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Einstein’s prediction, 1925
• “… the study of the equation of state
[according to the present theory] shows
that if the number of molecules n and the
temperature T are given the volume
cannot be made arbitrarily small.”
• “But then, what happens if I let the density
of the substance, n/V, increase further at
this temperature (for example, by
isothermal compression)?”

Einstein’s prediction, 1925
• “I assert that in this case a number of molecules,
a number increasing with the total density,
passes into the first quantum state (state without
kinetic energy), while the remaining molecules
distribute themselves according to the parameter
value λ=1.”
• “This assertion means that there occurs
something similar to what happens when
isothermally compressing a vapour above the
saturation volume. A separation takes place; a
part ‘condenses’, the rest remains a ‘saturated
ideal gas’.”

A thirteen-year neglect
• Einstein’s argument for BEC was
questioned
“The degeneracy of the Bose-Einstein gas has
rather got the reputation of having only a purely
imaginary existence.”
[London, 1938]

• Real gases are not ideal gases
“The densities are so high and the temperatures
so low that the van der Waals corrections are
bound to coalesce with the possible effects of
degeneration, and there is little prospect of ever
being able to separate the two kinds of effect.”
[Schrödinger, 1946]
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[Ref. Hoddeson et al., eds., Out of the Crystal Maze, 1992]

“Title: Does the Bose-Einstein Statistics Lead for Ideal Gases to a Condensation in the
Degenerate State?
G. E. Uhlenbeck and P. Ehrenfest (Leiden, 1933)
Summary: No!”

UHLENBECK’S OBJECTION, 1927
• The replacement of the summation in s by an
integration is equivalent to neglecting the quantization
of the energy spectrum of the molecules. This is not a
valid approximation in the case of λE close to 1
• The first term of the sum in s, which represents the
number of particles in the first quantum state, becomes
infinite for λE→1. Hence, this value can be reached
only asymptotically, and there is no upper limit on n
from the exact equation.

J. E. Mayer’s encounter with
statistical mechanics, 1928
“I had no knowledge of statistical mechanics and
Lewis had never worked in the field either. He had
become interested in the discovery that had just
been made of the difference between quantum
mechanical statistical mechanics and the classical,
and the Bose-Einstein versus the Fermi-Dirac
systems. During the day I tried to learn statistical
mechanics … Gilbert and I spent the evening
together …I still like the methods that we evolved for
deriving thermodynamics from statistical mechanics,
that is, from the mechanical laws for the motion of
molecules.”
(Mayer, 1982)

[Ref. Hoddeson et al., eds., Out of the Crystal Maze, 1992]
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“Can one prove with mathematical rigor from the foundations of
statistical mechanics i.e. from the partition function, that a gas
with given intermolecular forces will condense at sufficiently low
temperature at a sharply defined density, so that the isotherms will
exhibit a discontinuity? It may seem strange now that there could
be any doubt that this would be possible but at the conference (so
still in 1937!) one wasn’t so sure and I remember that Debye, for
instance, doubted it. In my opinion, the liberating word was
spoken by Kramers. He remarked that a phase transition (such as
condensation) could mathematically only be understood as a
limiting property of the partition function. Only in the limit,
where the number of molecules N and the volume V go to infinity
such that N/V remains finite (one calls this now the
thermodynamic limit) can one expect that the isotherm will
exhibit the two known discontinuities.”
(Uhlenbeck, 1974)

QUESTIONS
• How much did the advent of quantum
mechanics and quantum statistics influence, or
even favour, the widespread acceptance of
statistical mechanics as the proper foundation of
thermodynamics?
• How much did Bose-Einstein condensation,
being the first phase transition fully rooted in
the statistical treatment of a thermodynamic
system, contribute to the emergence of the new
category of “cooperative phenomena”?

