent the 
relationships of the electromagnetic field variables with the help of an 
elaborate mechanical construction involving a latticework of molecular 
vortices in an ideal fluid, with adjacent vortices coupled by means of 
electrical particles acting like idle wheels. Maxwell carefully pointed out 
once again that all this was only an analogy. The use of particles to 
couple the vortices was not intended to be “a mode of connexion 
existing in nature,”28 but rather only “a mode of connexion which is 
mechanically conceivable and easily investigated,” one that would help 
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rather than hinder the “search after the true interpretation of the 
phenomena.” The analogy did its work it made it possible for Maxwell 
to deduce that “light consists in the transverse undulations of the same 
medium which is the cause of electrical and magnetic phen~rnena.”~~ 

In his full-fledged “Dynamical Theory of the Electromagnetic 
Fie1d“’O of 1865 the detailed mechanical analogy almost completely 
disappeared. It was mentioned only in a passing reference halfway 
through the long memoir. Maxwell had now dropped the specific me- 
chanical analogy, but he was still constructing a mechanical theory. He 
viewed the field as “a complicated mechanism capable of a vast variety 
of motion,” and asserted that “such a mechanism must be subject to 
the general laws of Dynamics.”3* Maxwell compared the old and new 
versions of his theory in a letter to his friend Peter Guthrie Tait, writing: 
“The former is built up to show that the phenomena [of electromagne- 
tism] are such as can be explained by mechanism. The nature of the 
mechanism is to the true mechanism what an orrery is to the Solar Sys- 
tem. The latter is built on Lagrange’s Dynamical Equations and is not 
wise about vortices.”32 

Maxwell’s intentions have often been misunderstood. The new ap- 
proach was not the complete mechanical explanation of electromagne- 
tism that he would have wanted to achieve. His use of Lagrange’s meth- 
ods allowed him to proceed without detailed knowledge of ”the nature 
of the connexions of the parts of the system,”” and this was an ad- 
vantage, but it did not mean that his search for a detailed mechanical 
explanation was abandoned. That search simply had to be postponed 
until the true nature of the electric current was known. Then, Maxwell 
wrote in his Treafise, we would have “the beginnings of a complete 
dynamical theory of electricity in which we should regard electrical ac- 
tion, not, as in this treatise, as a phenomenon due to an unknown cause, 
subject only to the general laws of dynamics, but as the results of known 
motions of known portions of matter, in which not only the total effects 
and final results, but the whole intermediate mechanism and details of 
the motion, are taken as the objects of study.DDu 

Maxwell looked on the Lagrangian method as a way of avoiding the 
need to “frame a hypothesis” about the particular mechanical structure 
of the system under study, whether this system was the electromagnetic 
field or the molecules of a gas.3s The power of the method lay in the 
fact that “the final equations . . . are independent of the particular form 
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of [the mechanical] conne~ions.”~~ In a note published a few years after 
the Treatise Maxwell went a step further, recommending the Lagrangian 
method as “presenting to the mind in the clearest and most general form 
the fundamental principles of dynamical reasoning.” He deplored the 
“too frequent practice” of inventing “a particular dynamical hypothesis,” 
deducing results from it by means of the equations of motion, and 
then supposing the hypothesis to be supported by the validity of these 
results. ”The true method of physical reasoning,” he wrote, “is to begin 
with the phenomena and to deduce the forces from them by a direct 
application of the equations of motion.”37 This was the method he tried 
to pursue himself. 

I doubt very much that the Newtonian echoes in these quotations 
are accidental. Maxwell was, after all, particularly sensitive to language. 
When Maxwell criticized the framing of unnecessary hypotheses, or ar- 
gued that one should go from the phenomena to the forces, he could 
hardly have been unaware of the uses of those phrases in the General 
Scholium and the Preface to the Principia. I think he was deliberately 
identifying his approach with Newton’s, and putting his avoidance of 
assumed forces like Weber’s, or of special molecular models, on a par 
with Newton’s rejection of the particular Cartesian mechanisms. Newton 
had been quite prepared to consider the possibility that gravity had an 
underlying cause, and to speculate on the possible role of the aether 
here, but would not incorporate such speculations into the Principia be- 
cause he had ”not been able to discover the causes of those properties 
of gravity from phenomena.” Just so Maxwell hoped for an eventual 
dynamical theory of electricity where “the whole intermediate mecha- 
nism and details of the motion” would be worked out, but not until the 
nature of electricity and the electric current could be deduced in a man- 
ner “warranted by experimental evidence.”w 

5 .  Ludwig Boltzmann, that avid student of Maxwell’s writings, admired 
and appreciated his subtle views of the various aspects of mechanical 
ex~lanation.~~ This sympathetic reading of Maxwell prepared Boltz- 
mann to accept Helmholtz’s monocycle analogy for the second law in 
the proper spirit. He set to work on it as soon as it appeared, extending 
and developing Helmholtz’s ideas in a number of  direction^.'^ 

Although Helmholtz proposed a mechanical analogy, one must not 
imagine that he had described a particular mechanical model, like 
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Maxwell’s vortices and idle wheels. He did not care for such construc- 
tions, and preferred the “safer” way of relying on general equations, even 
though they were the equations of a mechanical system. HAmholtz’s 
analogy was, therefore, comparable rather to Maxwell’s dynamical 
theory of the Treatise. It is typical of Boltzmann, however, that he be- 
gan by illustrating Helmholtz’s ideas with the help of several very spe- 
cific mechanical examples. These examples were more than just illustra- 
tions. They allowed Boltzmann to show that the monocycle analogy was 
less general than Helmholtz had claimed it to be. The kinetic energy 
was not always an integrating factor for the differential heat 111 mono- 
cyclic systems, and there were even situations when no such integrating 
factor existed at all, cases without thermodynamic parallels. 

Boltzmann explored the relationships between the monocycle analogy 
and his own previous work in several different ways. Although the in- 
dividual systems used in the statistical approach to the second law were 
not monocycles, Boltzmann showed how an ensemble of such systems 
could exhibit monocyclic properties. Boltzmann also discussed the con- 
nection between Helmholtz’s work and his own early attempt to find a 
purely mechanical explanation of the second law. He emphasized the 
value of Helmholtz’s clear distinction between two types of coordinates 
-the slowly varying parameters of the system and the rapidly varying 
cyclic coordinates, analogues of the molecular Coordinates. This distinc- 
tion made it possible to define the crucial difference between hoat and 
work within a mechanical theory, something that could not otherwise 
be done in a purely mechanical theory.40 

The three papers Boltzmann wrote on monocyclic systems between 
1884 and 1886 did not exhaust his interest in the subject. He already 
noted in the first of these papers that Maxwell had, in effect, used a 
monocyclic system when he discussed electromagnetic induction in the 
Treatise. Boltzmann developed this idea at great length in his Munich lec- 
tures on Maxwell’s theory a few years later:’ In these lectures the cyc- 
lic system becomes the central mechanical concept for the construction 
of a theory of electric circuits and their interactions. The reasoning is 
simple: when a current flows in a closed circuit, some kind of motion 
is taking place. When the current is a steady one, the motion must be 
such that whenever one particle leaves a certain point, another identical 
one moving with the same velocity must immediately amve at that 
point, just as in the uniform rotation of a disk. In other words, the 
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coordinates of the electricity must be cyclic, and the energy of the the cur- 
rent can only depend on the corresponding velocities. 

Boltzmann’s Lectures on Maxwell’s Theory demonstrates the art of 
constructing mechanical analogies in a very highly developed form. Paul 
Ehrenfest, who studied with Boltzmann, has described this aspect of his 
master’s work, an aspect rather neglected by Boltzmann’s biographers. 
“Bo~tzmann‘s presentation of the Maxwell theory starts with just these 
mechanical analogies-in contrast to all other presentations of this theo- 
ry. In Boltunarm’s lectures one had ample time at the beginning just 
to learn the amazing reactions that relatively very primitive, purely 
mechanical systems can carry out-reactions of a type that one would 
never expect from a mechanical system so long as one instinctively t h i i  
only of the planetary system. The imagination had to be trained by study- 
ing these systems so that it could push on further and further to the 
construction of a mechanism, free of contradictions in all its details, 
which could explain the complicated properties of the luminiferous 
ae ther . ”“ 

“Mechanical representations,” Ehrenfest wrote in another passage, 
“were the material from which Boltzmann preferred to fashion his crea- 
tions ... . He obviously derived intense aesthetic pleasure from letting 
his imagination pIay over a confusion of interrelated motions, forces and 
reactions until the point was reached where they could actually be grasp- 
ed. This can be recognized at many points in his lectures on mechanics, 
on the theory of gases, and especially on electromagnetism. In lectures 
and seminars Boltzmann was never satisfied with just a purely schematic 
or analytical characterization of a mechanical model. Its structure and 
its motion were always pursued to the last detail. If, for examol?, sweral 
strings were used to illustrate certain kinematical relations, then the con- 
ceptual arrangement had to be devised in such a way that the strings 
would not become entangled. In those great works of his whose results 
always encompass an immense domain, the simple example is also given 
an exhaustive and loving treatment.”” 

Boltzmann’s models for inductively coupled circuits show exactly what 
Ehrenfest was describing. He began by treating a simple device, a mono- 
cycle, which nevertheless could serve as a mechanical model for a 
Carnot cycle.44 An appropriately coupled combination of three of these 
satisfied the equations of two coupled circuits, with self and mutual 
induction.“ This did not satisfy Boltzmann, however, because the 
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coefficients of self and mutual induction could not be varied indepen- 
dently in the model, and he proceeded to redesign the system to allow for 
thii possibility.* This perfected design not only could be constructed 
-it actually was constructed to Boltzmann’s specifications at a work- 
shop in Graz.4’ An unwary reader glancing through the pages of Boltz- 
mann’s book on electromagnetic theory and noting the diagrams might 
easily imagine that he had picked up a treatise on the design of en- 
gineering mechanisms by mistake. Boltzmann’s Lectures on Muxwell’s 
Theory can surely be paired with Kelvin’s Baltimore Lectures as repre- 
senting the High Baroque phase of the mechanical world view. 

6. Helmholtz’s monocyclic analogy for the second law made a powerful 
impression on at least one other reader in addition to Boltzmann. That 
was Heinrich Hertz, Helmholtz’s own best-loved pupil. Hertz worked at 
a book on mechanics during the last three years of his tragically short 
life, and finished it, except for final revision and polishing, only two 
months before his death. This book, The PrincipIes of Mechanics Pre- 
sented in a New Form, appeared posthumously in 1894.“ 

Hertz had re-examined the fundamental ideas of mechanics and ar- 
rived at a new way of organizing, presenting and thinking about the 
subject. He wrote the whole book in the classical Euclidean style, except 
for a long philosophical introduction. Philosophers of science have found 
Hertz’s work to be rich in suggestions, and have admired its logical struc- 
t ~ r e . 4 ~  Almost seventy years ago Bertrand Russell referred to its prin- 
ciples as being “so simple and so admirable.”50 Physicists have gener- 
ally considered Hertz’s system to be beautiful but valueless; treatises on 
dynamics rarely do much more than mention Hertz’s principle of the 
straightest path or least curvature. 

The best known feature of Hertz’s system of mechanics is his elimina- 
tion of force as a fundamental concept. He was dissatisfied with what 
he called the “logical obscurity” that surrounded the idea of force. 
Hertz described one result of this logical obscurity in a sentence that 
most teachers of mechanics would be happy to endorse warmly: 
“I would mention the experience that it is exceedingly difficult to ex- 
pound to thoughtful hearers that very introduction to mechanics with- 
out being occasionally embarrassed, without feeling tempted now and 
again to apologize, without Wishing to get as quickly as possible over the 
rudiments, and on to examples which speak for themselves. I fancy 
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that Newton himself must have felt this embarrassment . . .”51 Hertz 
argued that force was introduced into physics because we cannot ac- 
count for motion, even for such a simple motion as that of a falling 
stone, by using only ”what can be directly observed.” “If we wish to 
obtain an image of the universe which shall be well-rounded, complete, 
and conformable to law,” he wrote, uwe have to presuppose, behind 
the things which we see, other, invisible things.. . Force is such an 
invisible thing,” as is energy, but Hertz proposed another choice. 

“We may admit,” he argued, “that there is a hidden something at 
work, and yet deny that this something belongs to a special category. 
We are free to assume that this hidden something is nought else than 
motion and mass agah-motion and mass which differ from the visible 
ones not in themselves but in relation to us and to our usual means of 
percepti~n.”~~ This was to be Hertz’s basic assumption-that the mo- 
tions of visible masses are to be accounted for by their direct couplings 
to other concealed masses which are themselves in motion. Hertz’s pro- 
posal was an explanation in the Cartesian tradition, a mechanics from 
which dynamics would be eliminated and which would consist exclu- 
sively of kinematics.s3 

Hertz was attempting to explah force as the effect of kinematical 
constraints linking the observed motion of the visible masses to the hid- 
den motions of hidden masses. He took this to be a natural next step 
in the process of mechanical explanation, referring to the success of the 
kinetic theory of heat and of Maxwell’s electromagnetic theory, both of 
which were based on hidden motions of unseen masses. And Hertz em- 
phasized the significance of Helmholtz’s studies on cyclical systems, in 
which he had ”treated the most important form of concealed motion 
fully, and in a manner that admits of general application.” The hypo- 
thesis of hidden motions had explained “the forces connected with heat” 
and at least some aspects of electromagnetic forces; Helmholtz’s analysis 
suggested to Hzrtz that one could explain all forces this way.% Hertz 
might even have described his work as a mechanical explanation 
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One cccld attain a better approximation to the truth "by tracing back 
the w s e d  actions at a distance to motions in an all-pervading me- 
dium =tcsz smallest parts are subjected to rigid connections." It was 
over rke ground of the aether that "the decisive battle between these 
dBm: fundamental assumptions of mechanics must be fought out."ss 
Hem's s-stem was to furnish the mechanics of that electromagnetic 
aether &ose existence his own experiments did so much to establish. 
In cnt central passage of his book Hertz discussed the general con- 

cept of dmamical analogies or models. He took mechanical explanation 
to be oni]; the construction of such dynamical analogies, and explicitly 
stated that "it is impossible to carry our knowledge of the connections 
of natural systems further than is involved in specifying models of the 
actual svstzms." Hertz saw "the relation of a dynamical model to the 
system of which it is regarded as the model" to be "precisely the same 
as the relation of the images which our mind forms of things to the 
things themselve~."~~ 

There was one real trouble with Hertz's system. He gave no examples 
to show how one could account for particular mechanical phenomena by 
means of a particular arrangement of hidden masses in motion. Worse 
than that-it was apparently not possible to construct such explanations 
for even very simple mechanical problems. Boltwnann, whose mechan- 
ical ingenuity had already been amply demonstrated, was unable to find 
a mechanism, of the general type allowed in Hertzian mechanics, which 
would give a kinematic reduction for such a simple and basic problem 
as the elastic collision of two spheres. He questioned, therefore, whether 
the theory would be of much value for physics, "in spite of all its phil- 
osophical beauty and completeness,".s7 and he did not follow Hertz's 
approach in his own lectures on mechanics?' 

7. The idea that physics must make its goal the mechanical explanation 
of nature did not go unchallenged. These challenges multiplied and 
grew bolder late in the nineteenth century. Ernst Mach, certainly the 
most cogent of the critics of mechanism, was already writing in 1871 
'that one can hold, treasure, and also turn to good account the results 
of modem natural science without being a supporter of the mechani- 
cal conception of nature."s9 Hs was, however, aware that "the view that 
physical phenomena can be reduced to processes of motion and equilib- 
rium of molecules is so universally spread that, at the present time, one 
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can only let people know that one’s convictions are opposed to it with 
caution, guardedly, and at the risk of rousing the opinion that one is 
not up to date and has not grasped the trend of modem culture.”6o 

Mach developed his ideas on this subject at greater length years later 
in The Science of Mechanics. His “historical-critical” presentation of 
mechanics was aimed at destroying existing illusions about the nature of 
that science and replacing them with a sound positivist approach. He 
stated flatly: “The view that makes mechanics the basis of th:: remaining 
branches of physics, and explains all physical phenomena by mechan- 
ical ideas, is in our judgment a prejudice.” The historical priority of 
mechanics was not an adequate reason for assuming its logical priority. 
“We have no means of knowing yet,” Mach went on, “which of the phys- 
ical phenomena go deepest, whether the mechanical phenomena are 
perhaps not the most superficial of all, or whether all do not go equally 
deep.”61 

A variety of antimechanists were willing to accept Mach’s statements, 
and some were willing to go much further in their reduction of the status 
of mechanics. I am referring to the energeticists-Wilhelm Ostwald and 
Georg Helm-and their French ally, Pierre Duhem. The epic battle in 
which Boltwnann defended the flags of mechanism and atomism against 
all attacks by the energeticists is not part of my concern here. But one 
aspect of the energeticists’ case is relevant. Shunning the idea that phe- 
nomena such as chemical reactions should be explained sooner or later 
with the help of the concepts of force and motion applied to atoms and 
molecules, they claimed the authority of Josiah Willard Gibbs in support 
of their point of view. Helm thought that Gibbs’s writings were “free of 
such prejudice for the mechanics of atoms,” that he had “established the 
strict consequences of the two laws with no hankering or yearning after 
mechanics,” and that his work exhibited the true subject matter of 
theoretical science in its “naked and pure” form.= Before Gibbs, ac- 
cording to Helm, thermodynamics had never really been free of the cor- 
rupting effects of molecular hypotheses and mechanism. 

Helm was wrong about both Gibbs and his predecessors. Rudolf Clau- 
sius had been scrupulously careful to separate his work on thermody- 
namics from his ideas on molecular science, realizing that the latter were 
much less likely to command general assent. Thermodynamics textbooks 
for almost a century preserved the form of development originally given 
by Clausius, in which neither molecules nor mechanics play any part. 
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Clausius did believe that an explanation of the laws of thermodynamics 
on the basis of molecular mechanics was possible, necessary and funda- 
mental, but then so did Willard Gibbs. 

There are indications of this in Gibbs’s memoir on heterogeneous 
equilibrium, such as the discussion of what has become known as the 
Gibbs Paradox. While Gibbs published nothing but a very brief abstract 
on statistical mechanics before his book on that subject appeared in 
1902, he certainly suggested his belief in the fundamental character of 
molecular science before then. This was done, appropriately enough, in 
the obituary notice of Clausius’ work that Gibbs wrote in 1889, where 
he wrote approvingly of Clausius’ interest in “the nature of the molec- 
ular phenomena of which the laws of thermodynamics are the sensible 
e~pression.”~~ Gibbs’s comments in this article indicate how thoroughly 
he had studied the writings of Boltzmann and Maxwell and how much 
he agreed with their approach to the subject. He was already lecturing 
at Yale on the deduction of the laws of thermodynamics by an applica- 
tion of the theory of probability to molecular mechanics in 1889-90, and 
gave courses along this line every few years thereafter.@ 

It is quite true that in the Preface to his Statistical Mechanics Gibbs 
was very cautious about claiming physical validity for the theory.65 
There were too many unsolved problems in the theory of radiation and 
other related areas, as well as in the theory of specific heats based on 
the equipartition theorem. For that reason Gibbs proposed the pursuit of 
”statistical inquiries as a branch of rational mechanics,” as a way to 
”avoid the gravest difficulties” by “giving up the attempt to frame hypoth- 
eses concerning the constitution of material bodies.” And he carefully 
labelled his treatment of the statistical mechanical foundations of ther- 
modynamics as the construction of “thermodynamic analogies”, using 
the same terminology as Maxwell and Helmholtz, and for the same rea- 
sons. 

Gibbs’s readiness to seek out mechanical explanations, and his in- 
tellectual distance from the energeticists, are also evident in some of his 
writings on optics, He must have been one of the first physicists to give 
a course of lectures on Maxwell’s electromagnetic theory, since his 
courses on this subject go back to 1885 at least.64 His optical papers 
written several years earlier refer to Maxwelh work.66 Gibbs was wil- 
ling, nevertheless, to discuss elastic solid theories of the luminiierous 
aether, even in the late 803, although he concluded that the electncd 
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theory was superior just because "it is not obliged to invent hypotheses" 
in order to eliminate longitudinal waves.q 

Gibbs's cautiousness and his reluctance to engage in general method- 
ological discussions should not obscure the fact that he was, after all, 
squarely in the tradition of mechanical explanation. 

8. That tradition did not come to a sudden end because of the attacks 
of the energeticists. In 1892 H. A. Lorentz started a new stage in the 
development of electromagnetic theory with his paper on the applica- 
tions of Maxwell's theory to moving bodies. This paper contained the 
first version of his theory of electrons, but Lorentz began it by treating 
the electromagnetic field itself as a dynamical system. The success of 
the theory of electrons did not depend on this dynamical theory of the 
field, however, and Lorentz quietly dropped it. In the later versions of 
his theory he made no attempt to arrive at the field equations from a 
mechanical starting point." This is typical of the way mechanical ex- 
planation ceased to be the program for the development of physics. 
One could try to treat the electromagnetic field as a dynamical system 
but it was awkward and profitless to do so. If the supposed mechanical 
explanation provided no new insight, and if it led to no further progress, 
in what sense did it provide an explanation? As Einstein put it: "One 
got used to operating with these fields as independent substances with- 
out finding it necessary to give oneself an account of their mechanical 
nature; thus mechanics as the basis of physics was being abandoned, 
almost unnoticeably, because its adaptability to the facts presented it- 
self finally as hopeless."69 

By the turn of the century it looked to many physicists, particularly 
the younger generation of theorists, as though the electron theory would 
supplant mechanism with a new electromagnetic world view?O Mechan- 
ical concepts like mass would then be explained by means of electro- 
magnetic theory, rather than the other way around. Even Boltzmann, 
who had fought so valiantly in defense of mechanism, was ready in 1904 
to give up the field to the new world view, and wished it success.7* He 
felt he was surrendering to an intellectually honorable conqueror, which 
would not have been so if energetics had carried the day. 

The mechanical world view did not disappear so quickly or so com- 
pletely as had been expected. The electron theory based on particular 
structural hypotheses never achieved its goal. Much more valuable as a 



Mechanical Explanation at the End of the Nineteenth Century 79 

guide was the principle of relativity which seemed to some in 1906 to 
be only a reactionary holdover from mechanich.” The need for a phys- 
ics that could deal with the full range of the properties of matter, a 
need expressed by Pierre Duhem in the language of  energetic^^^, was 
finally met by a new mechanics. The quantum mechanics, for all its 
striking differences from past ideas is still, as Bohr often called it, “a 
rational generalization of classical physics,” and physicists are still in- 
terested in determining what a very young James Clerk Maxwell called 
’the particular of each phenomenon. 
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