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from the field, whose energy at the same time increases by a small amount AU.

The entropy change is
3 d%S
=5 am

For any change allowed in nature, the corresponding energy changes dU and AU

-AU - dU.

always have the opposite sign, and from the Second Law S > 0, then it follows

necessarily that

d%s
m < 0.
In fact, Eqn2 for the entropy, which leads to WIEN’s distribution, yields:
d2
dU? afU
The remarkable simplicity of this result led me ------ again to WIEN’s distri-

bution. --- Thus my efforts to improve Eqn2 arrived at a dead end, and I had to

abandon my idea.

Then began an event which would be a decisive turning point. In the Deutschen
Physikalischen Gesellschaft meeting of 19 October 1900, KURLBAUM presented
his results obtained with RUBENS on energy measurements for very long wave-
lengths, which among other things showed that with increasing temperature, the
radiation intensity of black bodies was always approximately proportional to the
temperature 7', in complete contradiction to WIEN’s distribution Eqn4, for which
the radiation intensity must always remain finite. Since this result had already
been known to me for a few days before the meeting from talking with the authors,
I had time to think about its implications for my way of calculating the entropy

of the corresponding oscillators.

If for high temperature T the radiation intensity R is proportional to the
temperature, then from Eqnl the energy of the oscillators is also proportional to
it,

U=C"T, and from Eqn3 by integration: S =C -logU.

Consequently
d*s C
@ = Q
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This result should hold for large values of U, in contrast to Eqn5 which is valid
for small values of U. If one seeks now a generalized relation which contains both

Eqns5 and 6 as limiting cases, then the simplest suggestion would be:

es_ 1
dU? —  afU+U?/C
and by integration:
ds 1 1 o f
w=1=ar () @)

where aC = o are constants.

When one replaces U by R using Eqnl, this is the formula for the energy
distribution — expressed in wavelengths — which I proposed and tried to justify in

the course of the lively discussion following KURLBAUM’s lecture.

Next morning RUBENS sought me out and told me that in the Proceedings
of the meeting he would include a comparison of my formula and his actual data
which he had found to be in complete satisfactory agreement. Also LUMMER
and PRINGSHEIM, who were the first to claim deviations, soon withdrew their
objections since, as PRINGSHEIM told me, it turned out the deviations found
by them were the result of a computational error. Through later measurements
the formula of Eqn7 was verified repeatedly as so accurate, that it stimulated

refinements of the experimental methods.
II1

There remains the question of how definitively accurate the spectral energy
distribution law of the Blackbody Radiation really is. However now we return to
the theoretically most important problem: to give a proper foundation for this law
and - what is an even greater problem - to give a theoretical derivation of the
expression for the entropy of an oscillator as in Eqn7. It can be written in the
following form:

S=ﬁ,{(%+l>log(a%+l)—a%loga—[{?}. (8)
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In order to give this expression a physical interpretation, it was necessary to
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give a completely new meaning to the concept of entropy, as applied in the domain

of electrodynamics.

Among all the physicists of that time, LUDWIG BOLTZMANN was the one
who had the deepest understanding of entropy. He explained that the entropy of
a physical system in a particular state is a measure of the probability of that state
and he summed up the content of the Second Law in the statement: the system
during any change occurring in nature goes over into a more probable state. In
fact, it was his great achievement in the kinetic theory of gases, to define a state
function H which has the property that for each change of state occurring in
nature, it decreases its value; it can therefore be recognized as the negative of the
so-called entropy. It is possible to justify, from the proof of this famous theorem,
the validity of the fundamental hypothesis that the state of the gas is “molecular
disorder.” [Note added: This problem is still not resolved to everyone’s satisfaction. We

appeal to Gibbs ensembles, see Ref.10 in our introductory remarks.]

I myself had not considered before then the connection between entropy and
probability; it had no interest for me, since every probability calculation always
involved assumptions, and I firmly believed that the validity of the Second Law was
free of assumptions. That my proof of irreversibility which considered radiation
processes only under the postulate of “natural radiation” could succeed, and that
a similar fundamental hypothesis about the radiation is just as necessary and plays
exactly the same role there as that of molecular disorder in the theory of gases,

occurred to me at once with perfect clarity.

Since there now seemed to me no other way out, [ tried BOLTZMANN’s

method and with complete generality for a given state of a given system set:
S=k-logW, 9)
where W is the probability of the particular state.

Since these relations should have truly general validity, and since the entropy
is an additive quantity then the probability must be a multiplicative quantity
and the constant k£ must be a universal number, depending only on the units. It
is usually referred to as BOLTZMANN’s constant but it is fair to remark that
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BOLTZMANN neither introduced it, nor to my knowledge ever even thought to
ask about its numerical value. At that time it had to be multiplied by the number
of effective molecules — a problem he left entirely to his colleague LOSCHMIDT.
He himself always kept in sight the possibility of its calculation, but it represented
only one objective of the kinetic theory of gases, and it was enough for him to stop

at the molar level.

In order to apply Eqn9 to the present situation, I imagined a system consisting
of a very large number N of completely similar oscillators, and set out to calculate
the probability that the system should have a given energy Un. Since a probability-
like quantity can only be found by counting, then it was necessary for the energy
Up to be expressible as a sum of discrete identical energy elements ¢, whose number

likewise could be designated by a very large number P.

Therefore
Uv=N-U=P-¢ (10)

where U is the average energy of an oscillator.

A measure of the required probability W is the number of different ways in
which P energy quanta can be partitioned among N oscillators: that is

According to Eqn9 the entropy of the oscillator system is:

(P + N)!

and with STIRLING’s approximation:

S=k-{(§+1)log(§+l)—%log%}. (12)

The similarity between Eqns8 and 12 is obvious. It only remains to make the
identifications: ,
k=2 and Ll = L
«a N odf
Then it follows from Eqnl0 that the magnitude of the energy element is ¢ = o'f.
The constant o' — which I denoted as i and called the elementary quantum of
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action or the action quantum, in contrast to the energy quantum hf. From the
measured values of the constants o and o/ the radiation law of Eqn7 gives the

value of k and h:

k =1.346 x 10716 ergs/degK, and h =6.55x 10?7 erg sec.

What was of next concern was the experimental proof of this theory, which at
that time was only possible in a very limited way. Before this the only constant
thought of was k, for whose numerical value only the order of magnitude was

known in some degree. ------

Now however there arose the theoretically all-important problem, to assign this
remarkable constant a physical meaning. Its introduction constituted a break with
the classical theory, which to many was too radical, as [ had initially anticipated.
So also was the way in which the entropy as a measure of the probability in the
sense of BOLTZMANN was definitively determined even for the radiation. -----.

But the nature of the energy quantum remained unclear.

For many years I continued to do further research, trying somehow to fit the
action quantum into the system of classical physics. But it seems to me that this
is not possible. In any case, as is well known, there has been the development
of the Quantum physics by the younger forces, of whom [ mention here only the
names EINSTEIN, BOHR, BORN, JORDAN, HEISENBERG, DE BROGLIE,
SCHRODINGER, DIRAC, - -----

Footnotes and References:
1) Eqnl: U = ;—: Ry .
2) Eqn2: S = _EUT - log g—!
3) Eqn3: gg =
4) Eqn4: Ry = 4}; cemedIT,

S el



