5 The Formation of Quantum
Mechanics

5.1 The Rise of Matrix Mechanics

In spite of its high-sounding name and its successful solutions of numerous
problems in atomic physics, quantum theory, and especially the quantum
theory of polyelectronic systems, prior to 1925, was, from the methodologi-
cal point of view, a lamentable hodgepodge of hypotheses, principles,
theorems, and computational recipes rather than a logical consistent theory,
Every single quantum-theoretic problem had to be solved first in terms of
classical physics; its classical solution had then to pass through the mys-
terious sieve of the quantum conditions or, as it happened in the majority
of cases, the classical solution had to be translated into the language of
quanta in conformance with the correspondence prineiple. Usually, the
process of finding “the correct translation” was a matter of skillful guessing
and intuition rather than of deductive and systematic reasoning. In faet,
quantum theory beeame the subject of a special eraftsmanship or even
artistic technique which was eultivated to the highest possible degree of
perfection in Géttingen and in Copenhagen. In short, quantum theory still
lacked two essential characteristics of a full-fledged scientific theory, con-
ceptual autonomy and logical consistency.

The core of the difficulties was, of course, the fact that according to
classical physics, which served as the point of departure for quantum-
theoretic calculations as long as atomie systems were described in classieal
terms, the optical frequencies of spectral lines should coincide with the
Fourier orbital frequencies of the system’s motions, a result not borne out
by experiment. The discrepaney was smoothed over by Bohr's heuristically
invaluable principle of correspondence. For it made it possible to retain

196

5.1 The Rise of Matrix Mechanics 197

the description of motion in terms of classical kinematies and dynamies
ut allowed at the same time a certain tailoring of the results so as to fit it
o0 observational data. It was Heisenberg who recognized that this approach
g only one alternative. The other alternative, which he chose in his historie
saper “On a quantum theoretical interpretation of kinematical and me-
hanical relations"! and which led to the development of matrix mechanics,
he earliest formulation of modern quantum mechanies, abandoned Bohr's
eseription of motion in terms of classical physics altogether and replaced
, by a deseription in terms of what Heisenberg regarded as observable
1ag] itudes.
~ As the following analysis attempts to show, Heisenberg’s crueial inter-
ention, if examined with respect to its epistemological tenets, seems to
ave been made under the influence of those intellectual currents which
ave been mentioned in our discussion on the philosophical background of
ynelassical conceptions. Bohr, it will be recalled,? gave a series of lectures
n 1922 at the University of Gittingen, whose influence upon Pauli has
Iready been pointed out. These lectures were also attended by Heisenberg.
n one of these lectures Bohr spoke on the quadratic Stark effect and
xpressed his confidence that the theory in its present formulation is on
2 right track in spite of the as yet unclarified contradictions and the
mpossibility of calculating exactly the intensities of spectral lines. In
articular, Bohr declared, the great success in explaining the linear Stark
ffect on the basis of the quantum eonditions made him feel sure that the
roposed interpretation of the quadratic effect must also be correct.
eisenberg, who had already begun his study of the problem of dispersion,
ffered with Bohr on this issue. Recognizing that the gquadratic Stark
: may be considered as a limiting case of dispersion for ineident radi-
tion of infinitely low frequeney and realizing that a quantum-theoretic
ent of dispersion cannot be worked out along the lines proposed,
eisenberg criticized Bohr's statement. Although Bohr, as Heisenberg
palls,* discussed with him privately, after the lecture, this problem and
lated questions for over three hours, Heisenberg did not retract his
iallenge. On the contrary, Bohr's frequent remarks that “the experimental
tuation has to be covered by means of coneepts which fit”—in consonance
ith the Kierkegaard-Hgffding insistence that every field of experience
*quired its own conceptions and principles and, interestingly, also in
onsonance with the philosophies of Comte and Boutroux—seem to have
npressed the voung Heisenberg strongly and encouraged him in his search
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for an alternative approach. Heisenberg admitted repeatedly that it had
been Bohr's influence and thus, ultimately, the philosophical presumptions
underlying Bohr's conception of physics which had suggested to him the
idea that the prevailing conceptual apparatus was not a categorical neces-
sity or an indubitable catechism.

Thus if Heisenberg's conception of the very possibility of rejecting
the description of atomic systems in terms of classical physies may be
traced back, via Bohr, to one of the schools of philosophical thought
referred to previously, his choice of the particular nature of the new con-
cepts by which he replaced the classical ones goes back to the other philo-
sophical trend mentioned, the positivism or logical empiricism of the early
twenties. Interested in philosophy while still a student at the classical
“gymnasium"—his first aequaintance with atomic theory was through
Plato’s Timaeus—he was strongly impressed, first by Kant's Critigue of
Pure Reasom and later particularly by Wittgenstein's writings. But what
most appealed to his mind was Einstein’s treatment of the coneept of
time, his replacement of Lorentzs “local” or “mathematical” time in the
so-called Lorentz transformations' by the operationally defined and, in
this sense observable, relativistic time. FEinstein's rejection of the
Newtonian, operationally undefinable, conception of simultaneity of
spatially separated events and hisz relativistic reinterpretation of the
Lorentz-FitzGerald contraction, previously regarded as an effect unohb-
servable in principle, undoubtedly made a strong impression on Heisenberg.
It 18 known that both in Munich, where Heisenberg had written his thesis
under the guidance of Sommerfeld, and in Géttingen, where he was working
under Born and where Minkowski lectured, relativity was studied with
great fervor.

The preceding remarks will make it clear why Heisenberg insisted on
using observable magnitudes as terms for the description of atomic states.
From the modern sophisticated point of view a distinetion between ob-
servable and theoretically inferred magnitudes poses, of course, a highly
complicated problem. In fact, when in 1926 Heisenberg confided to Einstein
that “the idea of observable quantities was actually taken from hig rela-
tivity,”* Einstein already pointed out that it is the theory which ultimately
decides what ean be observed and what cannot. One may admit, however,
that such a distinetion—even if it is, prior to the establishment of a theory,
unwarranted—ean be adopted as merely a heuristic prineiple.

Although the explicit formulation of these deliberations was, of course,
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of a later date, it was precisely this heuristic approach which Heisenberg
adopted, as the following diseussion tries to show. Heisenberg rejected the
plassical notions of position and velocity or momentum of electrons in atoms
not only because they were unobservable in the sense that, so far, nobody
‘had measured them directly. For it may always be argued, as Heisenberg
explicitly admitted, that future progress in experimental techniques would
eventually make it possible to measure these quantities. “This hope,’
pontinued Heisenberg—and this is the essential point—*‘could be regarded
as justified if the formal theory [in terms of which these quantities are
palculated ] can consistently be applied to a distinetly defined domain of
guantum-theoretic problems. Experience, however, shows that . . . the re-
tion of atoms to periodically varying fields cannot be deseribed by these
les nor is their application to polyelectronie systems feasible.”® Thus,
Heisenberg's rejection of these quantities as unobservable was based on
wo empirical facts, the experimental impossibility of directly measuring
them and the practical failure of a theory which assumed them to be
observable. He replaced these quantities of classical kinematics by the
optical quantities of frequency and intensity, or rather dipole amplitude,’
and investigated whether a theory, assuming these as observable, can be
worked out consistently. Basically, Heisenberg's attitude, in this respeet,
resembled that of Einstein, for whom the concept of Newtonian time had
lost its physical significance not only, as he showed in his analysis of the
simultaneity of spatially separated events, hecause of its insusceptibility
o operational determination but also because eclassical physies whieh
assumed this concept as observable conflicted with experience.

A second fundamental innovation in Heisenberg's approach was the
way he employed Bohr's correspondence principle. Az mentioned before,
the translation of classical formulag into the language of quantum theory
usually required a great deal of guessing and had only one guideline, the
correspondence prineiple. It had to be used in a separate way for almost
every problem, the particular mode of its application depending on the
gpecific data of the problem. While its versatility and fertility made it
attractive to the more synthetically minded physicists, such as Bohr, its
flexibility and lack of rigidity made it repugnant to the more analytically
sriented theoreticians, such as Sommerfeld. Heisenberg, influenced by both
Sommerfeld and Bohr, considered now the possibility of “guessing’®—in
dccordance with the correspondence principle—not the solution of a par-
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