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The 1905 paper: what did Einstein do?

Development: where did he go from there?

Reaction: what did others think?

Do you know?

A little something from quantum optics



On a Heuristic Point of View about
the Creation and Conversion of Light†

A. EINSTEIN

The wave theory of light which operates with continuous functions
in space has been excellently justified for the representation of purely
optical phenomena and it is unlikely ever to be replace by another
theory. One should, however, bear in mind that optical observations
refer to time averages and not to instantaneous values and notwith-
standing the complete experimental verification of the theory of
diffraction, reflexion, refraction, dispersion, and so on, it is quite
conceivable that a theory of light involving the use of continuous
functions in space will lead to contradictions with experience,
if it is applied to the phenomena of the creation and conversion of light.

† Ann. Physik 17, 132 (1905).



In fact, it seems to me that the observations on the “black-body
radiation”, photoluminescence, the production of cathode rays by
ultraviolet light and other phenomena involving the emission or
conversion of light can be better understood on the assumption that
the energy of light is distributed discontinuously in space. According
to the assumption considered here, when a light ray starting from
a point is propagated, the energy is not continuously distributed
over an ever increasing volume, but it consists of a finite number of
energy quanta, localised in space, which move without being divided
and which can be absorbed or emitted only as a whole.

In the following, I shall communicate the train of thought and
the facts which lead me to this conclusion, in the hope that
the point of view to be given may turn out to be useful for some
research workers in their investigations.

1. On a Difficulty in the Theory of “Black-body Radiation”

To begin with, we take the point of view of Maxwell’s theory
and electron theory and consider the following case……



1. On a Difficulty in the Theory of “Black-body Radiation”

2. On Planck’s Determination of Elementary Quanta

3. On the Entropy of the Radiation

4. Limiting Law for the Entropy of Monochromatic
Radiation for Low Radiation Density

5. Molecular—Theoretical Investigation of the Volume-dependence
of the Entropy of Gases and Dilute Solutions

6. Interpretation of the Volume-dependence
of the Entropy of Monochromatic Radiation
according to Boltzmann’s Principle

7. On Stokes’ Rule

8. On the Production of Cathode Rays by the Illumination of Solids

9. On the Ionisation of Gases by Ultraviolet Light
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“I have thought a hundred times as much about the quantum
problems as I have about general relativity.”

— recollection of Otto Stern
Jost, R., 1977, letter to A. Pais, August 17



1909 — energy fluctuations, waves & particles:
Einstein, A., 1909, Phys. Z. 10, 185, 817

1916 — dynamical equilibrium, A and B theory:
Einstein, A., 1916, Verh. Dtsch. Phys. Ges. 18, 318
Einstein, A., 1916, Mitt. Ph. Ges. Zürich 16, 47 
Einstein, A., 1917, Phys. Z. 18, 121 

1907 — specific heats:
Einstein, A., 1907, Ann. Phys. (Leipz.) 22, 180, 800

1925 — quantum gas, Bose-Einstein condensation:
Einstein, A., 1925, Sitzungsber. Preuss. Akad. Wiss. Phys.-Math. Kl., p. 3

1935 — objective reality, incompleteness of QM:
Einstein, A., B. Podolsky, and N. Rosen, 1935, Phys. Rev. 48, 73



1909 — energy fluctuations, waves & particles:
Einstein, A., 1909, Phys. Z. 10, 185, 817

hE 2(ν,T )i = (h νρ + ρ 2)Vdν
8πν 2

c3

particle
term

wave
term

(∆n)2 = hn2i hni2  = hni + hni2



“I already attempted earlier to show that our current
foundations of the radiation theory have to be
abandoned … it is my opinion that the development of
theoretical physics will bring us to a theory of light
which can be interpreted as a kind of fusion of the wave
and the emission theory … [the] wave structure and
[the] quantum structure … are not to be considered
mutually incompatible … it seems to follow from
the Jeans law that we will have to modify our current
theories, not to abandon them completely.”

— summary by A. Pais of comments from the 1909 papers
Pais, A., 1979, Rev. Mod. Phys. 51, 878



“All these 50 years of pondering have not brought me closer
to answering the question ‘What are light-quanta’.”

— letter to Michelle Besso, 1951
Einstein, A., 1951, letter to M. Besso, December 12

in Speziali, P., 1972, editor, Albert Einstein Michelle Besso
correspondence 1903-1955 (Herman, Paris), p.453



“It appears dubious whether a field theory can account for
the atomistic structure of matter and radiation as well as
the quantum phenomena. Most physicists will reply with
a convinced ‘No’, since they believe that the quantum
problem has been solved in principle by other means.
However that may be, Lessing’s comforting word stays
with us: the aspiration to truth is more precious than its
assured possession.”

— last autobiographical sketch, Princeton, March 1955, 
Einstein, A., 1956, in Helle Zeit, Dunkle Zeit, edited by C. Seelig

(Europa, Zürich)
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“In sum one can say that there is hardly one among
the great problems, in which modern physics is so rich,
to which Einstein has not made a remarkable contribution.
That he may sometimes have missed the target in his
speculations, as for example in his hypothesis of
light-quanta, cannot really be held too much against him
for it is not possible to introduce new ideas even in the
most exact sciences without sometimes taking a risk.”

— Planck, Nernst, Rubens, Warburg
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Bohr, N., H.A. Kramers, and J.C. Slater,
1924, Philos. Mag. 47, 785



1909 — energy fluctuations, waves & particles:
Einstein, A., 1909, Phys. Z. 10, 185, 817
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This success of
Einstein’s theory was all

the more striking in view of the
failure of the classical wave theory
of light to account for the features

of the photoelectric effect. According
to the wave theory, the crucial
parameter that determines the

ejection of a photoelectron should be
the intensity of light. If an intense
electromagnetic wave strikes an

electron, it should be able to jolt it
loose from the metal, regardless of the
frequency of the wave. Furthermore,
the kinetic energy of the ejected
electron should be a function

of the intensity of the
wave.
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1909 — energy fluctuations, waves & particles:
Einstein, A., 1909, Phys. Z. 10, 185, 817

hE 2(ν,T )i = (h νρ + ρ 2)Vdν
8πν 2

c3

(∆n)2 = hn2i hni2 = hni + hni2

hn2i hni = hni2 + hni2 = 2hni2

hn2i hni
hni2 = 2 (for thermal light)
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particle
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(∆n)2 = hni + hni2

hn2i hni
hni2 = 1 + variance of wave fluctuation
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photon antibunching

in cavity QED

G.T. Foster, S.L. Mielke, and L.A. Orozco,
Phys. Rev. A 61, 053821 (2000)



“All these 50 years of pondering have not brought me closer
to answering the question ‘What are light-quanta’.”

— letter to Michelle Besso, 1951
Einstein, A., 1951, letter to M. Besso, December 12

in Speziali, P., 1972, editor, Albert Einstein Michelle Besso
correspondence 1903-1955 (Herman, Paris), p.453


