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Abstract

This paper describes a long-standing, though little-known, debate between Paul
Dirac and Werner Heisenberg over the nature of scientific methodology, theory change,
and intertheoretic relations. Following Heisenberg’s terminology, their disagreements
can be summarized as a debate over whether the classical and quantum theories are
“open” or “closed.” A close examination of this debate sheds new light on the

philosophical views of two of the great founders of quantum theory.
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1. Introduction

Although Paul Dirac and Werner Heisenberg are traditionally aligned together
as members of the so-called Copenhagen interpretation, when it comes to the issues of
reductionism and theory change their views diverge in fundamental and interesting
ways. Heisenberg and Dirac revisited their disagreements over these philosophical
issues many times throughout their careers. Their disagreements, I argue, can be most
succinctly described as a debate over whether physical theories are “open” or “closed.”

This characterization is based on Heisenberg's influential—though surprisingly little



discussed—notion of a closed theory. The idea of a closed theory has many facets: It
includes claims about the nature of scientific theories, the nature of theory change,
scientific methodology, and intertheoretic relations. Heisenberg took classical and
quantum mechanics both to be examples of closed theories.

A closed theory, for Heisenberg, is one that is “perfectly accurate within its
domain” and “correct for all time.” This notion of a closed theory had a profound
impact on his understanding of theory change. Heisenberg believed that the elements
of a closed theory exhibit such a tight interconnectedness that not a single concept can
be changed without destroying the whole system. This means that theory change
cannot happen gradually, but rather must occur all at once, by means of an “intellectual
jump” that makes a “radical break” with the theories that had come before.

Although Dirac never uses the term, his own views of classical and quantum
mechanics can be fruitfully understood as a rival account, namely, one of “open
theories.” He argues that even the most well-established parts of quantum theory are
open to future revision. Instead of viewing classical mechanics as a theory that had
been replaced, he saw it as a theory that should continue to be developed, modified,
and extended. He took no part of physics to be a permanent achievement, correct for all
time.

Dirac’s view of theories as open also had an effect on his account of theory
change. Where Heisenberg argued for wholesale change, Dirac sought piecemeal
modifications; where Heisenberg believed that quantum theory had to make a sharp
break with classical mechanics, Dirac believed that there was a deep structural
continuity between these theories that should be exploited. A juxtaposition of these two

thinkers not only brings us to a deeper understanding of their philosophical views, but



also promises to shed new light on current debates over reductionism and the nature of

theory change.'

2. Heisenberg's closed theories

In his autobiographical reflections, Heisenberg recalls having discussed his
notion of a closed theory as early as 1929, during a tour of the United States that he took
in part with Dirac (Heisenberg 1971, Chapter 8). Heisenberg's first published
discussion of a closed theory, however, does not appear until the 1930s, and it is an idea
that he revisits regularly in his writings up through the 1970s.*> Throughout these forty
years his views on this topic seem to have changed very little. The German phrase that
Heisenberg uses for closed theory is Abgeschlossene Theorie, where “abgeschlossen’ can be
translated as “closed,” “locked,” “isolated,” or ‘self-contained.” Before discussing the
characteristics of a closed theory, it is useful to have on hand the list of theories that
Heisenberg takes to be closed.

In his book Physics and Philosophy he asserts, “One can distinguish four systems
that have already attained their final form” (Heisenberg 1958, p. 98). Heisenberg
identifies Newtonian mechanics as the oldest example of a closed theory. He writes,
“Newton begins his Principia with a group of definitions and axioms which are
interconnected in such a way that they form what one may call a “closed system”
(Heisenberg 1958, p. 93). He continues, “The second closed system of concepts was

formed in the course of the nineteenth century in connection with the theory of heat. . . .

"In this paper I shall focus on the historical project of explicating, interpreting, and contrasting the views
of Heisenberg and Dirac; the broader philosophical question of whether either of their views provides a
more adequate account of the nature of theory change or of the relationship between classical and
quantum mechanics (as well as an evaluation of their views against the backdrop of current philosophical
scholarship on these questions) will be addressed in a future work.

* Chevalley 1988 has argued that traces of his notion of a closed theory can be found as early as 1926 (see
Heisenberg 19263, b).



The third closed system of concepts and axioms has its origin in the phenomena of
electricity and magnetism and has reached its final form in the first decade of the
twentieth century through the work of Lorentz, Einstein and Minkowski. It comprises
electrodynamics, special relativity, optics [and] magnetism” (Heisenberg 1958, pp. 98-
99). Last, but certainly not least, he concludes, “The fourth coherent system is
essentially the quantum theory” (Heisenberg 1958, p. 100).

Heisenberg’s list of closed theories immediately raises two questions: Why have
these four theories been chosen and delimited in the way they have? And does he take
these four to exhaust the field of physics? Heisenberg's answer to the first question is
somewhat obscure and will be addressed below. His answer to the second question,
however, is relatively straightforward: while these are the only four theories that
currently have achieved the status of “closed,” there are many other parts of physics that
remain ‘open.” For example, he believes that a fifth closed theory will probably be
found someday in connection with the theory of elementary particles. Conspicuously
absent from Heisenberg's list is general relativity. While special relativity is included
together with electromagnetism as a single closed theory, Heisenberg believes that
general relativity is still an open theory, that “has perhaps not yet achieved its final
form” (Heisenberg 1958, p. 100; see also Heisenberg 1971, p. 98).

Already in his enumeration of the list, one can begin to get a sense of the features
that Heisenberg takes to be characteristic of closed theories. He defines the key
characteristics most concisely as follows: “By a closed theory we mean a system of
axioms, definitions and laws, whereby a large field of phenomena can be described, that
is mathematically represented, in a correct and noncontradictory fashion” (Heisenberg
1972, p. 123). Heisenberg was deeply impressed by axiomatic formulations of theories

and took the possibility of such a formulation to be a necessary condition for a theory’s



being closed. In a 1963 interview with Thomas Kuhn for the Archive for the History of
Quantum Physics (AHQP), Heisenberg traces his commitment to the importance of a
consistent axiomatic formulation to David Hilbert. Heisenberg studied in Géttingen in
1922-1923, the same time Hilbert was lecturing there.®> He recalls,

I remember that in being together with young mathematicians and listening to

Hilbert’s lectures and so on, I heard about the difficulties of the mathematicians.

There it came up for the first time that one could have axioms for a logic that was

different from classical logic and still was consistent. That I think was just the

essential step. ... [W]e can scarcely describe nature without having something
consistent, but we may be forced to describe nature by means of an axiomatic
system which was thoroughly different from the old classical physics.

(Heisenberg in AHQP February 25, 1963)

Heisenberg chooses the four closed theories he does because he understands each of
them to consist of a distinct, closely knit group of concepts that can be given an
axiomatic formulation.

The fact that a theory can be given a certain kind of axiomatic formulation, leads
Heisenberg to conclude that the elements of that theory exhibit a tight
interconnectedness prohibiting any further modifications or improvements.* According
to him, “the connection between the different concepts in the system is so close that one
could generally not change any one of the concepts without destroying the whole
system” (Heisenberg 1958, p. 94). As will be seen in the next section, this holism has
strong implications for his understanding of theory development and theory change.

One of the most surprising features of Heisenberg’s closed theories is his claim
that they are perfectly accurate within their domain and correct for all time. In his 1948

Dialectica article, he explains “What, then, finally, is the truth content of a closed-off

theory? . . . The closed-off theory holds for all time; wherever experience can be

* For a more thorough discussion of the influence of Hilbert on Heisenberg see Frappier (forthcoming).



described by means of the concepts of this theory, even in the most distant future, the
laws of this theory will always prove correct” (Heisenberg 1948, p. 45). There are two
components to this claim: first, that a closed theory is an accurate description of a certain
domain of phenomena, and second, that it is a final description of a particular domain of
phenomena—a permanent achievement that cannot be called into question by any
future developments of science.

To understand these claims of accuracy and finality it is helpful to examine how
Heisenberg applies them to a particular closed theory such as classical mechanics. He
explains, “Newtonian mechanics is a limited description of nature and in that limited
field it is perfectly accurate. All attempts to improve Newtonian mechanics are just
fruitless. But you come to parts of physics where the concepts of Newtonian physics
don’t apply. You just can’t do anything with these words. Then you have to go for
something new” (Heisenberg in AHQP, February 27, 1963). The important qualification
on the “perfectly accurate” claim is the restriction of the domain of applicability of the
theory. Classical mechanics thus, while true, is not a universal theory; there are other
domains of phenomena that must be explained by means of different closed theories.
On the question of how this domain of applicability is to be delimited, Heisenberg's
answer is unsatisfactory: the domain of classical mechanics is determined by where the
concepts of classical mechanics can be applied. He writes, “Wherever concepts like
mass, velocity and force can be applied unhesitatingly, there Newton’s law, that the
force is equal to the product of mass and acceleration, will be shown to be true”
(Heisenberg 1935 [1979], pp. 41-42). He does not, however, offer us any independent

way of determining when it is that the concepts of classical mechanics can be applied.

* Unfortunately Heisenberg does not seem to have offered a detailed argument or justification for this
conclusion.



Coupled to the claim that closed theories are accurate is his claim that they are
also final: “Newtonian mechanics cannot be improved in any way, for inasmuch as we
can describe a particular phenomenon with the concepts of Newtonian physics . . .
Newton’s laws hold quite rigorously, and nothing in this will be changed for the next
hundred thousand years. . . . Newtonian mechanics is fully valid now and will remain
so in the future” (Heisenberg 1971, p. 96). Heisenberg offers two sorts of justifications
for his claim that closed theories, such as Newtonian mechanics, are correct and unable
to be improved. The first is historical: he claims that even the oldest of the closed
theories, classical mechanics, has never been improved.” To the obvious objection that
quantum mechanics is an improvement on classical mechanics, Heisenberg responds
that this shift was a matter of radical reconstruction, and not minor improvements or
modifications. The second—and in his mind stronger—argument for the finality of
closed theories rests on what he calls “their compactness and manifold confirmation by
experiment” (Heisenberg 1972, p. 124). By compactness, he means that a wide range of
phenomena can be accounted for by means of a small number of axioms, postulates and
so on. Finality is not, however, a purely logical feature of closed theories: Heisenberg
also understands it to be a claim that is justified empirically. Closed theories have not
only withstood the test of time, but they have been confirmed by a wide range of
phenomena.

The picture that starts to emerge from Heisenberg's account of closed theories is
a kind of theoretical pluralism: contemporary science is characterized by a handful of
distinct closed theories, each with its own circumscribed domain, within which the

theory is perfectly accurate and unalterable.

> For a contrasting view see Dirac 1951, p. 10 quoted below.

7



3. Heisenberg’s methodology and model of theory change
Heisenberg’s philosophy of closed theories is also reflected in his scientific
methodology. One well-known aspect of his methodology is his attempt to construct
new theories by restricting himself to observable quantities. In 1926 he declares that the
root of the difficulties facing the development of quantum theory is
the inappropriate transfer of classical concepts and ideas to the problems of
atomic structure. . . . The program of quantum mechanics must therefore be first
of all to free itself from these intuitive [anschaulichen] pictures, and, in place of the
laws of classical kinematics and mechanics used up until now, to establish simple
relations between experimentally given quantities. (Heisenberg 1926b, p. 990)
Heisenberg describes this approach as being the one that guided not only his
development of matrix mechanics, but also his attempts in the early 1940s to construct
an S-matrix alternative to quantum field theory.® AsJames Cushing notes in his book
on the history of the S-matrix, “Heisenberg wanted to avoid any reference to a
Hamiltonian or to an equation of motion and to base his theory only on observable
quantities” (Cushing 1990, p. 33). As will be shown, this approach is in direct contrast
with Dirac’s view that a Hamiltonian formulation and equations of motion are of
paramount importance. In the above quotation from Heisenberg, we see yet another
aspect of his methodology that stands in opposition to Dirac’s: namely, his view that in
the development of quantum theory one should not make use of classical mechanics.
The holistic and interconnected nature of a closed theory means, for Heisenberg,

that the solution to a scientific problem can never be achieved by modifying just one

element of the theory. In another interview with Kuhn, where he is discussing the

® There is, of course, the very important question of whether Heisenberg's self-understanding of his
methodology accurately reflects his scientific practice. Chevalley (1988), for example, who also discusses
this passage, notes in passing that it is not at all clear that this is the methodology Heisenberg is in fact
using in 1925 and 1926. The question of whether these actors’ methodological pronouncements are in
conformity with their practice is not a question that I shall pursue here.



development of quantum electrodynamics (QED), Heisenberg notes how his approach
was fundamentally different from Dirac’s:

Dirac and I had always been rather opposite to each other in this question of how

to attack problems. I would always look for the connections. I would say, ‘I can

never solve one difficulty at a time. I can solve only 100 difficulties at the time,
or I can never do anything. Everything is connected to everything, and the
whole thing must give a consistent picture.” But Dirac would say, ‘No, that is
impossible because nobody is so clever as to solve 100 difficulties at a time; you

have to concentrate on one point. (Heisenberg in AHQP, February 28, 1963)
Whereas for Dirac, theory development could proceed piecemeal by means of gradual
modifications, for Heisenberg it must take place all at once. How then does Heisenberg
deal with the discovery of new phenomena that cannot be adequately accounted for
within the framework of an existing theory? In his 1934 discussion of closed theories
his answer is clear: “the transition in science from previously investigated fields of
experience to new ones will never consist simply of the application of already known
laws to these new fields. On the contrary, a really new field of experience will always
lead to the crystallization of a new system of scientific concepts and laws” (Heisenberg
1934 [1979], p. 24). In other words, new phenomena require the formation of a new
closed theory.

In his recollections of a 1929 conversation with Barton Hoag (an experimental
physicist at Chicago) Heisenberg explains how this pattern describes the development
from Newtonian mechanics to quantum theory. A recurring theme in Heisenberg’s
discussion is how progress in science is fundamentally different from progress in
engineering. He writes,

To my mind, it is fundamentally wrong to compare the basic changes involved

in the transition from Newtonian mechanics to relativistic or quantum mechanics

with the improvements of the engineer. . . . Newtonian physics constitutes a

closed system. . . . It is thanks to this coherence that there can be no minor

improvements. All we can do is to adopt an entirely new conceptual system.
(Heisenberg 1971, p. 97)



At this point Heisenberg recalls Hoag interjecting with the following question: “Why do
you lay so much stress on the fact that the transition from one realm to another, for
instance from Newtonian physics to quantum theory, is not continuous but discrete?”
Heisenberg dismissively identifies the view that development in science is continuous,
with the pragmatism of the engineer: “Your idea of continuous progress as we know it
from engineering would weaken, or rather soften, physics to such an extent that we
could hardly continue to call it an exact science” (Heisenberg 1971, p. 98).

After Heisenberg and Dirac meet up in Chicago in 1929, the two decided to
return to Europe together by a way of ship from San Francisco to Yokohama. During
this long sea voyage together, Heisenberg recalls discovering that Dirac held this
pragmatic and gradualist view opposite to his own. Heisenberg describes Dirac as
someone who “felt that the development of our science was a more or less continuous
process. . . . For once you use the pragmatic approach, you are bound to consider the
progress of science as a continuous and never-ending process” (Heisenberg 1971, p.
101). For Heisenberg the gradualist model of theory change is unacceptable because it
threatens the integrity of physics as an exact science. He believes that only by having a
closed theory could one legitimately speak of physical laws and be assured a consistent,

meaningful description of nature.

4. Closed theories and intertheoretic relations

From the preceding discussion one might have noticed that Heisenberg’s holist
model of theory change bears many striking similarities to Kuhn’s model of scientific
revolutions. In her book, Quantum Dialogue, Mara Beller draws out some these

similarities between Heisenberg’s closed theory and Kuhn's paradigm. She notes,

7 For a contrasting view see Dirac in AHQP, April 1, 1962, quoted below.
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“Both resist improvement by small changes. Both are holistic. Both demand that
advances come by way of jumps” (Beller 1999, p. 290). Interestingly this is a similarity
that did not escape the notice of either Heisenberg or Kuhn. Heisenberg had seen a
copy of the first edition of The Structure of Scientific Revolutions shortly before Kuhn's
interview of him for the Archive for the History of Quantum Physics, and the question
of the similarity between their ideas came up during the course of the interview. In this
interview Heisenberg remarks, “I have studied your book already and it gave me great
pleasure to see the way how you use the term paradigm. . .. Yes, the necessity is to
break away. . .. One always, in such a situation, is forced to cut the branch on which
one is sitting” (AHQP February 27, 1963).

Another point of similarity between their views is that in Heisenberg’s writings
one comes across claims that sound like a formulation of the incommensurability thesis
(though he does not use this term). For example, in response to a question regarding
the relationship between sets of concepts belonging to different closed theories, he
poses a further question:

If, for instance, the same concepts or words occur in two different sets and are

defined differently with regard to their connection and mathematical

representation, in what sense do the concepts represent reality? The concepts of
space and time belonged both to Newtonian mechanics and to the theory of
relativity. But space and time in Newtonian mechanics were independent; in the

theory of relativity they were connected. (Heisenberg 1958, pp. 97-98).
Heisenberg brings up a similar point again in his interview with Kuhn:

If an experiment does not fit in Newtonian physics, you don’t know what you

mean by the words. That is the point. As soon as you come to velocities, near

the velocity of light, then it is not only so that Newtonian physics does not apply,

but the point is that you even don’t know what you mean by “velocity.” . .. That, I

think is a very characteristic feature of what I mean by close[d] system; that is,

when you have such a system and you get disagreement with the facts, then it

means that you can’t use the words anymore. You just don’t know how to talk.
(Heisenberg in AHQP, February 27, 1963)
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Kuhn's immediate response in this interview is to say “O. K. That I entirely agree with.
But I think you look too narrowly at the group of systems within which one can have
that experience” (Kuhn in AHQP, February 27, 1963). For example, while Kuhn would
argue that Ptolemaic astronomy also has this feature, Heisenberg would not want to
count the Ptolemaic system as an example of a closed theory.*

Despite these similarities, there are a number of points on which their views
diverge. One striking difference is that, while Heisenberg’s closed theories are seen to
be a permanent achievement, Kuhn's paradigms are best understood in terms of
wholesale theory replacement. In this same interview Kuhn explains to Heisenberg,
“As you perhaps see in the book, I am not very happy about taking out a sub-group of
these important discarded theories and saying, “‘Now these few are still with us.”. .. In
the long run quantum mechanics must be the substitute for Newton in the sense that
Newton is the substitute for Ptolemy and Aristotle” (Kuhn in AHQP, February 27,
1963). In this sense Kuhn—unlike Heisenberg—is a serial monogamist, not a theoretical
pluralist.

Another important issue that divides Kuhn and Heisenberg is realism. As was
discussed earlier, Heisenberg rejects a pragmatic interpretation of physical theories as
approximate descriptions of the phenomena. Furthermore he takes the laws within
closed theories to be correct for all time. One can see Heisenberg attempting to
articulate his realist views in quotations such as the following;:

This whole subject is extremely difficult to put into words. If, as we must
always do as a first step in theoretical physics, we combine the results of
experiments and formulae and arrive at a phenomenological description of the
processes involved, we gain the impression that we have invented the formulae

ourselves. If, however, we chance upon one of those very simple, wide
relationships that must later be incorporated into the axiom system . . . then we

® For a more complete discussion of the similarities and dissimilarities between Heisenberg and Kuhn, see
Bokulich (forthcoming).

12



are quite suddenly brought face to face with a relationship that has always
existed, and that was quite obviously not invented by us or by anyone else.
Such relationships are probably the real content of our science. (Heisenberg
1971, p. 99)
Heisenberg’s view thus seems to be a theoretical pluralism combined with realism,
though it is not clear how he intends to coherently combine these views.”

Heisenberg’s philosophy of closed theories has strong implications for his views
on intertheory relations in general, and the relationship between classical and quantum
mechanics in particular. He repeatedly maintains that quantum mechanics is neither a
falsification of classical mechanics nor an improvement upon it. When it comes to
saying precisely what is the proper way to understand the relationship between
classical and quantum mechanics, Heisenberg merely falls back upon Niels Bohr’s
indispensability of classical concepts: “Newtonian mechanics is a kind of a priori for
quantum theory. It is a priori in the sense that it is the language which enables us to say
what we observe” (Heisenberg in AHQP February 27, 1963). It is not clear, however,
that this Bohrian line can be made consistent with Heisenberg’s view that closed
theories are “complete in themselves.”"

Heisenberg’s 1934 comment regarding the issue of intertheoretic relations seems
truer to his mark: “The edifice of exact science can hardly be looked upon as a

consistent and coherent unit in the naive way we had hoped (Heisenberg 1934 [1979], p.

25). By committing himself to the picture of theories as largely isolated, closed

’ One possible interpretation would be along the lines of Nancy Cartwright’s “metaphysical nomological
pluralism” described in Cartwright 1995 and 1999. Hans Radder (personal communication) has
suggested that referential realism may be another way in which to interpret Heisenberg’s views. One of
the few places in which Heisenberg attempts to elaborate his pluralistic realism is in his unpublished
manuscript of 1942. A fuller examination of these metaphysical issues, which fall outside the scope of his
debate with Dirac, will be pursued in a future work.

' As Beller (1996) notes, “Heisenberg and Born often supported Bohr's position, although it was
incompatible with their own. Such public support is one of the major sources of contradictions in
Heisenberg’s and Born’s writings” (p. 184).
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axiomatic systems, Heisenberg has left little room for a substantive theory of

intertheoretic relations.

5. Dirac’s open theories
Whereas Heisenberg interpreted classical and quantum mechanics as closed
theories, perfectly accurate within their domains, unable to be altered, and correct for
all time, Dirac saw these theories as open: only approximate, able to be modified
piecemeal, and having no parts immune to future revision. In a 1962 interview by
Kuhn we see Dirac embracing the idea that progress in physics is like progress in
engineering:
I think this engineering education has influenced me very much in making me
learn to tolerate approximations. . . . I learned that even a theory based on
approximations could be a beautiful theory. I rather got to the idea that
everything in nature was only approximate, and that one had to be satisfied with
approximations, and that science would develop through getting continually
more and more accurate approximations, but would never attain complete
exactness. . . . As a result of that, I haven’t been much interested in questions of
mathematical logic. . . . I feel that these things are just not important, that the
study of nature through getting ever improving approximations is the profitable
line of procedure. (Dirac in AHQP, April 1, 1962)
There are a number of key points that emerge from these comments by Dirac. First, that
Dirac’s oft-quoted insistence on “beautiful theories” should not be interpreted as an
insistence on perfectly accurate or exact theories.” Second, we see Dirac advocating a
gradualist model of theory change, whereby progress in physics takes place through
continually developing ever more accurate approximations. Third, Dirac seems rather

dismissive of the ideals of mathematical logic, which had made such an impression on

Heisenberg.

"' Scheibe (2001) also notes the threat that Heisenberg’s closed theories pose for the unity of science.
" In Section 7 I will return to a discussion of what Dirac means by “beauty.”
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For Dirac neither quantum mechanics—nor classical mechanics—has reached its
final form. Unlike Heisenberg, who took classical mechanics to be essentially
unchanged since the opening pages of the Principia were written, Dirac sees classical
mechanics as a theory that has been modified and improved: “Classical mechanics is
essentially the mechanics of Newton. This mechanics was very much developed by
Lagrange, Hamilton, and others, and more recently it has been modified in its
underlying ideas through the appearance of Relativity” (Dirac 1951, p. 10). While
Heisenberg took classical mechanics and relativity to be two distinct closed theories, for
Dirac they belong to the same theory."” Similarly Dirac criticized the Copenhagen
theorists for claiming that quantum theory had attained its final form. In a 1929 letter to
Bohr he writes,

I am afraid I do not completely agree with your views. Although I believe that

quantum mechanics has its limitations and will ultimately be replaced by

something better, . . . I cannot see any reason for thinking that quantum
mechanics has already reached the limit of its development. I think it will
undergo a number of small changes. (Dirac’s letter to Bohr, Dec. 9, 1929, in

AHQP)"

In this quotation we not only see Dirac’s commitment to the open character of quantum
theory, but also his endorsement of a gradualist model of theory change. As will be

shown next, Dirac’s view that classical and quantum mechanics are both open theories

is the cornerstone of his scientific methodology.

6. Dirac’s methodology and model of theory change
In his own recollections about the early development of quantum theory Dirac

also notes some of the methodological differences between his approach and

" In addition to relativity, Dirac also includes classical electrodynamics in with classical mechanics.
These are then contrasted with quantum mechanics (which includes quantum electrodynamics).
" Quoted in Kragh 1990, p. 92.
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Heisenberg’s: “If you look up these early papers you will see that there is quite a
difference in our styles, because in my work the noncommutation was the dominant
idea. With the Gottingen School, the dominant idea was the use of quantities closely
connected with experimental results and the noncommutation appeared as secondary
and derived” (Dirac 1971, p. 30). Recall that in 1925 Dirac showed that the “ Heisenberg
product,” (or what we now—following Dirac’s terminology—call the commutator) that
appears in Heisenberg’s matrix mechanics paper is equal to i times the classical
Poisson bracket. In this paper, Dirac remarks “the correspondence between the
quantum and classical theories lies not so much in the limiting agreement when 1 — 0
as in the fact that the mathematical operators in the two theories obey in many cases the
same laws” (Dirac 1925, p. 649).” Dirac took correspondences such as this to indicate a
deep structural similarity between classical and quantum mechanics—a similarity that
could be exploited in the further development of these theories. One might refer to this
aspect of Dirac’s philosophy as the thesis of structural continuity.

In his well-known textbook The Principles of Quantum Mechanics Dirac again
emphasizes this continuity: “We should . . . expect to find that important concepts in
classical mechanics correspond to important concepts in quantum mechanics, and, from
an understanding of the general nature of the analogy between classical and quantum
mechanics, we may hope to get laws and theories in quantum mechanics appearing as
simple generalizations of well-known results in classical mechanics” (Dirac 1958, p. 84).

The importance that Dirac places on the analogy between classical and quantum
mechanics can help us make sense of the dismissive attitude that he took towards

Schrodinger’s formulation of quantum theory. It is often thought that this critical stance

T will return to discuss Dirac’s view on the correspondence between classical and quantum mechanics
more fully in Section 7.
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towards Schrédinger was a product of some sort of allegiance on the part of Dirac to the
Copenhagen-Gottingen School. Instead, I would argue that Dirac’s preference for the
Heisenberg formulation is due to the fact that it makes explicit the structural similarities
between the classical and quantum formalisms. Although Dirac is of course aware of
the equivalence of these two formulations and notes the practical utility of
Schrédinger’s formulation, he maintains, “Heisenberg’s form for the equations of
motion is of value in providing an immediate analogy with classical mechanics and
enabling us to see how various features of classical theory . .. are translated into
quantum theory” (Dirac 1958, pp. 115-116).

One might wonder why Dirac thought that it was so important to make this
analogy explicit. The reason, I argue, is that Dirac saw in this analogy an important tool
for the further development of scientific theories. In a 1945 paper called “On the
Analogy Between Classical and Quantum Mechanics” Dirac begins,

There are two forms in which quantum mechanics can be expressed, based on

Heisenberg’s matrices and Schrodinger’s wave functions respectively. . . . The

first is in close analogy with classical mechanics, as it may be obtained from

classical mechanics simply by making the variables of classical mechanics into
non-commuting quantities satisfying the correct commutation relations. The
development of the analogy has been greatly hampered by the mathematical
methods available for working with non-commuting quantities. . . . The present
paper will show how . . . in the case when the non-commuting quantities are
observables, one can set up a theory of functions of them . . . [and] make closer

the analogy between classical and quantum mechanics. (Dirac 1945, p. 195)

In this paper Dirac further attempts to develop a theory that allows one to assign a
probability for non-commuting observables to have definite values, though he notes
that this probability—being a complex number—cannot be given a physical
interpretation. Perhaps surprisingly, he then goes on to show how this formal

probability can be used “to set up a quantum picture rather close to the classical picture

in which the coordinates g of a dynamical system have definite values at any time”
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(Dirac 1945, p. 197). In other words, Dirac develops a way to introduce particle
trajectories into quantum mechanics—something that he takes to be an important
extension of the analogy between classical and quantum mechanics.

The picture that begins to emerge here is what might be called a methodology of
analogy extension. Dirac sees between classical and quantum mechanics certain formal
or mathematical similarities that he thinks can be fruitfully extended in new directions.
I want to argue that the way in which Dirac goes about extending this analogy can itself
be given a more precise characterization in terms of what I call the reciprocal
correspondence principle. The reciprocal correspondence principle can be understood as
the interplay between the following two components: First, the standard
correspondence principle, which I take here to mean quite broadly the use of classical
mechanics in the further development of quantum theory." And, second, what José
Séanchez-Ron (1983)—in connection with the work of Adriaan Fokker—has called the
inverse correspondence principle, by which one uses problems in quantum theory to
guide the further development of classical mechanics.”

In a rare moment of methodological reflection in a lecture at the 1949 Canadian
Mathematical Congress, Dirac provides a clear account of what I have here called the
reciprocal correspondence principle. He explains,

My own opinion is that we ought to search for a way of making fundamental

changes not only in our present Quantum Mechanics, but actually in Classical

Mechanics as well. Since Classical Mechanics and Quantum Mechanics are
closely connected, I believe we may still learn from a further study of Classical

' One must be cautious in identifying this generic understanding of the correspondence principle with
Bohr’s more specific views. I would further argue that because of their very different approaches to
intertheoretic relations, neither Heisenberg nor Dirac really shared Bohr’s understanding of the
correspondence principle. The relation of Bohr’s views to the two thinkers considered here will be
examined in a future work.

" In a footnote, Sdnchez-Ron notes that the inverse correspondence principle methodology could be
applied to Dirac’s work as well. Helge Kragh, in his excellent biography of Dirac, also notes the
similarities between Fokker’s methodology and Dirac’s, though in this connection the wrong paper by
Sanchez-Ron is referenced.
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Mechanics. In this point of view I differ from some theoretical physicists, in
particular Bohr and Pauli. (Dirac 1951, p. 18)

Although Dirac does not explicitly mention Heisenberg here, it is likely that he also has
him in mind. In this quotation we see once again that Dirac not only takes quantum
mechanics to be an open theory, capable of further modification, but that he takes
classical mechanics to be open as well.

The year in which Dirac is presenting this lecture (1949) suggests that he is
concerned with the recent developments in quantum electrodynamics and quantum
field theory. In particular, Dirac was notoriously unsatisfied with the divergencies or
infinities plaguing quantum electrodynamics and with those who attempted to fix these
problems with renormalization methods.

To see more clearly how different Dirac’s methodology is from Heisenberg’s and
the rest of the Copenhagen-Gottingen group it is worth quoting a bit further from this
lecture. He begins, “It seems to me that one ought to separate the difficulties as far as
possible . . . and attack each one separately.” Notice the difference here from
Heisenberg who thought a hundred problems needed to be solved at once. Dirac
continues,

For the purpose of this attack, we may very well work with the concepts of

Classical Mechanics. . . . We want to find new ideas and I think it is very likely

that some of the new ideas which we are looking for could be expressed and

understood simply on the basis of Classical Mechanics. . . . In this respect I differ
from Pauli, who believes that Classical Mechanics has nothing more to teach us
in the Quantum Theory, and that to make advances one should work with the
most highly developed form of our present Quantum Mechanics. . . . I believe
that working with a highly developed form, which is necessarily a complicated
form, restricts one’s power for getting new ideas, and if there are new ideas
which can be understood on a Classical basis, then one should try to work them
out simply keeping to the Classical Theory, and after one has worked them out
one can transfer them to the Quantum Theory by using the already established

connection between Classical Mechanics and Quantum Mechanics.
(Dirac 1951, p. 20)
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In this last line we see another important component of Dirac’s methodology, which we
may call the thesis of transferability. According to this thesis, any progress that we are
able to make within the classical context will subsequently be transferable back into the
quantum context.

It should be noted that Dirac did not see these new required advances as being
confined to the so-called borderlands of our theories. Rather, he thought they could
reach to the very heartland. He says, “The new ideas which I believe we should try to
get may necessitate a fundamental change even in our description of those phenomena
which can be quite well described by the existing quantum mechanics. . . . For this
reason, I think that one should examine closely even the elementary and the satisfactory
teatures of our present Quantum Mechanics” (Dirac 1951, pPP- 20-21). In other words,
the open character of classical and quantum mechanics meant for Dirac that there was
no part of these theories that was an achievement, correct for all time, as Heisenberg
would say.

One of the clearest examples of an application of the reciprocal correspondence
principle is found in Dirac’s 1938 paper “Classical Theory of Radiating Electrons.”" In
this work he writes,

If we accept Maxwell’s theory, the field in the immediate neighborhood of the

electron has an infinite mass. This difficulty has recently received much

prominence in quantum mechanics . . . where it appears as a divergence in the
solution of the equations that describe the interaction of an electron with an
electromagnetic field. . . . One may think that this difficulty will be solved only
by a better understanding of the structure of the electron according to quantum
laws. However, it seems more reasonable to suppose that the electron is too
simple a thing for the question of the laws governing its structure to arise, and
thus quantum mechanics should not be needed for the solution of the difficulty.

Some new physical idea is now required, an idea which should be intelligible

both in the classical theory and in the quantum theory, and our easiest path of
approach to it is to keep within the confines of the classical theory. (p. 149)

' I thank Matthias Frisch, who discusses the nonlocal character of the theory that Dirac develops here
(Frisch 2002), for bringing this paper to my attention.
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In this quotation we clearly see the reciprocal correspondence principle at work. As a
way of solving the problem of divergencies in quantum electrodynamics, Dirac turns to
the development of a more adequate classical electrodynamics. Dirac’s thesis of
structural continuity—in this case between the classical and quantum theories of the
electron—undergirds his thesis of transferability, which means that the classical
solution to the problem of divergences that he obtains here will be transferable back to
the quantum theory. One of the justifications he offers for this methodology is the
pragmatic point that the classical theory provides a simpler context in which to work
out new ideas.

Dirac never abandoned the view that classical and quantum mechanics were
open theories. Twenty-five years after his paper on the classical electron, he was still
making use of the reciprocal correspondence principle. Although Dirac never accepted
renormalization theory, he turned his attention to the problems that renormalization
theory left unsolved. Among these he lists the following;:

One of the problems is . . . accounting for the number 137. Other problems are

how to introduce the fundamental length to physics in some natural way, how to

explain the ratios of the masses of the elementary particles and how to explain
their other properties. Ibelieve separate ideas will be needed to solve these
distinct problems and that they will be solved one at a time through successive
stages in the future evolution of physics. At this point I find myself in
disagreement with most physicists. They are inclined to think one master idea

will be discovered that will solve all these problems together. (Dirac 1963, p. 50)
Clearly Heisenberg would be counted among those who believed these various
problems needed to be solved all at once.

One of Dirac’s more surprising approaches to solving these problems involved
reintroducing an aether. Once again, he took the key to solving a quantum problem to

lie in the development of a more adequate classical theory. In 1951 he had developed

yet another classical electrodynamics, one that required postulating a velocity field
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defined at all points of space-time. Dirac interpreted this velocity as the velocity of the
aether relative to the Earth. He argued that such an aether could be rendered consistent
with relativity theory as long as one subjected the aether velocity to the quantum
uncertainty relations. In this way Dirac was able to recover the Lorentz invariance of
his theory. When, in 1952, Leopold Infeld pointed out that one could accept all of the
conclusions of Dirac’s new electrodynamics without postulating an aether, Dirac
responded as follows: “Infeld has shown how the field equations of my new
electrodynamics can be written so as not to require an aether. This is not sufficient to
make a complete dynamical theory. It is necessary to set up an action principle and to
get a Hamiltonian formulation of the equations suitable for quantization purposes, and
for this the aether velocity is required” (Dirac 1952). For Dirac, the Poisson bracket
correspondence that he had discovered in 1925 provided an important link between
classical and quantum mechanics. One can only take an advantage of this
correspondence if one has a Hamiltonian version of the classical theory. Thus in his
search for a new QED, his strategy was to develop an appropriate Hamiltonian version
of classical electrodynamics, which could then be quantized. If this meant
reintroducing an aether and absolute simultaneity, then he was willing to do this. This
reinforces the fact that, for Dirac, even the most accepted and well-established parts of
theories were open to future revision.

When confronted with these same difficulties of QED, Heisenberg, by contrast,
attempted to solve all of these problems at once by restricting himself to observables
only—the same trick that had worked for him in 1925. This approach led Heisenberg to
abandon quantum field theory in favor of the S-matrix program. For Dirac, on the other
hand, agreement with experiments was not the final test of a theory. Regarding

renormalization theory he writes, “Just because the results happen to be in agreement
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with observation does not prove that one’s theory is correct” (Dirac 1987, p. 196). Dirac
was quite critical of both renormalization and S-matrix theory. Despite the progress of
the S-matrix school, he believed that high-energy physics should be based instead on
equations of motion (see, for example, Dirac 1970, p. 30). As I will show in the next
section, one can only make sense of Dirac’s insistence on equations of motion in the

context of his fundamental belief in the unity of physics.

7. Dirac and intertheoretic relations

Dirac’s views on intertheoretic relations do not fit easily into the usual categories
of either reductionism or pluralism. While he clearly thinks that there is a close
relationship between classical and quantum mechanics, he denies that this relationship
is captured by the usual reductionist picture that classical mechanics is recovered from
quantum mechanics in the limit 7z —0. As was mentioned above, he states in his
seminal 1925 paper that “the correspondence between the quantum and classical
theories lies not so much in the limiting agreement when 7% — 0 as in the fact that the
mathematical operators in the two theories obey in many cases the same laws” (Dirac
1925, p. 649). It is not clear, however, what exactly Dirac means when he says that the
mathematical operators obey the same laws. On the most superficial reading, Dirac is
merely pointing to the formal similarity between the classical Poisson bracket relation
and the quantum commutator. Olivier Darrigol, however, has suggested that in this
passage Dirac is making a more fundamental point: “The correspondence between two
theories, he [Dirac] believed, was not limited to the form of the fundamental equations;
it concerned mathematical structures, in the modern sense of the word” (Darrigol 1992,
p. 317). While Darrigol is quite right in pointing this out, the precise nature of Dirac’s

structural approach to intertheoretic relations is in need of further investigation.
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What is clear is that Dirac is a firm defender of the unity of physics. In a 1970
paper we see Dirac linking three key themes together with his quest for the unity of
physics: the relative unimportance of agreement with experiment, the necessity of
equations of motion, and mathematical beauty. He writes,

If we believe in the unity of physics, we should believe that the same basic ideas

universally apply to all fields of physics. Should we not then use the equations

of motion in high-energy as well as low-energy physics? Isay we should. A

theory with mathematical beauty is more likely to be correct than an ugly one

that fits some experimental data. (Dirac 1970, p. 29)

There are two points in this quotation that require further clarification: The first is the
question of why Dirac places so much emphasis on equations of motion. The answer
can be found little further on in this same paper. He explains,

High-energy physics forms only a small fraction of the whole of physics. The

theories of most fields, such as solid-state physics, spectroscopy of atoms and

molecules, and chemical physics, are based, fairly satisfactorily, on equations of
motion. We believe in the unity of physics. The equations of motion that are so
successful for most of physics cannot be simply discarded for one branch of
physics. Although these equations may need modification, perhaps involving
different kinds of variables, one would still expect to retain the basic structure.

(Dirac 1970, p. 30)

Thus, Dirac’s commitment to equations of motion can be understood in terms of his
more fundamental belief in the unity of physics. A branch of physics formulated
without equations of motion will, in his view, remain disconnected from the rest of
physics. While such a disconnect might be expected by those who believe that the
various branches of physics should be closed theories that are complete-in-themselves,

for an advocate of open theories, there remains the hope that these various branches can

be unified.
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The second point in need of clarification is the perennial question of what Dirac
means by mathematical beauty.” While the notion of beauty is notoriously vague and
multifaceted, I want to argue that one often-overlooked component of what Dirac
means by beauty is a continuity and structural similarity with classical mechanics. This
aspect of his understanding of beauty is expressed most clearly in a 1927 unpublished
manuscript where he remarks,

The quantum theory has now reached a form . . . in which it is as beautiful, and

in certain respects more beautiful than the classical theory. This has been

brought about by the fact that the new quantum theory requires very few
changes from the classical theory, these changes being of a fundamental nature,
so that many features of the classical theory fo which it owes its attractiveness can
be taken over unchanged into the quantum theory” (Dirac 1927, AHQP,

emphasis added; quoted in Darrigol 1992, p. 345).

For Dirac, classical mechanics is a beautiful theory that remains a benchmark against
which all other physical theories are to be measured. Beginning with his work in 1925,
he saw hints of a structural continuity between classical mechanics and the new

quantum theory. It was his belief in the open nature of these theories that led him to

devote his life to trying to extend and deepen these structural similarities in new ways.

8. Conclusion

In this historical debate between Heisenberg and Dirac there is a marked richness
in thinking about the nature of scientific methodology, theory change, and
intertheoretic relations. Many of the arguments they raise mirror our contemporary
philosophical debates over these same issues. On the question of theory change we can
recognize in their writings the familiar positions of the gradualist and the holist: Can

theories be modified piecemeal, or must we opt for wholesale exchange? Similarly,

" For a discussion of the role of beauty in science, including a discussion of Dirac’s commitment to
beauty, see McAllister 1996.
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when it comes to the question of methodology, we see Heisenberg and Dirac
advocating two very different accounts of heuristics: Should theory development
progress by focusing on experimentally given quantities and make a break with what
came before, or should new theories be developed through analogy extension, retaining
those elements that were successful in predecessor theories?

One example of a current debate that can be significantly enriched by this
historical material is the debate over intertheoretic relations in general, and the
relationship between classical and quantum mechanics in particular. Current accounts
of the relationship between these two theories typically assume either a replacement
view (quantum mechanics replaced classical mechanics rendering it obsolete) or a
reductionist view (quantum mechanics reduces to classical mechanics under a limiting
procedure). What is particularly interesting about this historical debate is that neither
Heisenberg nor Dirac adopt either of these views.

Both Heisenberg and Dirac argue for the continued importance of classical
mechanics, though as we have seen, they do so in quite different ways. For Heisenberg,
classical mechanics is a closed theory that is true wherever its concepts can be applied.
This view was described as a sort of theoretical pluralism: there are certain domains of
phenomena for which classical mechanics will forever provide the correct description
(just as there are other domains of phenomena for which quantum mechanics is the
final description). While Dirac also maintains a central role for classical mechanics, it is
not as the final description of some particular domain. He sees classical mechanics as
being very much an open theory—one that should continue to be developed, modified
and extended. Unlike the contemporary orthodoxy, Dirac does not take the
correspondence between classical and quantum mechanics to lie in some limiting

procedure, nor to be confined to the borders of these theories. A reexamination of this
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historical debate between Heisenberg and Dirac not only deepens our understanding of
their philosophical views, but also reveals that, when it comes to the relationship
between classical and quantum mechanics, the currently favored positions of theory

replacement and reductionism are not the only options.
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