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Einstein writes 
to a friend in 1905	


 	




“Dear Habicht….”	

Einstein to Conrad Habicht	

18th or 25th May 2005	

	




“…you frozen whale, you smoked, 
dried, canned piece of sole…”	


…So, what are you up to, you frozen whale, you smoked, dried, canned piece of sole…? …
Why have you still not sent me your dissertation? …Don't you know that I am one of the 
1.5 fellows who would read it with interest and pleasure, you wretched man? I promise you 
four papers in return…	


The [first] paper deals with radiation and the energy properties of light 
and is very revolutionary, as you will see if you send me your work first.	


The second paper is a determination of the true sizes of atoms from the diffusion and the 
viscosity of dilute solutions of neutral substances.	


The third proves that, on the assumption of the molecular kinetic theory of heat, bodies on 
the order of magnitude 1/1000 mm, suspended in liquids, must already perform an 
observable random motion that is produced by thermal motion;…	


 The fourth paper is only a rough draft at this point, and is an electrodynamics of moving 
bodies which employs a modification of the theory of space and time; th3 purely 
kinematical part of this paper will surely interest you. 	


	




“…and is very 
revolutionary”	
Einstein’s assessment of his light quantum paper.	


 	


Light as depicted by 
Maxwell-Lorentz 
electrodynamics,	

the greatest theoretical achievement 
of 19thc. Science	


"Monochromatic radiation of 
low density behaves--as long as 
Wien's radiation formula is valid 
[i.e. at high values of frequency/
temperature]--in a 
thermodynamic sense, as if it 
consisted of mutually 
independent energy quanta of 
magnitude [h]."	




Atoms are real and must appear in 
our treatments of matter. The Maxwell-
Boltzmann program is fulfilled.	


Results implicit in Maxwell-
Lorentz electrodynamics are extracted 
and made general.	


The great achievement 
of 19thc. physics, 
Maxwell-Lorentz 
electrodynamics, is 
overturned.	


 	


Einstein's doctoral dissertation	

"A New Determination of Molecular Dimensions"	

Buchdruckerei K. J. Wyss, Bern, 1905. (30 April 1905)	

Also: Annalen der Physik, 19(1906), pp. 289-305.	


"Brownian motion paper."	

"On the motion of small particles suspended in liquids at rest 
required by the molecular-kinetic theory of heat." 	

Annalen der Physik, 17(1905), pp. 549-560.(May 1905; received 11 May 1905)	

	


"Light quantum/photoelectric effect paper"	

"On a heuristic viewpoint concerning the production and 
transformation of light." 	

Annalen der Physik, 17(1905), pp. 132-148.(17 March 1905)	


Special relativity	

“On the Electrodynamics of Moving Bodies,”	

Annalen der Physik, 17 (1905), pp. 891-921. (June 1905; received 30 June, 1905)	


E=mc2	

“Does the Inertia of a Body Depend upon its Energy Content?”	

Annalen der Physik, 18(1905), pp. 639-641. (September 1905; received 27 
September, 1905)	
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Why is the light quantum alone “very revolutionary”? 	
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Einstein’s light quantum paper 
initiated a reappraisal of the physical 
constitution of light that is not 
resolved over 100 years later.	


“All these fifty years of 
conscious brooding have brought 
me no nearer to answering the 
question, What are light quanta? 
Nowadays every Tom, Dick and 
Harry thinks he knows it, but he 
is mistaken.”	

Einstein to Besso, Dec. 12, 1951	


   	




8	


This talk. ���

How ���
did he do it?	


 	




Was it….	
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Inscrutable 
inspiration?	


Systematic 
exploration?	
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…it was a bit of both…	


The content 	

of Einstein’s discovery was quite 
extraordinary:	

	

High frequency light energy exists in	

• many,	

• independent,	

• spatially localized	

points.	


The method 	

of Einstein’s discovery was familiar 
and secure.	

	

Einstein’s research program in statistical physics from 
first publication of 1901:	

How can we infer the microscopic properties 
of matter from its macroscopic properties?	


The statistical papers of 1905: the 
analysis of thermal systems consisting of 
• many,	

• independent	

• spatially localized,	

points.	


Ideal gases,	

Dilute sugar solutions,	


Small particles in suspension	
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My goal is NOT…	


 	


…to give a fine-grained reconstruction of 
Einstein’s pathway to the light quantum.	


My goal IS to show…	


If we locate Einstein’s light 
quantum paper against the 
background of electrodynamic 
theory, its claims are so far 
beyond bold as to be foolhardy.	


If we locate Einstein’s light quantum 
paper against the background of his work 
in statistical physics,	

its methods are an inspired variation of 
ones repeated used and proven effective 
in other contexts on very similar 
problems.	




12	


The Light 
Quantum Paper 

of 1905	
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The Light Quantum Paper	
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Development of the 
“miraculous 

argument”	


Photoelectric 
effect	


The Light Quantum Paper	


 	

§1 On a difficulty encountered in the theory of “black-body 

radiation”	

	

§2 On Planck’s determination of the elementary quanta	

	

§3 On the entropy of radiation	

	

§4 Limiting law for the entropy of monochromatic radiation at low 

radiation density	

	

§5 Molecular-theoretical investigation of the dependence of the 

entropy of gases and dilute solutions on the volume	

	

§6 Interpretation of the expression for the dependence of the 

entropy of monochromatic radiation on volume according to 
Boltzmann’s Principle	


	

§7 On Stokes’ rule	

	

§8 On the generation of cathode rays by illumination of solid 

bodies	

	

§9 On the ionization of gases by ultraviolet light	
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The Miraculous Argument. Step 1.	
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The Miraculous Argument. Step 1.	

 	


Probability that n 
independently moving points 
all fluctuate into a subvolume 

v of volume v0 	

W = (v/v0)n	


e.g molecules in a 
kinetic gas, solute 
molecules in dilute 
solution	


Boltzmann’s Principle	

S = k log W	


Entropy change for the 
fluctuation process	
 S - S0= kn log v/v0	


Standard 
thermodynamic 

relations	


Ideal gas law for kinetic 
gases and osmotic pressure 

of dilute solutions	

Pv = nkT	
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The Miraculous Argument. Step 2.	
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The Miraculous Argument. Step 2.	

 	


Observationally derived 
entropies of high frequency  

radiation of energy E and 
volume v and v0 	


S - S0= k (E/h) log V/V0	


Restate in 
words	


"Monochromatic radiation of low density behaves--
as long as Wien's radiation formula is valid --in a 
thermodynamic sense, as if it consisted of mutually 
independent energy quanta of magnitude [h]."	


W = (V/V0)E/
h	


Boltzmann’s Principle	

S = k log W	


Probability of constant energy 
fluctuation in volume from v 

to  v0 	
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Einstein’s Prior 
Publications	


 	




“worthless 
beginner’s 
papers”	

Einstein to Stark 1907	


Independently 
discovered Gibbs 
approach to 
statistical physics.	

Later: would not have 
published them had he known 
of Gibbs book.	


Patent clerk and published expert in statistical physics	
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1901.“Folgerungen aus dem 
Capillaritätserscheinungen,” Annalen der Physik, 4, 
pp. 513-23.	

	

1902. “Ueber die thermodynamische Theorie der 
Potentialdifferenz zwischen Metallen and 
vollständig dissociirten Lösungen ihre Salze and 
über eine elektrische Methode zur Erforschung der 
Molecularkräfte,” Annalen der Physik, 8, pp. 
798-814.	

	

1902. “Kinetische Theorie des 
Wärmegleichgewichtes und des zweiten 
Hauptsatzes der Thermodynamik,” Annalen der 
Physik, 9, pp. 417-433. Papers, Vol. 2, Doc. 3.	

	

1903.“Eine Theorie der Grundlagen der 
Thermodynamik,” Annalen der Physik, 11, pp. 
170-87. Papers, Vol. 2, Doc. 4.	

	

1904. “Zur allgemeinen molekularen Theorie der 
Wärme,” Annalen der Physik, 14, pp. 354-62.	
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Einstein’s first two “worthless” papers	

 	


Einstein to Stark, 7 Dec 1907, “…I am 
sending you all my publications 
excepting my two worthless beginner’s 
works…”	


“Conclusions drawn 
from the 
phenomenon of 
Capillarity,” 
Annalen der Physik, 
4(1901), pp. 
513-523.	


“On the thermodynamic 
theory of the difference 

in potentials between 
metals and fully 

dissociated solutions of 
their salts and on an 

electrical method for 
investigating molecular 

forces,” Annalen der 
Physik, 8(1902), pp. 

798-814.	
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Einstein’s first two “worthless” papers	

 	


Einstein’s hypothesis:	

Forces between molecules at 
distance r apart are  governed by a 
potential P satisfying	

	

P = P - cc(r)	

	

for constants cand c 
characteristic of the two 
molecules and universal function 
(r).	


macroscopic properties of 
capillarity and 
electrochemical potentials	


infer	


coefficients in the 
microscopic force law.	


From	
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The Light Quantum Paper	

 	


macroscopic 
thermodynamic 
properties of heat 
radiation	


infer	


microscopic 
constitution of 
radiation.	


From	
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The Molecular 
Projects of 1905	
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Einstein’s Doctoral Dissertation	

 	


macroscopic 
thermodynamics of 
dilute sugar solutions 
(viscosity, diffusion)	


infer	


microscopic 
constitution	

(size of sugar 
molecules)	


From	
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The “Brownian Motion” Paper	

 	


microscopically 
visible motions of 
small particles	


infer	


sub-microscopic 
thermal motions of 
water molecules and 
vindicate the 
molecular-kinetic 
account.	


From	




Both analyze systems of many, independent, spatially localized points	
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Diffusion of sugar molecules in 
dilute solution	


Random motion of small particles 
suspended in a fluid	


Microscopically…	

the spreading is due 

to random thermal 
motions.	


Macroscopically…	

the spreading is 
driven by osmotic 
pressure.	


Two descriptions	
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Many, independent, 
spatially localized 

points	
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Infer the system consists 
microscopically of n, 
independent, spatially 
localized points.	


The macroscopic signature of the 
microscopic constitution of the light quantum paper	


 	


Find this dependence 
macroscopically	


There was a much more familiar 
signature of the same microscopic 

constitution…	


Entropy change = k n   log (volume ratio)	




Ideal Gas Law    PV = nkT	
  	


Microscopically…	

many, independent, 
spatially localized 
points scatter due to 
thermal motions	


Macroscopically…	

the spreading is 
driven by a pressure	

 P =nkT/V	


The equivialence was 
standard. Arrhenius 
(1887) used it as a 
standard technique to 
discern the degree of 
dissociation of solutes 
from their osmotic 
pressure.	


Einstein’s 
molecular 

systems of 
1905	


Ideal gases	

Dilute solutions	

Small particles in 
suspension	


obey the ideal gas law because	


they consist of 
systems of many, 
independent, spatially 
localized points. 	
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Einstein’s 1905 derivation of the ideal gas law 
from the assumption of very many, independent, localized components	


Brownian 
motion 
paper, §2 
Osmotic 
pressure 
from the 
viewpoint of 
the 
molecular 
kinetic 
theory of 
heat.	
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A much simpler derivation	


 	
Very many, 
independent, small 
particles at 
equilibrium in a 
gravitational field.	


Equilibration of pressure by a field instead of a semi-permeable membrane was 
a device Einstein used repeatedly but casually in 1905, but had been 
introduced with great caution and ceremony in his 1902 “Potentials” paper.	


Independence expressed: 
energy E(h) of each particle 
is a function of height h only.	


Pull of gravity  
equilibrated by 
pressure P.	
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Probability of one molecule at height h	

    P(h) = const. exp(-E(h)/kT)	


Density of gas at height h	

 = 0 exp(-E(h)/kT)	


Density gradient due to gravitational field	

    d/dh = -1/kT (dE/dh)  = 1/kT f = 1/kT dP/
dh	

where f =  - (dE/dh)  is the gravitational force 
density, which is balanced by a pressure gradient 
P for which f = dP/dh.	

Rearrange     d/dh(P - kT) = 0	


So that   P = kT       PV = nkT	

since = n/V	


A much simpler derivation	

Boltzmann 

distribution of 
energies	


Ideal gas 
law	


Reverse inference 
possible, but 

messy. Easier with 
Einstein’s 1905 

derivation.	
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So why didn’t Einstein���
 use the ideal gas law as the signature of light 

quanta in heat radiation?	
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Does the ideal gas law fail for heat radiation?	


Ideal gas expanding isothermally	


P  1/V	

Heat radiation expanding isothermally	

P is constant	


NO! Disanalogy: expanding 
heat radiation creates new 

components.	


Ideal gas expanding isothermally	


P  n/V	

Heat radiation expanding isothermally	

P  n/V	

but n/v is constant	
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Heat radiation consists of n = (VT3/3k) localized 
components, where n will vary with changes in 
volume V and temperature T?	


= n kT/V	


Ideal Gas Law Does Hold for Wien Regime Heat Radiation…	


 	


Wien 
distribution	


 

u(! ,T ) = 8"h!
3

c3
exp #h!

kT
$ 
% 
& 

' 
( 
) 

Radiation 
pressure	
 = 	
 energy 

density	
 u /3	

mean energy 
per quantum	
= 3kT	
 energy density 

for n quanta	
 = 3nkT/V	


=  nkT/V	


Einstein, light 
quantum paper, §6.	


P	

Full spectrum radiation	


Same result for single 
frequency cut, but much 
longer derivation!	


…but it is an unconvincing signature of discreteness	


P = u/3 = T4/3 = (VT3/3k) k T/
V	
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Einstein’s solution: find a rare process in which no 
new quanta are created���
	


 	

Volume fluctuation 
of heat radiation	


Entropy change = k n   log (volume ratio)	

Virtually no other process has this simple an analysis.	
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Conclusion	
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How did Einstein do it?	


The content 	

of Einstein’s discovery was quite 
extraordinary:	

	

High frequency light energy exists in	

• many,	

• independent,	

• spatially localized	

points.	


The method 	

of Einstein’s discovery was familiar 
and secure.	

	

Einstein’s research program in statistical physics from 
first publication of 1901:	

How can we infer the microscopic properties 
of matter from its macroscopic properties?	


The statistical papers of 1905: the 
analysis of thermal systems consisting of 
• many,	

• independent	

• spatially localized,	

points.	


Ideal gases,	

Dilute sugar solutions,	


Small particles in suspension	
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Read	

 	




41	
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Commercials	
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Finis	

 	



