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"NICHT SEIN KANN WAS NICHT SEIN DARF.," OR THE PREHISTORY OF EPR, 1909-1935:

EINSTEIN'S EARLY WORRIES ABOUT THE QUANTUM MECHANICS OF COMPOSITE SYSTEMS®

Pon Howard

Department of Philosophy
University of Kentucky

Lexington, Kentucky

1. INTRODUCTION

The story of Einstein's misgivings about quantum mechanics and about
his debate with Bohr has been told many times--by the participants them- _
selves,! by their colleagues and contemporaries,? and by historians and phi-
losophers of science of later generations.? So the question arises: Why
tell the story yet again? The answer is that there is more to be said. 1
will argue that the standard histories have overlooked what was from early
on the principal reason for Einstein's reservations about quantum mechanics,
namely, the non—separability of the quantum mechanical account of interac-
tions, something ultimately unacceptable to Einstein because it could not be”
reconciled with the field-theoretic manner of describing interactions.®
Showing the significance of this i1ssue for Einstein is important not only
for the sake of setting right the historical record, but also because it
makes Einstein's critique of quantum mechanics far more interesting——from
the point of view of the physics involved--than if we see it resting merely
on a stubborn old man's nostalgic attachment to classical determinism.
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*The quote used in the title is taken from a letter of Wolfgang Pauli
to Werner Heisenberg, 15 June 1935 (Pauli 1985, p. 402), in which Pauli
takes issue with the EPR argument. Pauli himself took the quote from a poem
by Christian Morgenstern, "Die unmgliche Tatsache,” reprinted in the col-
lection, "Alle Galgenlieder"” (Berlin, 1932), p. 163.

1See Bohr 1949 and Einstein 1946.

2See, for example, Ehrenfest to Goudsmit, Uhlenbeck, and Dieke, 3 No-
vember 1927 (quoted in Bohr 1985, p. 38); see also Rosenfeld 1967.

3The accounts by Harvey Brown (1981), Arthur Fine (1979), Clifford
Hooker (1972), Max Jammer (1974, 1985), Abraham Pais (1982), and John
Stachel (1986) are those most highly to be recommended. Though he is not a
historian, Bernard d'Espagnat has written insightfully about the Bohr-
Einstein controversy, displaying an especially good understanding of the
technical issues involved in Binstein's critique of the quantum theory and
his dispute with Bohr: see d'Espagnat 1976, 1981.

4To my knowledge, Fine (1986) is the only author who has so far hinted
at the importance of this worry in Binstein's thinking about quantum mechan-

ics prior to 1935,
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Acccording to the standard accounts, Einstein's critique of the quantum

theory first took the form of doubts about its correctness. More specifi-
cally, he is supposed to have sought through a series of thought experiments
to exhibit violations of the Heisenberg uncertainty relations. Contemporary
witnesses and later commentators describe dramatic encounters between Rin-
stein and Bohr at the 1927 and 1930 Solvay meetings, where, one by one, Bohr
found the flaws in Binstein arguments, culminating in his stunning refuta-
tion of Binstein's "photon box" experiment, a refutation that turned, ironi-
cally, upon Bohr's showing how a relativistic correction overlooked by
Pinstein saves the day for the uncertainty relations. In this version of
history, it was only after Bohr had beaten down these attacks on the cor-
rectness of the quantum theory that Einstein reformulated his critique in
terms of doubts about the theory's completeness, the mature version of this
latter critique being found in the 1935 Einstein-Podolsky-Rosen (EPR) paper.

There is, of course, some truth to the standard history, even though it
was written by the victors, for Binstein did at one time have doubts about
the uncertainty relations. But it is far from being the whole story, and in
many crucial ways it is just plain wrong. It is not true that Binstein be-
gan to doubt the theory's completeness only after Bohr had parried his at-

tempts to prove it incorrect. BRinstein expressed public worries about in-

completeness as early as the spring of 1927, and there are hints of such
worries earlier still. But more importantly, from a very early date, at
least 1925./Einutein was pondering the curious failure of classical assump-
tions abouut the independence of interacting systems made vivid in the new
Bose~Binstein statistics. Earlier still, certainly by 1909, Binstein had
recognized that the Planck formula for black~body radiation cannot be de-
rived if one assumes that light quanta behave like the independent molecules
in the gases described by classical statistical mechanics. And by spring
1927, Binstein had recognized that quantum mechanies (or at least Schri-—

Idinger's wave mechanics) fails to satisfy the kind of separability principle

|

that he regarded as a necessary condition on any adequate physical theory, a
condition clearly satisfied by field theories like general relativity.

Einstein did worry as well about the failure of determinism, about the
peculiar consequences of indeterminacy, and about the curious nature and
role of measurement in quantum mechanics. But these were pot, for Rinstein,
fundamental problems. They were, instead, symptoms corollary to the one
basic problem of the quantum mechanical denial of the independence of inter-
acting systems. And the main purpose of the famous series of thought exper-
iments devised by Einstein, at least by the time of the 1930 photon—box
thought experiment, was to show that the non-separable quantum theory neces-
sarily yields an incomplete description of physical events if one seeks to

apply it to systems assumed to satisfy a strict separability principle.

There 18 obvious irony in the circumstance that EBinstein could not ac~-
cept the non—separability of the quantum theory, because quantum non-sepa-
rability is the almost inevitable issue of a line of development initiated
by Einstein's recognition that the Planck formula cannot be derived from the
agssumption of mutually independent light quanta and furthered essentially by
Einstein's elaboration in 1924-1925 of Bose-Rinstein statistics, where the
necessary denial of the independence of interacting systems emerges with
special clarity. The history of quantum mechanics up to 1926, which is of-
ten described as a search for a way consistently to marry the wave and par-
ticle aspects of light quanta and material particles, is, I think, better
described as a search for a mathematically consistent and empirically cor-
rect way of denying the mutual® independence of interacting quantum systems.
Particles are naturally imagined as satisfying the separability principle,
and hence as being mutually independent. So too the waves familiar to us
E'rom hydrodynamics, acoustics, and electrodynamics, but not the kind of
"waves’ that interfere in the manner necessary to generate the right quantum
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statisticas, the "waves" that Schr8dinger discovered must be located in con-

figuration space, "waves" whose chief virtue is that the "wave" function for
a joint system need not be decomposible into separate "wave" functions for
the component systems. Binstein opened the line of research that led to
Schridinger's "wave" mechanics, but he could not accept the conclusion, for
it was incompatible with his own deep commitment to the separable manner of
describing interactions implicit in field theories like general relativity.

The first hints that something is seriously wrong with the standard
histories of Einstein's critique of quantum mechanics emerged from a reexam—
ination of the EPR argument initiated by Arthur Fine and since pursued by
myself and others. This re—examination revealed that Einstein did not write
the EPR paper, did not like the argument it contained, and from the summer
of 1935 on espoused a rather different argument for incompleteness, one that
turns crucially upon the just-mentioned, characteristically field-theoretic
assumption about the independence of interacting systems, the assumption
Einstein himself here dubs the "Trennungsprinzip" Lpeparation'principle].

Elsewhere I have written at length about EBinstein's real argument for
the incompleteness of quantum mechanics, about some of the systematic ques-
tions raised by the problem of the compatibility of quantum mechanics and
field theory, and about Einstein's views on this question after the appear-
ance of the EPR paper in 1935. Here I want to f£ill in the story for the
period before the EPR paper. I am quite deliberate in seeking to do so with
the benefit of hindsight, that is to say that, knowing how central the issue
of the separability or independence of interacting systems became in Ein-
gtein' s later discussions of quantum mechanics, I use that insight as a heu-
ristic in trying to understand his earlier struggles with the problem, my
working hypothesis being that the worry was similar from early to late.

In what follows, I will First review briefly what I have elsewhere
written about EBinstein's post—-BEPR critique of the quantum theory. Then I
will turn to a careful retelling of the story of Rinstein's worries about
quantum mechanics from 1905 to 1935. I will start with Binstein's tanta-
lizing remarks about the failure of separability at the time of his papers
on Bose-Einstein statistics. I will then explore the background to these
remarks in his earliest papers on the quantum hypothesis, from 1905 to 1909.
Returning to the 19208, I will outline Einstein's growing misgivings about
the new quantum mechanics from 1925 to 1927, culminating in his first ex-
plicit criticism of the failure of separability in wave mechanics in the

spting of 1927,  The paper concliides with a review of the history of Ein-
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stein 8 famous Gedankenexperimente critical of quantum mechanics, my aim be-
ing to show that from the start his principal goal was to demonstrate how a
non-geparable quantum mechanics 18 necessarily incomplete when applied to
systems assumed to be separable.

2. BINSTEIN ON LOCALITY AND SEPARABILITY AFTER EPR

The Pinstein-Podolsky~Rosen (1935) paper is still commonly taken to
represent the definitive statement of Einstein’'s mature misgivings about the
quantum theory. In brief, the argument found there is this. Pirst, a com-
pleteness condition is asserted as a necessary condition that must be satis-
fied by any acceptable scientific theory: "every element of the physical
reality must have a counterpart in the physical theory"” (EPR 1935, p. 777).
Then a sufficient condition for the exjstence of elements of physical real-
ity (the famous EPR reality criterion) is laid down: "1f, without in any
way disturbing a system, we can predict with certainty (i.e. with probabil-
ity equal to unity) the value of a physical quantity, then there exists an
element of physical reality corresponding to this physical quantity” (Ein-

stein, Podolsky, and Rosen 1935, p. 777). And then, finally, by means of a
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rather complicated argument, it is shown that in an EPR-type thought experi-
ment tnvolving previously interacting systems, elements of physical reality
exist corresponding to both of two conjugate parameters for one of the two
interacting systems, since the value of either could have been predicted
with certainty and without physically disturbing the system on the basis of
measurements carried out on the other system. But quantum mechanics holds
that conjugate parameters, like position and linear wmomentum along a common
axis, cannot have simultaneously definite values. Quantum mechanics is,
thus, incomplete, since it fails to satisfy the completeness condition.

That is the standard account of Binstein's incompleteness argument.
But that account is seriously wrong. BRinstein did think quantum mechanics
incomplete, but for reasons significantly different from those advanced in
the EPR paper. He repudiated the RPR argument within weeks of its publica-
tion; and from 1935 on, all of his discussions of incompleteness take a
quite different form from that found in the EPR paper. He continued to be
concerned with the peculiar way in which quantum mechanics describes inter-
acting systems; but he never invoked the EPR completeness condition, he
never invoked the reality criterion, and he never invoked the uncertainty
relations. Moreover, what he does say makes far clearer than the EPR paper
the connection between his critique of quantum mechanics, on the one hand,

and his commitments to field theories a ealism, on the other.

Einstein’'s own incompleteness argument first appears in correspondence
with Erwin Schrédinger in June of 1935, barely one month after the publica-
tion of the EPR paper; it was repeated and refined in a series of papers and
other writings between 1936 and 1949.% In outline, it is this. A complete
theory assigns one and only one theoretical state to each real state of a
physical system.¢ But in EPR~type experiments involving spatio—temporally
separated, but previously interacting systems, A snd B, quantum mechanics
assigns different theoretical states, different "psi-functions,” to one and
the same real state of A, say, depending upon the kind of measurement we
choose to carry out on B. Hence quantum mechanics is incomplete.

The crucial step in the argument involves the proof that system A pos-
sesses one and only one real state. This is held to follow from the con-
junction of two principles that I (not EBinstein himself) call the locality
and separability principles. Separability says that spatio-temporally sepa-
rated systems possess well-defined real states, such that the joint state of
the composite system is wholly determined by these two separate states.
Locality says that such a real state is unaffected by events in regions of
space-time separated from _{._E by a spacelike interval.’” Rinstein argues that
both principles apply to the separated systems in the EPR-type experiment
(if they are allowed to separate sufficiently before we perform a measure-~
ment on B). It follows that system A has its own well-defined real state
from the moment the interaction between A and B ceases, and that this real
state is unaffected by anything we do in the vicinity of B. But quantum

mechanics, again, assigns different states to A depending upon the parameter

*The principal published texts are Rinstein 1936, 1946, 1948, and 1949;
another important source is Born 1969. For detailed references, see Howard
1985 or 1989.

*This is a curious conception of completeness, more akin to what is
called in formal semantics "categoricity.” For more on the background to
the concept of the categoricity or "Bindeutigkeit"” of theories in Binstein's
work prior to the development of general relativity in 1915, see Howard
1988. A future paper will explore the issue in the years 1915 to 1935.

"What Einstein calls the "Trennungsprinzip” in his 1935 correspondence
with Schridinger combines both separability and locality. Rinstein does not

himself make the distinction clearly until 1946: see Howard 1985.
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chosen for measurement on B. Thus, EBinstein claims that the incompleteness
of quantum mechanica--in the special sense of its assigning different theo-

retical states to one and the same real state——follows inevitably if we in-
sist upon the principles of locality and separability.

Understanding that this was Einstein's real incompleteness argument is
crucial to reconstructing the pre—history of the EPR experiment, and this

for two reasons. FPirst, because I want to argue that as early as 1927 and
in virtually all of his later thought experiments critical of the quantum

theory prior to 1935, it was the problem of non-separability that Einstein
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was really trying to articulate. And, second, because once we see that this

was the real issue, we understand at last why Rinstein's commitment to the
program of field theories forced him to repudiate quantum mechanics. For as
Rinstein himself later explained, both locality and separability, but espe-
cially the latter, are built into the ontological foundations of field theo-
ries. The argument is simple. In a field theory, the fundamental ontology,
the reality assumed by the theory, consists of the points of the space-time
manifold and fundamental field structures, such as the metric and stress-
energy tensors, assumed to be well defined at each point of the manifold.®
Implicitly, therefore, any field theory assumes (i) that each point of the
manifold, and by extension any region of the manifold, possesses its own
real state, say that represented by the metric tensor, and (ii) that all in-
teractions are to be described in terms of changes in these separate real
states, which is to say that joint states are exhaustively determined by
combinations of the relevant separate states, just as the separability prin-
ciple demands. If this is correct (and I think it is), and if the quantum
mechanical account of interactions denies separability, then there can be no
reconciliation of the two. Moreover, Binstein had not inconsiderable (if
not ultimately compelling) arguments—-methodological, epistemological, and
metaphysical~-for retaining;ﬁaih_lngﬂlity and qeggrability,_ahiph_helps to

....---l-“-.-- - il s e il g T e el T e T

explain his dogged commitment to the field theory program as an alternative
to quantum mechanics,

For what follows, the point about the explanation of interactions in

accordance with the separabilty principle bears elaboration. In one sense,
two interacting systems even under a classical description are not indepen-

dent of one another, since various correlations (if only momentum and energy
conservation) are called into being by the interaction. But i1f the two sys-

tems are separable, always possessing well-defined separate states that ex-
haustively determine any joint properties——as is the case in classical me-
chanics, electrodynamics, and general relativity—--then they are independent
in the sense that each possesses its own separate 'reality,” if you will.
And this independence manifests itself in the fact that all of the correla-
tions between them can be explained in terms of their separate states. In

the interesting case of statistical correlations of the kind to be consider-

ed below, this means that all joint probabilities for measurement outcomes,

given the joint state of the two systems, always factorize as the product of

F“____ -t O E B

separate probabilities for the individual measurement outcomes on the two
systems, given, for each system, its own separate state.’” The non-separa-
bility of the quantum mechanical account of interactions manifests itself
precisely in the fact that joint probabilities do not thus factorize.

$It is important to note, however, that on Einstein's understanding of

a field-theoretic ontology (at least that of general relativity), the points
are not given independently of the structures defined upon them. The legacy

of his wrangling with the "hole argument” ("Lochbetractung”) was his regard-

ing the points of the manifold as being only implicitly defined as the in-
tersections of world lines. FPor details, see Stachel 1989.
? For more detail, see Howard 1989, pp. 239-241.
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3. BOSE-EINSTEIN STATISTICS AND THE BOHR-KRAMERS-SLATER THEORY: 1924-1925

The full story of Rinstein’'s struggle with the quantum goes back to
1900, when, as a student, he first read Planck's papers on irreversible ra-
diation processes and began to think about the manner in which light and
matter interact. And it was in 1909 that Einstein first asserted in print
that the quantum hypothesis is incompatible with classical assumptions about
the independence of interacting systems. But I want to start with what was
happening at the beginning of 1925, when Rinsteip for all intents and pur-
poses ceased contributing to the development of the quantum theory, and took
on the role of the theory's chief critic. |

A few months earlier, in June of 1924, Binstein received from the Ben-
gali physicist Satyendra Nath Bose a letter and an accompanying manuscript
with a strikingly new derivation of the Planck radiation law. What was
novel in Bose's derivation--RBinstein called it "an important advance" (Rin-
?tein 1924a, p. 181)~-was that it made no explicit use of the wave—theoret-
1cal arguments until then standard, proceeding instead on the assumption
that a volume filled with light quanta can be treated by methods standard in
the kinetic theory of gases, except that a new kind of statistics is requir-
ed, statistics fundamentally different from classical Boltzmann statistics.
Binstein was 8o impressed that he translated Bose's paper himself and ar-
ranged for its publication in the Zeitschrift fir Physik. Bose's approach
made it possible for the firast time to understand how, in calculating the
probabilities, W, that enter the Boltzmann equation, 8 = kelog(W), the quan-
tum approach makes different assumptions about equiprobable cases than are
made classically. Not that all of this was immediately apparent. For Rin-
stein wrote to Bhrenfest on 12 July about Bose's paper: "Derivation elegant,
but essence remains obscure” (EA 10-089). But the essence was soon to ba-

come clearer when Einstein applied Bose's idea not to a photon gas, but to a
quantum gas of material particles.

. Einstein went on to write three papers on the subject; they represent
his last great substantive contribution to quantum mechanics. What is not
now realized is that what they showed him about quantum mechanics may have
forever dulled his enthusiasm for the topic. The first of these papers was
presented to the Prussian Academy on 10 July 1924 (RBinstein 1924b), the mec—
ond, containing the prediction of the low-temperature phase transition since
known as "Bose—-Rinstein condensation,” was praesented on 8 January 1925 (BRin-
stein 1925a), and the third on 29 January (Binstein 1925b). The signifi-
cance of all three is limited, for spin was not yet clearly understood, the
exclusion principle had yet to be articulated by Pauli, and it would take
tHO'Tore years before the respective roles of Fermi-Dirac and Bose-Einstein
sEat:stics were clearly distinguished. But such limitations are not imme-
diately relevant to the story of Einstein's doubts about the quantum theory.

What is Yelefant is a question raised by Bhrenfest. Section §7 of the
second paper is titled: "Comparison of the Gas Theory Developed Here with

That Which Follows from the Hypothesis of the Ml_w&r—

dence of the Gas Molecules.” It begins thus:

Bose's theory of radiation and my analogous theory of ideal gases
have been reproved by Mr. Ehrenfest and other colleagues because in
these theories the quanta or molecules are not treated as structures
statistically independent of one another, without this circumstance

lbeing especially pointed out.in our papers. This is entirely correct,
If one treats the quanta as being statistically independent of one an-
?ther in their localization, then one obtains the Wien radiation law;
lf one treats the gas wolecules analogously, then one obtains the clas-
sical equation of state for ideal gases, even if one otherwise proceeds
exactly as Bose and I have. (Einstein 1925a, p. 5)
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”
After showing how, following Bose's method, one counts the number of com-
plexions" corresponding to a given macrostate, that is to say how one dis-

tributes particles over the cells of phase space, Einstein adds:

It is easy to see that, according to this way of calculating, t?e ?is-
tribution of molecules among the cells is not treated as a gstatistical-
ly independent one. This is connected with the fact that the cases

that are here called "complexions” would not be regarqed as cases ?f
equal probability according to the hypothesis of the 1ndepe?de?t dis-
tribution of the individual molecules among the cells. Assigning

different probability to these "complexions" would not then give the
entropy correctly in the case of an actual gtatistical independence of

the molecules. Thus, the formula [for the entropy} indirectly expres-—
ses a certain hypothesis about a mutual influence of the'molecul?s--for
the time being of a quite mysterious kind--which determines preﬁ1sely
the equal statistical probability of the cases here defined as com-

plexions." (Einstein 1925a, p. 6)

Exactly what Einstein meant by his comment about the connection between

the failure of statistical independence and "a quitemysterious_kind" of .
"utual influence” of one molecule upon another is spelled out in a.letter
to Schrdinger of 28 February 1925 (evidently written before Schriddinger had

seen Binstein's second gas theory paper):

In the Bose statistics employed by me, the quanta or molecu].fs are not
treated as being independent of one another. . . . A complexion is
characterized through giving the number of molecules that are present
in each individual cell. The number of the complexions &0 defined
should determine the entropy. According to this procedure, the mole-
cules do not appear as being localized independently of one another,
but rather they have a preference to sit together with another molecule
in the same cell. One can easily picture this in the case of small

numbers. [In particular] 2 quanta, 2 cells:

Bose~statistics independent molecules

lst cell 2nd cell st cell 2nd cell

ist . _ 18t case I 11 . ~
case . _

2nd case 1 11X
2nd
case . " 3rd case I1X I
3rd " 4th case - I 11

]

case -

According to Bose the molecules stack together relat%vely*more often
than according to the hypothesis of the statistical independence of the

molecules. (BA 22-002)

And in a P.S., Binstein adds that the new statistics are really n?t_i? con-—
flict with those employed in his 1916 papers on transition probab§l1t1?s.
where the standard Maxwell-Boltzmann distribution was employed (Einstein
1916a, 1916b), because it is really only in relatively dense gases where the
difference between the statistics of independent particles and the Bose-
Rinstein statistics will be noticeable: "There the interaction between the
molecules makes itself felt,— the interaction which, for the prea?nt, }'s
accounted for statistically, but whose physical nature remains vetled.
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In many modern textbooks and histories of the subject, the principal An important clue to Einstein's thinking is provided in a talk entitled

innovation embodied in Bose-Binstein statistics is described in terms at "On _the Ether" that Binstein gave to the Schweizerische Naturforschende
first glance quite different from those we have just found Rinstein using. | Gegsellschaft in September 1924, after he had received and assimilated_Bose 8
The new statistics are said to be those appropriate to "identical" or “in- paper. At the end of his talk he turned to Bose's work. After explaining
distinguishable” particles. What is meant is clear. In the two-particle, that Bose had replaced the customary wave-theoretical derivations of.th?
two-cell case cited by Binstein we cannot tell which of the two particles is Planck radiation law with a derivation employing the methods of statistical
which, that is to say, we cannot keep track of their individual identities. mechanics, Einstein remarked: "“Then the question obtrudes whether or not
as we can in classical Boltzmann statistics! hence, cases two and three in diffraction and interference phenomena can just be connected to the quantum
the classical statistics must be regarded as just one case (case two) in theory in such a way that the field-like concepts of the theory merely rep-
Bose-Einstein statistics, weighted equally with the other two remaining resent expressions of the interactions between quanta, in which case the
cases. But the "identical particles” vocabulary is misleading, for in the field would no longer be ascribed any independent physical r?alitq"'(Ein-
important case two in Bose-Binstein statistics, the two particles are by no stein 1924c, p. 93). What is interesting here, aside from Einstein's scep-
means identical: they occupy different cells of phase space and so differ in ticism regarding the reality of matter waves (and even the wave nature of
position or momentum. They are arguably identical in cases one and three, ‘ photons!), is his suggestion that the effects commonly regarded as symptoms
since they occupy the same cell. But these cases have their counterparts in of a system's having a wave-like nature, that is, diffraction and interfer-
the Boltzmann statistics. The interesting difference appears in just those ence, are really better understood as reflecting interactions between quan-
cases where the particles are not identical. What is important is.the fact ta. Thus, where others see waves, Einstein sees evidence of the.?hl?ifil!l{{ ]
that we cannot track the individual identities of Bose-Einstein particles. mysterious interactions between quantum systems that he believed underlie i
We cannot say, as we could classically, "Here is particle A" at time to. and classically unexpected statistical correlations between such systems. For
"Here is particle A," at some later time, t1; the particle observed at ;1 Binstein, it is quanta, both light quanta and material particles, together
might just as well be particle B. Classically, we can track individual with their curious interactions, that are real. The device of wave—theo-
identities, which possibility leads to Boltzmann statistics. (Notice how retical representations is merely an artifice, a convenient tool, a vivid
Einstein uses numerical labels, I and II, to suggest the separate indentifi- image, for helping us to think clearly about quantum interactions and sta-
ability of the classical particles, representing the Bose-Einstein particles tistical correlations.
by unlabeled dots.) It is equally misleading to speak here of "indistin- - :
guishable” particles. FPor even in Bose-Einstein statistics we know that in One additional idea that will later loom large for ?i““tEI“ h?d not yet
case two there are different particles, we just canmnot tell which is which. come to the fore in his remarks about Bose~Einstein statistics, which 1s
that the kinds of statistical dependence evinced in Bose-Einstein statistics
Another common way of characterizing the novelty of Bose-Rinstein sta- can obtain even between spacelike separated systems or events. But there is
tistics is to say that such statistics are appropriate for material parti- other evidence that this problem too was already on Einstein s mind, as the
cles evincing the wave-like aspect shortly before suggested in de Broglie's concluding paragraph of the just-quoted talk indicates. For in a seemingly
dissertation (1924). As we shall see, it is wrong to credit the ides of abrupt shift, Einstein turns back to the main topic of the talk, the ether,
material particles possessing simultaneously a wave~like aspect wholly to de ~ by which he meant the space-time manifold plus metric, remarking that even

if the quantum theory develops into & real theory, 'we will not be able to

Broglie, since Binstein was well-known even at the time to h t
ave toyed with dispense with the ether in theoretical physics, that is, with the continuum

such ideas since at least 1921, motivated by considerations of symmetry and

unity——if massless photons have a dual nature as both waves and particles endowed with physical properties; for the general theory of relativity, to
then massive particles should as well. But otherwise this charaétization'of whose fundamental aspects physicists will indeed always cling, excludes an 7
the innovation represented by Bose-Einstein statistics is not incorrect, in— rTmeg1ate distant :ct1o?. but e”’r’ l?ca;-afgl?g.theofy T;;zmes cogg;nuoun o
asmuch as the novel way of counting complexions in Bose-Binstein statistics fields, and thus the existence of an "ether instein ¢ b ]

can be regarded as necessitated by the possibility of interference be
] tw ] ] & L ]
the particles (the particles interfere precisely because we cannot telleen Recall how a continuous field theory like general relativity incorpo=~

which 1s whi?h), such interference being perhaps most easily visualized with ra?es Fha prin?iple of local.action. In effect, such.a the?ry treats every
wave-theoretical models. Binstein himself pointed to this way of conceiving point in the field, every point of the space~time manifold in t@e case of
Bose-Einstein statistics in his second gas theory paper (Binstein 1925a, pp general relativity, as a separable, independent system, possessing its own
9-10); and in an important preliminary to his own development of wave'n;- ) physical state represented by the fundamental field parameter, which would
chanics, Schridinger later elaborated this suggestion in an attempt to find be the metric tensor in general relativity. Within this framework, action
(Seneodinger 19260y Seitt, fegical interpretation of the statistice o e int v ooint. aerons the Ficld, which is to say that the value
aj. 111, 1t 1is st y - : : ’
”’the fact that the particles are not treated as statistically independent field equations and by the values of that parameter at all immediately adja-

syecems nd that such o failuce of statistical indspendance i a smpton of O B b bt Ls” FuontimaL1y dependent spon volots sr
1ous interaction between the parti . PR : ;
particles ﬁiatant points. It is the restriction to local action so conceived that

Rinstein had in mind when he said that all "local—-action theories’ assume

continuous Ffields. General relativity, through its incorporation of the
first-signal principle, is even more restrictive in this regard than classi-
cal field theories, like Maxwellian electrodynamics, that impose no upper
bound on signal velocities. For in general relativity, even the admissible
varieties of local action are constrained to occur only between points of

the manifold that are timelike separated.

' Why did Binstein prefer this way of characterizing what was novel in
his new statistics? Of course he understood the connection between his work
and d?Broglie's ideas, a connection equally obvious to most of his contem-
poraries. What point was he trying to make by stressing instead the failure
o? statistical independence and the existence of mysterious interactions?
Hfght his way of characterizing the situation even tell us something about
his understanding of the significance of wave-theoretical models?
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It is important to keep in mind Einstein's basic commitment to the sep-

arable field-theoretic ontology and its associated locality constraints, be-

cause it helps to understand why the Bose-Binstein statistics would appear
puzzling to Einstein. For the field-theoretic way of explaining interac-
tions requires us to assign separate states to spatially separated systems.
These states would determine separately the probabilities for each system's
behavior, and it would follow that joint probabilities would have to be de-
termined wholly by these separate probabilities, which is to say that the
joint probabilities would have to factorize. But that does not happen in

Bose-Einstein statistics, which is why Binstein found them so mysterious.

Einstein's gas theory papers were not the first investigations to make
acute various questions about the statistical correlations that obtain be-
tween interacting systems. 1In fact, Einstein had been worrying about the
general problem of probability relations between interacting systems for a
long time. Such concerns had most recently come to the fore in his reaction
to the Bohr-Kramers-Slater (BKS) theory (Bohr, Kramers, and Slater 1924).
The English version of the BKS paper appeared in April 1924, the German ver-
sion on 22 May. We remember it today for its use of virtual fields deter-
mining the probabilities of individual atomic emissions (and absorptions),
and for its suggestion that, in consequence of the merely probabilistic de-
termination of transition events, energy and momentum are conserved only on
average, over large numbers of quantum events, and not in individual events.
Einstein, of course, opposed the BKS theory because of its abandonment of
strict energy-momentum conservation, but that is far from the whole story.

As we will see, there is irony here. Rinstein turns out eventually to
repudiate quantum mechanics in part because of its denial of the statistical

independence of distant systems. But one of the main things that troubled
him about the BKS theory was precisely its assumption of the statistical in-
dependence of atomic transitions (absorption or emission of energy quanta)
in distant systems, or rather its failure to assume correlations sufficient
to guarantee strict energy-momentum conservation in individual events.

In the BKS theory, each atom is assumed to be the source of a virtual
radiation field with components corresponding to all of that atom's possible
transitions., The radiation field serves two purposes. PFPirst, it determines
the probabilities for emissions and absorptions by the atom from which the
field originates, that is to say, the transition probabilities introduced by
Einstein in his 1916 quantum theory papers (Einstein 1916a, 1916b). Second,
it serves as the vehicle through which that atom communicates with surround-
ing atoms. It accomplishes this by helping to determine the probabilities
for absorption and induced emission in these other atoms, depending upon
whether or not it interferes constructively or destructively with the vir-
tual radiation field emanating from each of the latter. But as BKS them-

selves stress, the correlations engendered by this communication between
atoms are quite weak:

In fact, the occurrence of a certain transition in a given atom will
depend on the initial stationary state of this atom itself and on the
states of the atoms with which it is in communication through the vir-
tual radiation field, but not on the occurrence of transition processes
in the latter atoms. . . . As regards the occurrence of transitions

+ . we abandon . . . any attempt at a causal connexion between the
transitions in distant atoms, and especially a direct application of
the principles of conservation of energy and momentum, so character-
istic for the classical theories. (Bohr, Kramers, and Slater, p. 165)

Or again,
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By interaction between atoms at greater distances from each other,

where according to the classical theory of radiation there would be no
question of simultaneous mutual action, we shall assume an independence
of the individual transition processes, which stands in striking con-
trast to the classical claim of conservation of energy and momentum.
Thus we assume that an induced transition in an atom is not directly
caused by a transition in a distant atom for which the energy differ-
ence between the initial and the Final stationary state 1s the same.
On the contrary, an atom which has contributed to the induction of a
certain transition in a distant atom through the virtual radiation
field conjugated with the virtual harmonic oscillator corresponding
with one of the possible transitions to other stationary states, may
nevertheless itself ultimately perform another of these transitions.

(p. 166)

And, finally, they add, in an interesting comment! 'But it may be empha-
sized that the degree of independence of the transition processes assumed
here would seem the only consistent way of describing the interaction be- .
tween radiation and atoms by a theory involving probability considerations
(pp. 166-167). But, of course, this is wrong, as the later development of
quantum machanics was to show, |

Coneider more carefully the kind of coupling that BKS were assumfng.
The probability of a transition in a given atom, A, is determined by its as-
sociated virtual radiation field. This virtual radiation field can be al-
tered by the effects of a radiation field propagating, subluminally, fr?m
another atom, B, and since the virtual field radiating from B is determined
by B's current stationary state, the probability of a transition in A can
depend upon the state (the virtual field) of B, which is to say that the

probability of a transition at A can depend upon the Egohabiligieg of ?ari-
ous transitions at B. On the other hand, the probability of a transition at

A is statistically independent of the actual occurrence of a transition at
B. The first kind of dependence is wholly consistent with classical, local,
field-theoretic models of interactions, since the changes in A's state.(vir—
tual field) induced by B's state (virtual field) are propagated subluminal-
ly. But dependence of the latter kind threatens classical models of loc?l
interaction, with prohibitions on "distant action”; it was general relativ-
ity's exclusion of such "Pernwirkungen” that Einstein cited in late 1924 as
the main reason why general relativity would never be abandoned.

Rinstein's objections to the BKS theory are recorded in at least t?ree |
different places. PRinstein gave a colloguium on the BKS theory in Berlin on
28 or 29 May, within days of the paper's German publication.!9 Hh?t may be
a list of objections to the theory prepared for that occasion survives in
the RBinstein Archive (EA 8-076) under the title "Bedenken inbezug auf Bohr-
Cramers.” It begins as follows: '"1) Strict validity of the energy prinei-
ple in all known elementary processes. Assumption of the invalidity in
distant actions unnatural.” A similar list of objections is contained in a
letter to Rhrenfest of 31 May 1924 (BA 10-087); it begins in the same vein:
"1) Nature appears to adhere strictly to the conservation laws (Frank-Hertz,

Stokes's rule). Why should distant actions be excepted?”

Perhaps the most interesting record of Binstein's objections, bowever,
interesting because of its intended audience, is a letter from Pauli Fo Bohr
of 2 October 1924, in which Pauli reports the contents of a conversation
about the BKS theory that Pauli had with Binstein during the Innsbruck

19Rudolf Ladenburg to Kramers, 8 June 1924, as quoted in Bohr 1984, p.
27, gives the date as 28 May. But Wigner (1980, p. 461) reports that the
colloquia took place regularly on Thursdays, which would make the date 29 May.
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Naturforscherversammlung in late September (it was Pauli's first meeting atoms. But as long as the "guiding”" or "virtual fields" are assigned sepa-

with Binstein). The very first of Einstein's objections, as reported by rately, one to each particle or atom, one cannot arrange both for the merely
Pauli, is this: "1. By means of fluctuation arguments one can show that, in probabiliastic behavior of individual systems and for correlations between-
the case of the statistical independence of the occurrence of elementary interacting systems sufficient to secure strict energy-momentum conservation
processes at spatially distant atoms, a system can, in the course of time, in all individual events. As it turned out, it was only Schrddinger's relo-
display systematic deviations from the first law, in that, for example, the cation of the wave fields from physical space to configuration space that
total kinetic energy of a radiation-filled cavity with perfectly reflecting made possible the assignment of joint wave fields that could give the strong
walls can, in the course of time, assume arbitrarily lJarge values. He finds correlations needed to secure strict conservation, and the even stronger
this dégoQitant (so he says)” (Pauli 1979, p. 164). What Binstein is point- correlations evinced in Bose-Einstein statistics. But as we shall see, the
ing to in this example, also mentioned in the list of "Bedenken" for his . price to be paid for Schrddinger's innovation was a degree of non-separa-
Berlin colloquium and in the cited letter to Ehrenfest, is not the failure bility between interacting systems that Rinstein found intolerable because
of energy and momentum to be conserved in individual events, which comes in inconsistent with the field-theoretic manner of representing interactions.
objection 2, but rather the existence of systematic deviations from energy |
conservation even on the average; to Bhrenfest he describes this as a matter Binstein had himself believed for some time that an adequate quantum
of the "constantly increasing Brownian motion" of a "mirror-box" (BA 10- theory would have to incorporate some kind of strong coupling between dis-
087). 1In fact, the fluctuations turn out to be significant only in certain tant systems in order to secure strict energy-momentum conservation. Many
limiting cases (Schridinger 1924), but that is of no consequence here. What other physicists, were still not sure about this matter as late as fall
is important is the clue that this and the other quoted remarks provide as 1924, when Pauli wrote to Bohr, in the above-cited letter (2 October 1924):
to Einstein's real reservations about the BKS theory. Specifically, Ein- "And if you were to ask me what I believe about the statistical dependence
stein believed that any adequate quantum theory would have to incorporate at or independence of quantum processes in spatially distant atoms, then 1 must
a basic level some kind of strong statistical dependence of spatially- answer honestly: I do not know. The Geiger experiment, which I hear is al-
separated systems, in order to secure strict energy—momentum conservation. ready being started, will indeed quite soon decide this question experi-
And what he was searching for with his "mirror-box" thought experiment was a mentally. It suits me equally well if it turns out one way or the other”
vivid way to show the consequences of the BKS theory's failure to do this. (Pauli 1979, p. 165). But the mentioned Bothe-Geiger experiment (Bothe and
Geiger 1924, 1925a, 1925b) and the Compton-Simon experiment (Compton and
Spatially separated systems are statistically independent in the BKS Simon 1925a, 1925b, 1925c¢c) were soon to persuade most everyone that energy
theory because it assigns a gseparate virtual wave field to each (spatially and momentum are strictly conserved in individual atomic events. Writing to
separated) atomic system. In this regard, the BKS theory resembles Bin- |Binstein on 9 January 1925, Bhrenfest put the matter thus: "If Bothe and
stein’'s own earlier speculations about "ghost fields" {"Gespensterfelder"] Geiger find a 'statistical independence’' of electron and scattered light
or "guiding fields" ["Fihrungsfelder"], which he had introduced to try to quantum, that proves nothing. But if they find a depepdence, that is a
explain the interference effects between quantum systems, be they light triumph for Binstein over Bohr. -- This time (by way of exception!) I be-
quanta or material particles. And his reasons for objecting to the BKS lieve firmly in you and would thus be pleased if dependence were made evi~
theory are similar to the reported reason for his never having published his dent” (quoted from Bohr 1984, p. 77). However, the issue had already been
own ideas along this line; in his letter to Rhrenfest of 31 May 1924 he says decided, as Einstein explained to Lorentz on 16 December 1924: "Geiger and
of the BKS theory: "This idea is an old acquaintance of mine, but one whom I Bothe have carried out an experiment that speaks in favor of strict light
do not regard as a respectable fellow." quanta and against the views that Bohr-~Cramers-Slater have recently devel-
oped. They showed that in the Compton effect the deflected radiation and
Here is how Wigner recalls Rinstein's reasoning about this matter in the electron thrown out toward the other side are events statistically de-
his University of Berlin physics colloquium: pendent upon one_another.. But, nevertheless, the energy-momentum principle
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appears to hold strictly and not only statistically” (EBA 16-575).
Yet Einstein, though he was fond of it [the "PUhrungsfeld” idea], never

published it. He realized that it is in conflict with the conservation Of course the statistical dependence demonstrated by Bothe-Geiger and
principles: at a collision of a light quantum and an electron for in- Compton—Simon does not involve the kind of correlation that surfaces in
stance, both would follow a guiding field. But these guiding fields Bose-EBinstein statistics. One can explain energy-momentum conservation
give only the probabilities of the directions in which the two compo- quite naturally in terms of a model positing distinguishable particles, sys-
nents, the light quantum and the electron, will proceed. Since they tems whose separate identities can be tracked throughout their interactions,
follow their directions independently, it may happen that in one col- which is precisely how Einstein preferred to think of his light quanta and
lision the light quantum is strongly deflected, the electron very 1it- material particles. In more modern language, the correlations evinced in
tle. In another collision, it may be the other way around. Hence the the Bothe-Geiger and Compton-Simon experiments can be explained in terms of |
momentum and the energy conservation laws would be obeyed only statis- common causes; there is here no threat of non-locality or non-separability.\i
tically~-that is, on the average. This Einstein could not accept and
hence never took his idea of the guiding field quite seriously. (Wigner But while Binstein preferred to think of light quanta and material par-
1980, p. 463; emphasis mine) ticles as independent, distinguishable systems, he really already knew bet-
ter. Por one thing, there was the obvious problem that a simple corpuscular
The dilemma that Einstein faced here was that some kind of wave aspect had model is powerless to explain interference and diffraction, which is part of
to be associated with light quanta and material particles to explain dif- what drove Einstein to the unsuccessful "Fithrungsfeld” idea in the first
fraction and interference, wave-like interference even between material par- place. And, more importantly, Einstein's own earlier work on the quantum
ticles being suspected by many at least since the discovery of the Ramsauer hypothesis, in particular, his efforts to understand the relationship be-
effect in 1920. And these wave-aspects--call them "ghost fields," "guiding tween his light quantum hypothesis and Planck’'s radiation law, had already
fields,” "virtual fields,” or whatever--can at best determine probabilisti- taught him that light quanta do not, in fact, behave like the independent
cally the motions of individual particles or the transitionsa in individual particles of classical statistical mechanics. In other words, already at
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the time of the BKS theory, Einstgin had good reason to expect that an ade-
quate quantum theory would require correlations between interacting systems
beyond those nceded to secure strict energy-momentum conservation.

4. EINSTEIN'S BARLIBST REMARKS ON THE INDEPENDENCE OF QUANTA: 1905-1914

Recall that what primarily distinguished Binstein's point of view from
Planck's in 1905 is that, whereas Planck wanted to quantize only the process
of a resonator’'s absorbing or emitting energy, Rinstein wanted to introduce
light quanta or photons as carriers of that energy even between elementary
events of emission or absorption. That is to say, Binstein wanted to quan-
tize the electromagnetic radiation field itself, arguing that Maxwell's
equations should be regarded as describing merely the average behavior of a
large number of light quanta (Binstein 1905, p. 132; 1906, p. 203). But
these light quanta are not yet the photons or 1ight quanta of the mature
quantum mechanics of the late 1920s, and this for one crucial reason. Re-
member the following oft-quoted remark from Rinstein's 1905 paper! ''Mono-
chromatic radiation of low density (within the domain of validity of Wien's
radiation formula) behaves from a thermodynamic point of view as if it con-

sisted of mutually independent energy quanta of the magnitude RAV/N" (Bin-
stein 1905, p. 143; emphasis mine). I have deliberately emphasized the
words whose import we usually do not appreciate when reading this passage.

In what sense did Einstein mean these quanta to be independent of one
another? He was quite explicit on this point. The quanta are independent
in the sense that the joint probability for two of them occupying specific
cells in phase space is the product of the separate probabilities. After
writing the relation, W = Wy *Wa ("W" standing for probability, "Wahrschein-
1ichkeit”), Einstein comments: "The last relation says that the states of
the two systems are mutually independent events" (Einstein 1905, p. 141).
He had a good reason for postulating such independence. If one defines en-
tropy according to Boltzmann's principle, 8 = k-log(W), as Binstein thought
one must, then the factorizability of the probability is a necessary and

sufficient condition for the additivity of the entropy, itself a necessary
condition in Binstein's eyes (Rinstein 1905, p. 140).

Binstein never retreated from his belief in the existence of photons,
but by 1909 it had become clear to him (if it was not already clear in 1905)
that quanta conceived as independent particles, the quanta of 1905, are not
the whole story about radiation. An explicit statement of this point first
found its way into print in March 1909 in Binstein's masterful survey paper,
"Zum gegenwlirtigen Stand des Strahlungsproblems" (Binstein 1909a).

- The context was yet another attempt to understand the relationship be-
tween his own light quantum hypothesis, which by itself was found to yield a
formula for black-body radiation valid only in the Wien regime ( V/T large),
and the kind of energy quantization implicit in Planck's radiation law. The
method was that of fluctuation arguments, an approach that had served Rin-
stein well in the past. He first asked what would be the mean-square fFluc-
tuations in the energy of a radiation-filled cavity, and, second, what would
be the mean-square fluctuations in the radiation pressure, as manifested by
fluctuations in the motion of a mirror suspended in the cavity. Both calcu-
lations led directly from Planck's radiation formula to a similar result,
namely, an expression for the fluctuations that can be divided into two
terms, the first of which Rinstein interprets as arising from mutually inde-
pendent light quanta, the second from interference effects of the kind to be
expected were the radiation completely described by Maxwell's electrodynam—
1cs. Thus, with regard to the expression for energy fluctuations, Binstein
says that this first term, (R/Nk) Vhne, were it alone present, would yield
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fluctuations "as if the radiation consisted of pointlike quanta of energy hV
that move independently of one another" (Einstein 1909a, p. 132). An? about
the expression for radiation pressure fluctuations, he saysf According to
the current theory [Maxwell's electrodynamics], the expression must reduce
to the second term (fluctuations due to interference). If only the first _
term were present, then the fluctuations in radiation_pr?ssure c?uld be com~-
pletely explained through the assumption that the ra?xatlon consists of
slightly extended complexes of energy hy that move 1ndepenqently ?f one an-
other" (Binstein 190%9a, p. 190). A complete account of cavity radiation en-
tails, however, the presence of both terms. And so it.follows that.a com-
plete theory cannot assume only mutually independent light quanta; 1F-must
allow for some means whereby localized, pointlike quanta can, mysteriously,

itnterfere with one another.

At the time Binstein wrote this survey paper (received 23 January 1909,
published 15 March), he was still rather sanguine about the pr?spects.for
finding a theoretical model of radiation embodying t:oth.the exwtenc? of _
quanta and the possibility of their interfering, this without departing sig-
nificantly from existing theoretical conceptions: .NEaF the end of the paper
he says that what is apparently needed is-"a'mod1§1cat1?n,of our current
theories,” not "a complete abandonment of them" (Binstein 190%9a, p. 192).
But he was clearly struggling to understand how localized gquanta could pos-
8ibly interfere with one another.

This issue came to the fore in an exchange of letters betH?en_Binstein
and Lorentz in May of 1909, shortly after Einstein read Lorentz s 1nfluen—
tial lecture on the radiation problem.delivered to the 1908 Internatlona}
Congress of Mathematicians in Rome (Lorentz 1908a).11 .Lorentz had_by this
time reluctantly accepted Planck’'s radiation formula, u_lstead of his pre-
ferred Rayleigh—Jeans formula (see Lorentz 1908b), but in a l?tter to Bin-
stein of 6 May 1909 (EA 16-418), he pressed Einstein to explain ho? %ocal-
ized, mutually independent quanta could explain interference a?d dlftfﬂC“
tion. Binstein replied on 23 May, speaking first to the question of inde-
pendence: "I am not at all of the opinion that one should think of light as
being composed of mutually independent quanta localized in relativiely small
spaces. This would be the most convenient explanation of the Wien end of
the radiation formlula. But already the division of a light ray at the.sur-
face of refractive media absolutely prohibits this view. A light ray di- .
vides, but a light quantum indeed cannot divide without ?hange of Frequ?ncy
(BA 16-419). Then he goes on to suggest how he really.v1ews the sxtu?t1qn,
introducing for the first time (as far as I can determine) the progenitor of
his later "ghost” or "guiding” field idea:

e~
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As I already said, in my opinion one should not think about.con?truct-
ing light out of discrete, mutually independent points. .I imagine the
situation somewhat as follows: . . . I conceive of the light quantum as
a point that is surrounded by a greatly extended vector field, t@at
somehow diminishes with distance. Whether or not when severa.l hght
quanta are present with mutually overlapping fields one must imagine a
simple superposition of the vector fields, that I cannot say. In any 6
case, for the determination of events, one must have equagxons of'To— ‘
tion for the singular points in addition to the differential equations

for the vector field. (BA 16-419)

The point 1is, of course, that these vector fields will mediate the interac-
tions among light quanta.

11Gee Rinstein to Lorentz 13 April 1909 (EA 70-139); Einstein read the
1909 reprinting in the Revye génerale des sciences (Lorentz 1909).
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Binstein's vector field idea first made its way into print in his sec-
ond great survey paper of 1909, this his lecture "Uber dje Entwickelung
unserer Anschauungen {iber das Wesen und die Konstitution der Strahlung"
(Einstein 1909b), delivered to the Salzburg Naturforscherversammlung on 21
September. Einstein first reviews the radiation pressure fluctuation argu-
ment from the previous paper, and the interpretation of the two terms in the
resulting expression for the fluctuations as quantum and interference terms
regpectively., But his growing realization that the quanta cannot be regard-
ed a8 independent is reflected in his observation that the view of quanta as
localized particles moving through space and being reflected independently
of one'another-—the model that is the focus of his 1905 light quantum hy-
pothesis paper--is "the crudest visualization of the light quantum hypoth-
esis” (Einstein 1909b, p. 498). BRinstein then introduces the vector field
idea broached in the letter to Lorentz, but with the difference that the
Eields“are here portrayed as "force fields" having the character of "plane
waves.  He concludes by noting that in introducing this idea, not yet an
exact theory, he "only wanted to make it clear . . . that the two structural
characteristics (undulatory structure and quantum structure), both of which
p?ould belong to radiation according to Planck's formula, are not to be
viewed as irreconcilable with one another” (Binstein 1909b, p. 500).

The customary gloss on this last remark is that it is an anticipation
of the notion of wave—particle duality. That is true, but it puts the em-
phasis in the wrong place. As we have seen, what was really going on here
was, first, Binstein’'s coming to grips with the fact that photons or light
quanta cannot be invested with the kind of independence from one another
standardly assumed for the systems of particles to which classical statisti-
cal wmechanics applies, and, second, his search for a theoretical model of
quanta that would accomodate this lack of independence without compromising
the principle that, at root, radiation has an atomistic structure.

- Between 1909 and 1925, many investigations were inspired by Einstein's
wrlti?gs on light quanta, the principal aim being to understand more clearly
the d1fference between Einstein's conception of independent light quanta and
Planck s conception of quantized resonators. Several people theorized that
the independence assumption had to be modified, and the conviction slowly
rained force that the classical manner of counting complexions had to be
modified after the manner of Planck's counting rule, though the theoretical
foundations of the latter remained obscure. It was really only the papers
of Bose and Binstein in 1924-192% that began to clarify these matters.

Ther? is, however, one individual whose now almost entirely forgotten work
on light quanta is of special interest because of the unexpected light it
throws on Einstein's thinking about the independence problem during the
1910s. This is Mieczyslaw Wolfke, a young Polish physicist who took a de~
rRree under Otto Lummer at Breslau in 1910 and became a Privatdozent at the
FTH in 1913. He moved to the University of Zurich, again as Dozent, in
1914, where he remained until assuming a professorship at the Warsaw Poly-
t?chnic in 1922, He was thus a colleague of ERinstein's in Zurich for about
eighteen months in 1913-1914;: that relationship is important for our story.

- Starting in late 1913, Wolfke published a series of papers developing a
derivation of the Planck radiation formula starting from the assumption of
w?af he termed "light atoms,” which were conceived as being in some respects
similar to Binstein's light quanta (Wolfke 1913a, 1913b, 1914a). Pressed by
G. Kruthou (1914) to explain the difference between "light atoms" and "light
quanta, especially to explain why Einstein's mutually independent light
quanta lead to Wien's law whereas Wolfke's "light atoms" lead to Planck's
law, Wolfke published in March of 1914 in the Physikalische Zeitschrift a
short paper elaborating the different independence assumptions made by him

and by_Binstefn. The crucial § 3 of his paper, entitled "The Decisjive Pre-
suppositions, reads as follows®
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Mr. Binstein has personally drawn my attention to the difference
in principle between the Einsteinian light quantum theory and the fore-

going argument |[deriving Planck's law from light atoms].

The definition of the independence of the light atoms from one
another that one presupposes in the probability considerations is alomne
decisive for the derived radiation formulas.

n the above derivation . . . of the Planck radiation formula only
this general assumption is used, namely that the light atoms are mutu-
ally independent with regard to their existence, in other words, it is
assumed that the probability for the existence of a light atom of a
specific frequency is independent of how many atoms of the same fre-
quency are simultaneously present in the volume under consideration.

Nevertheless, in my derivation no limiting assumptions were estab-
lished regarding the spatial distribution of the light atoms.

However, in opposition to this, the EBinsteinian light quantum the-
ory presupposes the special case that light atoms are also spatially

i S e gl

independent of one another, i.e, that the probability for a specific
position of a light atom is independent of the simultaneous position of
the other light atoms of the same Ffrequency.

In consequence of this, the BPinsteinian light quantum theory leads
to the Wien radiation law, which, as is well known, can be regarded as
a special case of the Planck radiation formula. (Wolfke 1914b, p. 309)

LR 2 PR s s = K =T

How much of this is Binstein and how much Wolfke is hard to say; such evi-
dence must by handled with care. But certainly nothing in the foregoing
analysis 18 inconsistent with what Einstein had earlier said.

The assumption that Wolfke was accurately reporting Einstein's views is
strengthened by Wolfke's reply to Krutkow's further demand that he give a
more formal characterization of the two kinds of independence (Krutkow
1914b). For VWolfke adve<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>