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Handbuch der Physik, 2nd ed. Hans Geiger and 
    Karl Scheel, eds. Berlin: Julius Springer, 1933.

Pauli, Heisenberg, and Fermi, Lake Como, 1927
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Handbuch der Physik, 2nd ed. Hans Geiger 
    and Karl Scheel, eds. Vol. 24, Part 1, 
    Quantentheorie. Adolf Smekal, ed. 
    Berlin: Julius Springer, 1933.
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Bertha Cummins and Max Dresden before
their wedding, Lawrence, KS, 1948
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Wolfgang Pauli. “Die allgemeinen Prinzipien der Wellenmechanik,” 83-272.

Part A, “Unrelativistische Theorie”

1.  Unbestimmtheitsprinzip und Komplementarität, 83
2.  Orts- und Impulsmessung, 90
3.  Wellenfunktion kräftefreier Teilchen, 94
4.  Wellenfunktion im Fall eines Teilchens, das unter
     dem Einfluß von Kräften steht, 104
5.  Wechselwirkung mehrerer Teilchen. Operatorkalkül, 111
6.  Stationäre Zustände als Eigenwertproblem, 121
7.  Allgemeine Transformationen von Operatoren und Matrizen, 131
8.  Die allgemeine Form des Bewegungsgesetzes, 138
9.  Bestimmung des stationären Zustandes eines Systems 
     durch Messung. Allgemeine Diskussion des Messungsbegriffs, 143
10.  Allgemeiner Formalismus der Störungstheorie, 143
11.  Adiabatische und plötzliche Störungen eines Systems. Die 
       allgemeinste Wahrscheinlichkeitsaussage der Quanten-
       mechanik, 161
12.  Grenzübergang zur klassischen Mechanik. Beziehung zur 
       älteren Quantentheorie, 166
13.  Hamiltonfunktionen mit Transformationsgruppen. Impuls-
       moment und Spin, 176
14.  Verhalten der Eigenfunktionen mehrerer gleichartiger 
       Teilchen gegenüber Permutation. Ausschließungsprinzip, 188
15.  Korrespondenzmäßige Behandlung der Strahlungsvorgänge, 201
16.  Anwendung auf Kohärenzeigenschaften der Strahlung, 210
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Wolfgang Pauli. “Die allgemeinen Prinzipien der Wellenmechanik,” 83-272.

Part B, “Relativistische Theorie”

1.  Prinzipielles über den gegenwärtigen Stand der relativi-
     stischen Quantenmechanik, 214
2.  DIRACS Wellengleichung des Elektrons, 215
3.  Die unrelativistische Wellenmechanik des Spins als erste 
     Näherung, 236
4.  Grenzübergang zur klassischen, relativistischen Partikel-
     mechanik, 240
5.  Übergänge zu Zuständen negativer Energie. Begrenzung 
     der DIRACschen Theorie, 242
6.  Quantelung der freien Strahlung, 247
7.  Wechselwirkung zwischen Strahlung und Materie, 261
8.  Die Selbstenergie des Elektrons. Grenzen der jetzigen 
     Theorie, 269
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Wolfgang Pauli. “Die allgemeinen Prinzipien der Wellenmechanik,” 83-272.

Part A, “Unrelativistische Theorie”

The most influential presentation of 
“Copenhagen” orthodoxy?

• Complementarity

• Observables fixed by experience, 
   not an operator algebra

• Measurement and the movable “cut”

• Wave-packet “reduction”

But see also: Pascual Jordan. Anschauliche Quantentheorie. Eine Einführung in die moderne Auffassung der
                     Quantenerscheinungen. Berlin: Julius Springer, 1936.

Bohr, Heisenberg, and Pauli, Copenhagen, 1936
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Wolfgang Pauli. “Die allgemeinen Prinzipien der Wellenmechanik,” 83-272.

Part A, “Unrelativistische Theorie”

5. Wechselwirkung mehrerer Teilchen. Operatorkalkül, 111-121.

The manner in which a composite system consisting of several component systems is described in the quantum
theory is of fundamental importance for this theory and is its most characteristic feature. It demonstrates, on the
one hand, the fruitfulness of Schrödinger’s idea of introducing a ø-function that satisfies a linear equation, and, on
the other hand, the purely symbolic character of this function, which differs in principle from the wave functions of
classical theory (surface waves of fluids, elastic waves, electromagnetic waves).

If a system of several particles is present, one obtains no sufficient description of the system through the
specification of the probability for one of the particles to be found at a specific place. Consider, e.g., a system
consisting of two material particles that are located in a closed box. This box is divided into two parts by a dividing
wall with a tiny, closable opening. By a sudden closing of the opening and the detaching of the two halves, then it
can be determined for each particle in which half of the box it found itself at the moment in question. One can now
investigate not only how large the probability is for each particle to be found in the one or the other half, but also
how frequently the particles find themselves in the same or in different halves of the box. Instead of the dividing
wall, one can employ “microscopes” with shortwave radiation, and instead of a division of a finite volume in only
two parts, an arbitrarily fine partition of the space can be effected. Thus, let there be now N particles, and let their
coordinates be xk

(1), xk
(2), . . . , xk

(N), for which we could also write q1 . . . qf, with f = 3N designating the number of
degrees of freedom of the system; furthermore, we can write simply dq for the multidimensional volume element
dq1dq2 . . . dqf.
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Wolfgang Pauli. “Die allgemeinen Prinzipien der Wellenmechanik,” 83-272.

Part A, “Unrelativistische Theorie”

5. Wechselwirkung mehrerer Teilchen. Operatorkalkül, 111-121.

The fundamental assumption for the description of a system of several material particles can then be formulated in
the following manner:

1.  In every moment of time t there exists a probability

W(q1 . . . qf; t)dq                                                                              (87)

for finding the coordinates of the first particle in the range  (qk, qk + dqk) (k =1, 2, 3), those of the second particle in
(qk, qk + dqk) (k = 4, 5, 6), and those of the N th particle in (qk, qk + dqk) (k = f - 2, f - 1, f).

[Postpone questions about particle distinguishability.]

By integrating W over the coordinates of all but one particles one obtains N new functions

W1(x1, x2, x3), W2(x4, x5, x6), . . . WN(x3N -2, x3N -1, x3N),

which give the probability for finding a specific one of the particles in a specific spatial location, without asking
where the other particles are to be found. These functions say less about the system than did the original function
of f arguments, in that the latter cannot be derived unambiguously from the former, rather only the converse holds.
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Wolfgang Pauli. “Die allgemeinen Prinzipien der Wellenmechanik,” 83-272.

Part A, “Unrelativistische Theorie”

5. Wechselwirkung mehrerer Teilchen. Operatorkalkül, 111-121.

The existence of the probability W(q1 . . . qf; t) entails the assertion that or is possible only under the assumption
that the position measurements of the different particles do not fundamentally disturb one another, in the sense that
the usefulness of the knowledge of the position of one particle for predicting other measurements (e.g., the position
of this particle at a later time) is not lost by coming to know the position of another particle. This situation is
closely connected with the question to what extent the simultaneity of the position measurements of the different
particles is essential for the existence of the probability. That is to say: under what circumstances does there exist a
probability

W(xk
(1), t(1); xk

(2), t(2); . . . xk
(N), t(N))dq1 . . . dq3N                                                            (88)

for finding the first particle at time t(1) in space element xk
(1), xk

(1) + dxk
(1), the second particle at time t(2) in space

element xk
(2), xk

(2) + dxk
(2), and the Nth particle at time t(N) in space element xk

(N), xk
(N) + dxk

(N). In general, i.e., if any
kind of interaction forces among the particles are present, the mutual freedom from disturbance of the
measurements is guaranteed when and only when for separation rab of any pair of particles (a, b) and the
corresponding times

*ta - tb* < rab/c.         (89)

The change in the effect of a force that particle a exerts on particle b brought about by the position measurement
on a can, therefore, be propagated at most with the velocity of light c.
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Wolfgang Pauli. “Die allgemeinen Prinzipien der Wellenmechanik,” 83-272.

Part A, “Unrelativistische Theorie”

5. Wechselwirkung mehrerer Teilchen. Operatorkalkül, 111-121.

As far as the choice of the Hamiltonian operator is concerned we first assume that, in the case where no
interaction occurs between the particles but where these can be subjected to arbitrary external forces, the
Hamiltonian operator decomposes into independent summands:

H = H(1) + H(2) + . . . + H(N),         (96)

in such a way that H(1) transforms only one function ø(xk
(1)) containing the coordinates of the first particle, but

carries a function containing only the coordinates of the other particles over into itsself.

. . .

An additive decomposition of the Hamiltonian operator in independent summands thus corresponds to a product
decomposition of the wave function in independent factors. This is in accord with the circumstance that, in the case
of statistically independent particles, the probability W(q1 . . . qf; t)dq decomposes into a product.
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Too many people today think that Schrödinger invented
not only the term, “entanglement,” but also the concept
in a series of papers published in 1935-1936 and
triggered by the EPR paper:

Erwin Schrödinger. “Die gegenwärtige Situation in der
Quantenmechanik.” Die Naturwissenschaften 23
(1935), 807-812, 823-828, 844-849.

Erwin Schrödinger. “Discussion of Probability Relations
Between Separated Systems.” Proceedings of the
Cambridge Philosophical Society 31 (1935), 555-662.

Erwin Schrödinger. “Probability Relations Between
Separated Systems.” Proceedings of the Cambridge
Philosophical Society 32 (1936), 446-452.

Erwin Schrödinger, mid-1920s
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Erwin Schrödinger. “Die gegenwärtige Situation in der 
    Quantenmechanik.” Die Naturwissenschaften 23 (1935), 
    807-812, 823-828, 844-849.

If two separated bodies, about which, individually, we have maximal
knowledge, come into a situation in which they influence one another
and then again separate themselves, then there regularly arises that
which I just called entanglement [Verschränkung] of our knowledge
of the two bodies. At the outset, the joint catalogue of expectations
consists of a logical sum of the individual catalogues; during the
process the joint catalogue develops necessarily according to the
known law [linear Schrödinger evolution] . . . . Our knowledge
remains maximal, but at the end, if the bodies have again separated
themselves, that knowledge does not again decompose into a logical
sum of knowledge of the individual bodies.

Erwin Schrödinger, mid-1930s
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But nothing could be further from the truth. On the contrary, by
the early 1930s, the concept of entanglement was a
commonplace in the literature.

Consider one of many examples:

Hermann Weyl.  Gruppentheorie und Quantenmechanik, 2nd. ed. 
Leipzig: S. Hirzel, 1931.
Ch.  II, § 10, “The Problem of Several Bodies. Product Space.”

Conditions that insure a maximum of homogeneity within  c [a composite
system] need not require a maximum in this respect within the partial
system a. Furthermore: if the state of a and the state of b are known, the
state of c is in general not uniquely specified, for a positive definite
Hermitian form 2ai,k, iNkN2 in the product space, which describes a
statistical aggregate of states c, is not uniquely determined by the
Hermitian forms

to which it gives rise in the spaces R, S. In this significant sense
quantum theory subscribes to the view that “the whole is greater than the
sum of its parts,” which has recently been raised to the status of a
philosophical creed by the Vitalists and the Gestalt psychologists. 

Hermann Weyl
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Moreover, the failure of classical notions of particle
independence in the quantum theory had been a focus
of investigation since at least Einstein’s 1905 photon
hypothesis paper.

See: 

Don Howard. “‘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.” In Sixty-Two
Years of Uncertainty: Historical, Philosophical, and Physical
Inquiries into the Foundations of Quantum Mechanics. Arthur
Miller, ed. New York: Plenum, 1990, 61-111. Einstein and Bohr ca.  1927
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Pauli’s discussion of multiparticle quantum mechanics,
especially his balls-in-a-box thought experiment, should
be compared with Einstein’s discussion of his own ball-
in-a-box thought experiment in the June 1935, post-
EPR correspondence with Schrödinger, in which
Einstein famously repudiates the EPR paper, noting that
“the main point was buried by the erudition” and
introduces what he, Einstein, terms the “separation
principle” [“Trennungsprinzip”].

See: 

Don Howard. “Einstein on Locality and Separability.” Studies
in History and Philosophy of Science 16 (1985),171-201.
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Einstein to Schrödinger, 19 June 1935

I was very pleased with your detailed letter, which speaks about the little essay. For reasons of language, this was
written by Podolsky after many discussions. But still it has not come out as well as I really wanted; on the contrary,
the main point was, so to speak, buried by the erudition [die Hauptsache ist sozusagen durch Gelehrsamkeit
verschüttet].

. . .

My way of thinking is now this: properly considered, one cannot get at the talmudist if one does not make use of
a supplementary principle: the “separation principle.” That is to say: “the second box, along with everything having
to do with its contents, is independent of what happens with regard to the first box (separated partial systems).” If
one adheres to the separation principle, then one thereby excludes the second point of view, and only the Born point
of view remains, according to which the above state description is an incomplete description of reality, or of the real
states.

. . .

After the collision, the real state of (AB) consists precisely of the real state A and the real state of B, which two
states have nothing to do with one another. The real state of B thus cannot depend upon the kind of measurement I
carry out on A. (“Separation hypothesis” from above.) But then for the same state of B there are two (in general
arbitrarily many) equally justified ØB, which contradicts the hypothesis of a one-to-one or complete description of
the real states.
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Pauli’s discussion of entanglement in Part
A of the article, bears comparison with
his own reaction to EPR in June of 1935.

Four days before Einstein wrote the
previously quoted letter to Schrödinger,
Pauli wrote to Heisenberg to complain
about the EPR paper, and he put the
emphasis on Einstein’s failure to
understand the physics of entanglement,
about which he says that such matters
“are, for us, trivialities.”

Pauli and Heisenberg
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Pauli to Heisenberg, 15 June 1935

[Einstein] now understands this much, that one cannot simultaneously measure two quantities corresponding
to non-commuting operators and that one cannot simultaneously ascribe numerical values to them. But where he
runs into trouble in this connection is the way in which, in quantum mechanics, two systems are joined to form a
composite system. . . .

A pedagogical reply to [this] train of thought must, I believe, clarify the following concepts. The difference
between the following statements:

a) Two systems 1 and 2 are not in interaction with one another (= absence of any interaction energy).
Definition. This is the case if, after a maximal observation on 1, the expectation values of all quantities of 1

have the same temporal evolution as if 2 were not present. (NB. Anyhow, for sufficiently short times the concept of
an interaction plays no role.)

b) The composite system is in a state where the subsystems 1 and 2 are independent. (Decomposition of the
eigenfunction into a product.)

Definition. This is the case if, after a measurement of an arbitrary quantity F2 is carried out on 2, with a
known result F2 = (F2)0 (number), the expectation values of the quantities F1 of 1 remain the same as without a
measurement on 2 having been carried out.

Quite independently of Einstein, it appears to me that, in providing a systematic foundation for quantum
mechanics, one should start more from the composition and separation of systems than has until now (with Dirac,
e.g.) been the case. — This is indeed—as Einstein has correctly felt—a very fundamental point in quantum
mechanics, which has, moreover, a direct connection with your reflections about the cut and the possibility of its
being shifted to an arbitrary place. 

Note [DH]: Pauli here invents the concept later independently reasserted by Jon Jarrett in his 1983 University of
Chicago Ph.D. and subsequently (1986) dubbed by Shimony “outcome independence.”
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Wolfgang Pauli. “Die allgemeinen Prinzipien der Wellenmechanik,” 83-272.

Part B, “Relativistische Theorie”

Written at a stage of rapid transition, so at
best a snapshot of the discussion at that time

• Dirac equation

• QED

• Continuing worries about negative energy
   solutions

• Serious worries about infinities

Pauli and Dirac, Oxford, 1938
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Wolfgang Pauli. “Die allgemeinen Prinzipien der Wellenmechanik.” Handbuch der Physik, 2nd ed.
Hans Geiger and Karl Scheel, eds. Vol. 24, Part 1, Quantentheorie. Adolf Smekal, ed.  Berlin: Julius
Springer, 1933, 83-272.

Subsequent publishing history:

• “Published and distributed in the Public Interest by Authority of the Alien Property Custodian under License No. 
   A-54.” Ann Arbor, MI: Edwards Brothers, 1943, et seq.

• Revised edition. Wolfgang Pauli and Gunnar Källén. “Die allgemeinen Prinzipien der Wellenmechanik.” In
   Handbuch der Physik. Siegfried Flügge, ed. Vol. 5, Part 1, Prinzipien der Quantentheorie. Berlin: Springer-
   Verlag, 1958, 1-168. Omits sections 6-8 of Part B.

• Reprinted in: Wolfgang Pauli. Collected Scientific Papers, vol. 1. Ralph Kronig and Victor Weisskopf, eds. New
   York: Wiley-Interscience, 1964, 771-938.

• English translation: Wolfgang Pauli. General Principles of Quantum Mechanics. P. Achuthan and K. Venkatesan,
   trans. Berlin and New York: Springer-Verlag, 1980. Sections 6-8 from Part B of the original restored.

• Wolfgang Pauli. Die allgemeinen Prinzipien der Wellenmechanik. Norbert Straumann, ed. Berlin and New York:
   Springer-Verlag, 1990. Reprint of the 1958 edition with section 1, part of section 5, and sections 6-8 of Part B
   from the 1933 edition included as appendices.
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Wolfgang Pauli. “Die allgemeinen Prinzipien der Wellenmechanik.” Handbuch der Physik, 2nd ed.
Hans Geiger and Karl Scheel, eds. Vol. 24, Part 1, Quantentheorie. Adolf Smekal, ed.  Berlin: Julius
Springer, 1933, 83-272.

Subsequent publishing history:

But almost unknown is this . . .
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Wolfgang Pauli. The General Principles of Wave 
Mechanics. James Alexander, Geoffrey Chew, 
Walter Selove, and Chen Yang, trans. Mimeograph.  
November 1946.

Variously titled. Also Relativistic Wave Mechanics,
as with the example in the University of Notre Dame
library.

No more than twelve surviving copies worldwide
as determined via WorldCat. No location given
on 1946 copies. 

1950 copies give as location:
“Urbana, Ill.: University of Illinois.” 

And:

“Assembled, edited and hectographed by members 
of the Physics Dept., University of Illinois.”

1952 copies give as location: 
“Berkeley, Calif.”
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But all copies contain both 

Part A “Non-Relativistic Theory”

and 

Part B “Relativistic Theory”

of the 1933 Handbuch version of the article.

Parts A and B are typed on the same
typewriter and the equations are entered by
hand in the same hand. But the parts are
separately numbered, Part A running to 
151 pages, Part B to 104 pages, and Part A 
is single spaced, whereas Part B is double 
spaced.

The translation is complete, accurate, and
highly readable.
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of the 1933 Handbuch version of the article.

Parts A and B are typed on the same
typewriter and the equations are entered by
hand in the same hand. But the parts are
separately numbered, Part A running to 
151 pages, Part B to 104 pages, and Part A 
is single spaced, whereas Part B is double 
spaced.

The translation is complete, accurate, and
highly readable.
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But all copies contain both 

Part A “Non-Relativistic Theory”
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Part B “Relativistic Theory”

of the 1933 Handbuch version of the article.

Parts A and B are typed on the same
typewriter and the equations are entered by
hand in the same hand. But the parts are
separately numbered, Part A running to 
151 pages, Part B to 104 pages, and Part A 
is single spaced, whereas Part B is double 
spaced.

The translation is complete, accurate, and
highly readable.
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Walter Selove, 1950
Ph.D., University of Chicago, 1949

Chen Ning Yang, 1963
Ph.D., University of Chicago, 1948

Geoffrey Chew, 1955
Ph.D., University of Chicago, 1946

The translators.

But who was James Alexander?

I can place him at Argonne in the early 1950s doing work on computer
design, but otherwise I can find nothing about him.
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Here is what Geoff Chew reports about the translation:

Dear Don,

               You are sorely taxing my memory. The translation occurred in my first year at Chicago, I believe because
there then existed no English-language textbooks in quantum theory, other than Dirac’s first two editions which
were considered impenetrable by beginning students. I myself was introduced to the subject by a Fermi course in
nuclear physics at Los Alamos. At Chicago I took a course by Teller and then joined some other Los Alamos
transferees at a stupendously effective series of informal evening presentations by Fermi. Neither Fermi nor Teller
used a text. I believe Fermi never opened a book. He had private notes that contained all of the physics then
known. I recall that Yang was not invited to join Fermi’s evening sessions because he had not been at Los Alamos.
I am less sure about Selove and Alexander but have a feeling they also were not part of the favored group. I
remember that, although I contributed to the translation, I benefited relatively little from it because of my access to
Fermi. I have a vague recollection that my Pauli translation effort bore some relation to a foreign-language
requirement that still existed at Chicago when I entered. 

               Sorry!

                                                                           Geoff 
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