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"How does a normally talented research scientist come to concern
himself with the theory of knowledge? Is there not more valuable work
to be done in his field? | hear this from many of my professional col-
leagues; or rather, | sense in the case of many more of them that this is
what they feel.

"I cannot share this opinion. When 1 think of the ablest students
whom | have encountered in teaching— i.e., those who distinguished them -
selves by their independence of judgment, and not only by mere agility—
I find that they had a lively concern for the theory of knowledge. They
liked to start discussions concerning the aims and methods of the sciences,
and showed wunequivocally by the obstinacy with which they defended
their views that this subject seemed important to them.

“This is really not astonishing. For when | turn to science not for some
superficial reason such as money-making or ambition, and also not (or at
least exclusively) for the pleasure of the sport, the delights of brain-
athletics, then the following questions must burningly interest me as a
disciple of this science: What goal will and can be reached by the science
to which 1 am dedicating myself? To what extent are its general results
‘true?’” What is essential, and what is based only on the accidents of
development?

“Concepts which have proved useful for ordering things easily assume
so great an authority over us, that we forget their terrestrial origin and ac-
cept them as unalterable facts. They then become labelled as ‘conceptual
necessities,” 'a priori situations,” etc. The road of scientific progress is
frequently blocked for long periods by such errors. It is therefore not just
an idle game to exercise our ability to analyse familiar concepts, and to
demonstrate the conditions on which their justification and usefulness

depend, and the way in which these developed, little by Ilittle. . . .”

— Albert Einstein (1916)
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Introduction

his group of essays, selected from among those of my publications

which lie outside research physics itself, isconcerned with what is

often called “the history of science and related studies.” The clumsiness

of that phrase itself indicates the need for the new approach to the study
of the history of science that has been emerging, one that looks for fruit-
ful ideas in fields ranging from the philosophy and sociology of science
to psychology and aesthetics. Some new name may soon be required for
this expanded field of scholarship; but more important, of course, are its
new questions, conceptions, and models of approach.

With few exceptions, the essays span about a decade; some are de-
tailed and formal, others much less so, and several were triggered by
some accident of personal history discussed in the Acknowledgments. By
and large, the later essays in this collection follow as development or
consequence from the earlier ones. Throughout, a particular aim has
been to show, by specific case studies of the growth of ideas of physicists
from Kepler to Einstein and Bohr, in what respects the traditional views
of the way the scientific mind works have to be changed and supple-
mented. For this purpose we have to introduce new concepts, such
as that of the “thematic” content of science, a dimension that can be
conceived as orthogonal to the empirical and analytical content. The-
mata are shown to play a dominant role in the initiation and acceptance

of certain individual scientific insights. The case of the origins of rela-
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tivity theory is singled out for study in depth, drawing in part on un-
published documents in the extensive Nachlass of Albert Einstein.

If these findings have consequences beyond the study of the history
of science itself, it will be chiefly in three respects: they may provide the
philosopher of science with the kind of raw material of actual cases on
which some of the better work in that field is based; they may help the
intellectual historian to redefine the place of modern science in our cul-
ture by identifying the contributions to the scientific imagination owing
to the whole spectrum of influences, from the general literary and
epistemological currents to the detailed sociology governing group work
in the laboratory; and they may prompt the educator to reexamine the
conventional concepts of education in science, both for scientists and for
nonscientists.

I shall discuss each of these points more fully, but, first of all, let me
take note of the historical problems treated here that seem to me of in-

terest in their own right.

Problems in the History of Physics

A few examples of the specific questions that generated each of the
essays must suffice at this point. In Johannes Kepler’'s Universe: Its
Physics and Metaphysics, the nagging problem was why Kepler's as-
tronomy worked so well although his pre-Newtonian physics was so in-
effective. Though his instinct for physical problems was sound, his tools
were not, and the success of his astronomy depended on his ability to
shift to frankly metaphysical presuppositions when his physical ones gave
out. Thus on February 10, 1605— a date that might be taken to be his-
toric for physics— he revealed for the first time his devotion to the image
of the universe as a physical machine in which universal terrestrial force
laws would hold for the operation of the whole cosmos (see his
letter to Herwart von Hohenburg). But his effort would have been
doomed if he had not supplemented the mechanistic image with two
other, very different ones: the universe asa mathematical harmony, and
the universe as a central theological order. These three themes continued
to echo in the work of the seventeenth-century scientists who followed
Kepler, and indeed up to the delayed triumph of the purely mechanistic
view in the completion of Newton'swork by Laplace.

A little earlier, in the very first of the essays, the question raised iswhy
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Newton chose to suppress his “Fifth Rule of Reasoning,” one which not
only would be accepted today, but, it would seem, was a logical conse-
quence of Newton's own avowed dislike of feigning hypotheses. We
are led there to introduce the recognition of the existence, and even the
necessity at certain stages in the growth of science, of precisely such
unverifiable, unfalsifiable, and yet not-quite-arbitrary hypotheses. This
class of hypotheses, referred to as thematic hypotheses or thematic prop-
ositions, is developed at some length in the first, third, and sixth essays.
The analysis has, | believe, significance also for the younger sciences
that are now (erroneously, in my opinion) trying to emulate the older
physical sciences by restricting their area of investigation, even if artifi-
cially, purely to the “contingent” plane of phenomenic (empirical) and
analytic statements.

The third essay examines some specific themes that are active both in

the sciences as narrowly constructed and in work outside the sciences

(e.g., juxtaposition of the thema-antithema (or 66) couple of atomism
and the continuum; methodological thema-antithema of projection [ex-
ternalization] and retrojection [internalization]). This prepares for the
recognition that themata not merely belong to a pool of specifically sci-
entific ideas but spring from the more general ground of the imagina-
tion.

In the fourth essay, The Roots of Complementarity, we firstreview the
wave-particle paradox and the related separation between the observer
and the observed. Historically this development took place in an era of
thematic conflict between scientists with antithetical presuppositions.

“

Some regarded Schrodinger’'s introduction of wave mechanics as “a
fulfillment of a long baffled and insuppressible desire,” as one physicist
expressed it in 1927, while others abhorred this continuum-based ap-
proach and found satisfaction only in fundamental explanations rooted
in the thema of discreteness. Both groups faced the same experimental
data; but their allegiances were to conjugate notions, and in the pas-
sionate motivation behind their antithetical quests we recognize one of
the chief properties of the thematic attachment.

At that point in history, it was Bohr’'s genial recommendation to ac-

cept both members of the {66) couple as equally valid but comple-
mentary pictures of nature, instead of following the traditional path of
persistently trying to dissolve or conquer over one by means of the other.

The historical question that arises here is how Bohr may have been pre-
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pared for this remarkable innovation in physics— and we follow the hints
left by Bohr himself to the effect that this new thema may have had
some of itsroots in philosophical and literary works.

The fifth essay, On the Origins of the Special Theory of Relativity,
poses a set of historical questions that are then successively attacked
in the next five papers: what are the sources for the study of the
origins of relativity theory, and what is their probable reliability? W hat
was the state of science around 1905, what were the contributions which
prepared the field, and what did Einstein know about them? By what
steps may Einstein have reached the conclusions he published in his first,
basic paper? To what extent was this work a member of a continuous
chain with immediate predecessors, and to what extent may it be con-
sidered “revolutionary” ? What were the roles of experiments and of
speculative hypotheses in the genesis of relativity theory? What part did
epistemological analysis play in Einstein’s thought, and what was his
influence in turn upon the epistemology of his time? What may we say
about the style of hiswork, and how may it be connected with his person-
al orientation? What methodological principles for the study of the
history of science itselfemerge from such a case study?

On the way, a number of old questions are reexamined and new ones
introduced in this section of the volume: the philosophical pilgrimage
of Einstein himself, starting from an allegiance to Machist phenomenal-
ism and ending primarily with a rationalistic realism; Einstein’s fre-
quent preoccupation with what he called “the nature of mental pro-
cesses,” and his conclusions concerning them; the fact that historical
statements, like those in physics, have meaning only relative to a spe-
cifiable framework— and the unfortunate consequence of this fact when
pedagogic statements are confused with quasi-historical statements; the
sometimes quite flagrant neglect of “experimental evidence” when such
evidence is contrary to a given thematic commitment; the “relativistic”
context of a “crucial” experiment that may indeed be crucial in the
setting of one theory but, in the setting of another, may be trivially true,
and not even worth a specific mention; an attempt to wrestle more con-
cretely with the old problem of the quasi-aesthetic choices which some
scientists make, for example in rejecting as merely “ad hoc” an hy-
pothesis which, to others, may appear to be a necessary doctrine; and
finally, an attempt to trace the growth of a scientist’'s thematic commit-

ment from childhood, and to see the work of a genial contributor in
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terms of a correspondence between his personal style and the structure
of the laws of nature themselves.

Since a chief aim of these essays is to raise new questions for research
rather than merely to answer old ones, there has been no attempt to
come to solutions that pretend to finality; rather, we shall be satisfied if
we can open the topic wider and find interesting questions spread over
several, previously separate, specialty disciplines. Then, too, some prob-
lems are not by any means ready to be solved— such as that of the mean-
ing of “genius”— and so it is best to leave them unashamedly open. This
applies also, for example, to the role of verbal versus visual thinking in
scientific theory building, and indeed to the question that Einstein him -
self, near the beginning of his Autobiographical Notes, struggled with:
“What, precisely, is ‘thinking’'?”

The two following essays are specifically devoted to the construction
of models for understanding the growth of science. Thus, the subject of
the eleventh essay is the relation between the work of the individual
scientist and that of the mass of scientific workers who are his contem -
poraries and his successors. It defines the crucial distinction between
two different activities— related to each other and with a fuzzy border
between them, but still quite different— that are nevertheless denoted by
the same term, science. One is the private aspect, science-in-the making,
the speculative, perhaps largely nonverbal activity, carried on without
self-consciously examined methods, with its own motivations, its own
vocabulary, and itsown modes of progress. The other isthe public aspect,
science-as-an-institution, the inherited world of clarified, codified, re-
fined concepts that have passed through a process of scrutiny and have
become part of a discipline that can be taught, no longer showing more
than some traces of the individual struggle by which it had been origi-
nally achieved. This, roughly, can be characterized as the difference
between the “subjective” and the “objective” aspects of truth-seeking.
The former aspect does not have to remain tacit, nor should it be dis-
credited as inaccessible to rational study. On the contrary, it should be
ferreted out, and, as Kepler and Einstein showed, it can sometimes be
quite eloquently defended.

Attending in more detail to the public aspect of scientific develop-
ment, the twelfth essay deals with the essentially qualitative aspects of
scientific growth and change in recent decades. Here a key conceptis not

so much the escalation of knowledge as the escalation of ignorance—
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the sometimes discontinuous process of breaking into new areas of work
where very little is yet known. Other aspects discussed include the pro-
cesses of diffusion of scientific information, branching of new fields, non-
linearity of potential in team work, and recruitment. Despite the faults
of the system that are being nowadays quite amply discussed, the so-
ciology of basic scientific research groups indicates that more than ever
these groups may provide useful models for the conduct of work in cer-
tain other fields of scholarship also.

In the remaining essays | have attempted to draw some practical con-
clusions from these findings, particularly insofar as they pertain to two
aspects of the public understanding of science. One is the actual design
of curricula for colleges and schools; hence, the final essays of this col-
lection are devoted to a detailed examination of the consequences for
education, including setting criteria for curriculum design. The tempta-
tion today is still strong to set up academic courses as if the aim were to
maximize the separateness of disciplines. The student sees the strands of
the curriculum hanging down separately, one labelled physics, another
psychology, a third economics, another political science. And he learns
each from a different person, from a different book. On his own, he is
supposed to make sense out of it all, to weave himself a tapestry from the
strands handed to him. This is putting much too large a burden on the
student. Moreover, the separateness of fields in the classroom does not
correspond to the intellectual realities of work in those fields. We ought
to show, particularly in the introductory or general-education courses,
those coherences that in fact do exist.

The other aspect of the public understanding of science of deep con-
cern to me is the manner in which science is understood or misunder-
stood among adult intellectuals, including those who deny that science
can be considered an essential and positive part of the cultural achieve-
ment of our time. This concern is by no means new. Thus the paper,
Modern Science and the Intellectual Tradition, now more than a decade
old and written at the height of the postwar appreciation of science,
warned that underneath the euphoria there was an old, underlying dis-
ease that spelled trouble ahead. And while some things have changed in
the meantime— mostly the absolute values of some numbers, though
hardly their ratios and percentages— the conclusions of that generally
pessimistic article are perhaps even more appropriate now. New forces

will have to be introduced into the cultural dynamics to change the
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continuing atrophy of the mechanism by which, in the more distant past,
schisms of the present kind were averted. A clearer understanding of
what science is and is not, which | see as one of the foremost purposes
in these essays, will, one dares to hope, help make more explicit the
bonds that could keep science in reciprocal contact with the rest of our

culture.
The Nascent Moment

Apart from the search for interesting problems in the general area of
the history of physics, many of these essays share in the attempt at least

to begin the long-overdue work of understanding the “nascent moment”
or nascent phase in scientific work. Einstein himself pointed frequently
to both the interest and the difficulty in any such discussion. For exam -
ple, he wrote, “Science as an existing, finished [corpus of knowledge] is
the most objective, most unpersonal [thing] human beings know, [but]
science as something coming into being, as aim, is just as subjective and
psychologically conditioned as any other of man’s efforts,” and its
study is what one should “permit oneself also.” Elsewhere, Einstein used
the suggestive phrase “the personal struggle” to describe what seemed to
him to deserve central attention in the analysis of scientific development.

This advice is, of course, exactly counter to that of many other scien-
tists, historians, and philosophers of science. Among the last, Hans
Reichenbach’s dictum is typical: “The philosopher of science is not
much interested in the thought processes which lead to scientific dis-
coveries .... that is, he is interested not in the context of discovery, but
in the context of justification.” Historians of science also have not paid
much attention to the nascent phase because, as one of them put it, the
reasons why scientists embrace their guiding ideas in individual cases
“lie outside the apparent sphere of science entirely” ; therefore they are
all too easy to dismiss as not leading to certain knowledge. Those few
philosophers of science who have looked at such problems have tended

to label them as “metascience problems,” hidden at the basis of science,
and not really partof it.

Scientists themselves, by and large, have traditionally helped to der-
ogate or avoid discussions of the personal context of discovery in favor
of the context of justification. They would still agree with Robert Hooke’s
draft preamble to the statutes of the Royal Society: “The business of the

Royal Society is: To improve the knowledge of natural things ... (not
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meddling with Divinity, Metaphysics, Morals, Politics, Grammar, Rhet-
orick, or Logicks).” This is of course on the whole as it should be. Yet
even the necessary few who are sympathetic to an analysisof the context
of discovery use imagery that shows how skeptical they are of ever find-
ing ways of understanding the “personal struggle.” Thus Gunther Stent
writes that the domain of the sciences “is the outer objective world of
physical phenomena. Scientific statements therefore pertain mainly to
relations between public events,” and he goes on to warn that all else is
of the nature of artistic statements which “pertain mostly to private
events of affective significance.” And Max Born has written, “1 be-
lieve that there is no philosophical high-road in science, with epistemo-
logical signposts. No, we are in a jungle and find our way by trial and
error, building our roads behind us as we proceed. We do not find sign-
posts at cross-roads, but our own scouts erect them, to help the rest.”

The intent of such rather typical responses may be benign, perhaps to
indicate the scientist’'s disagreement either with popular conceptions of
science as an impersonal, machinelike success story, or with those over-
bearing epistemological treatises that claim to put order into the turbu-
lent work of the individual scientist and help him to decide which of his
works may be good or bad. Nevertheless, the chief result is to discourage
the study of this “jungle.”

The detailed analysis of published scientific contributions generally
only reinforces this feeling. Most of the publications are fairly straight-
forward reconstructions, implying a story of step-by-step progress along
fairly logical chains, with simple interplays between experiment, theory,
and inherited concepts. Significantly, however, this is not true precisely
of some of the most profound and most seminal work. There we are more
likely to see plainly the illogical, nonlinear, and therefore “irrational”
elements that are juxtaposed to the logical nature of the concepts them-
selves. Cases abound that give evidence of the role of “unscientific” pre-
conceptions, passionate motivations, varieties of temperament, intuitive
leaps, serendipity or sheer bad luck, not to speak of the incredible tenac-
ity with which certain ideas have been held despite the fact that they
conflicted with the plain experimental evidence, or the neglect of theo-
ries that would have quickly solved an experimental puzzle. None of
these elements fit in with the conventional model of the scientist; they
seem unlikely to yield to rational study; and yet they play a part in sci-

entific work.
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This is much more obvious to one who actually lives in the middle of
the doing of science itself. Scientists generally have been reluctant (per-
haps even embarrassed) to discuss frankly this state of affairs in the
published work on which scholars outside the sciences generally rely. It
is only relatively recently that it has become more common for working
scientists to allow themselves to be interrogated by well prepared and
sensitive historians, or to make available their draft, notes, research
apparatus, personal letters, and other documents.1

We have here a curious standoff. While many and perhaps most sci-
entists are still skeptical about the possibility of understanding better the
nascent phase, they are equally uncomfortable with having to leave it
simply at references to “intuition” or other presently inexplicable mech-
anisms. | regard many of the confessions by scientists of how their work
is really done not as attempts to discredit their own mode of progressing
in the nascent phase, but rather as invitations to others to bring to bear
some systematic thought in this area of the “personal struggle.” If in the
past historians and philosophers of science have, on the whole, been
skeptical of accepting such problems into their area of scholarly work,
it may have been that the silence of most scientists and the frank but un-
structured testimony offered by the rest have frightened investigators
away rather than attracted them, and caused them to dismiss as un-
worthy of examination a fledgling area of scholarship that, in my view,
will sooner or later turn out to be a central part of their studies. Both
from the point of view of drawing attention to areas of fruitful new
questions and from that of a wider, more humanistic attitude toward
the growth of science itself, it seems to me that the study of the per-
sonal context of discovery isabout tocome into itsown.

Appropriate first steps in this direction are indicated in these pages;
they are of two kinds. First, one must delineate more clearly science in
the sense of the personal struggle, by distinguishing it from a different
activity, also called “science,” which is its public, institutional aspect.
The two activities may be labeled Si and S2respectively. It is for science
in the sense of £2 that the Royal Society edict, quoted above, has in fact
worked so successfully, even though for Si it has never applied. A scien-
tist, whose external justification and approbation comes from S2, the
arena in which his published work isof prime importance, has generally

little reason or incentive selfconsciously to examine Si, the arena of his

19



20

own imaginative processes within which he in fact lives from day to day.
Unless specifically urged, he is likely to adopt in all his discussions of sci-
ence the vocabulary and attitude of S2, dry-cleaned of the personal ele-
ments. In this way he becomes an ally of those historians and philoso-
phers of science who, for other reasons (including the fact that they
themselves do not live in the world of Si), have cause to neglect the
nascent momentas aproblem of research.

Once the distinctions between Si and S2 are made, one is ready to
work in the world of St without offending judgments that more prop-
erly belong in the S2 region; the apparent contradiction between the
often “illogical” nature of discovery and the logical nature of physical
concepts is resolved; and, without making light of the difficulties, one
is ready to find that a very different set of rules holds in Si than in S2.1
do not doubt that solid knowledge about Sx can be achieved. A science
of Si must be possible. Though scientists themselves may for a time
frown on such an enterprise, one may take comfort that the best of them
— for example Einstein and Bohr, as demonstrated in these pages—
would not.

Nor do we have to look only to them for an understanding of the
difficulty and necessity of such an enterprise. It was the philosopher-
psychologist William James, who as long ago as 1880 said in a context

that can be stretched from philosophy to other branches of knowledge:

Pretend what we may, the whole man within us is at work when we form
our philosophical opinions. Intellect, will, taste, and passion co-operate just as
they do in practical affairs; and lucky it is if the passion be not something as
petty as a love of personal conquest over the philosopher across the way. The
absurd abstraction of an intellect verbally formulating all its evidence, and
carefully estimating the probability thereof by a vulgar fraction, by the size of
whose denominator and numerator alone it is swayed, is ideally as inept as it is
actually impossible. It is almost incredible that men who are themselves work-
ing philosophers should pretend that any philosophy can be, or ever has been,
constructed without the help of personal preference, belief, or divination. How
have they succeeded in so stultifying their sense for the living facts of human
nature as not to perceive that every philosopher, or man of science either, whose
initiative counts for anything in the evolution of thought, has taken his stand
on a sort of dumb conviction that the truth must lie in one direction rather
than another, and a sort of preliminary assurance that his notion can be made

to work; and has borne his best fruit in trying to make it work?2
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The Thematic Component

W hile the existence of presuppositions in Sx cannot be denied— in-
deed, some of their aspects have been central preoccupations of phi-
losophers for more than three centuries— they make it puzzling how
scientific work can succeed at all. Would such preconceptions not hobble
one in the search for the objective state of affairs? How can science
change directions, and yet also preserve continuities? How has the sci-
entific profession managed to construct a corpus that is largely so success-
ful and so beautiful, despite this and other limitations on the individual
scientific contributor?

Portions of the essays discussing a particular type of preconception
which I have called thematic have been mentioned above. But since the
concept of thematic analysis will perhaps be the least familiar and the
one most easily confused with other current conceptions, we shall here
go into a little more detail on the role themata play in scientific work.
This may also help the reader by providing the outlines of the theoretical
framework within which the material here being surveyed can be more
readily accommodated.

All philosophies of science agree on the meaningfulness of two types
of scientific statements, namely, propositions concerning empirical mat-
ters of fact (which ultimately boil down to meter readings) and propo-
sitions concerning logic and mathematics (which ultimately boil down
to tautologies). To be sure, observation is now often carried on at the
output end of a complex of devices. The observation that counts in, say,
an experiment such as the first “observation” of the antiproton seems
completely buried under both the total output of data obtainable from
the mountain of special equipment and the mass of sophisticated
technological knowledge and physical theory without which one neither
could set up the conditions for the observation in the first place, nor
would know what one is looking for, nor should be able to interpret the
thin trace on an oscilloscope or in a photographic emulsion under the
microscope by which one finally “sees” the action of the antiproton.
But “propositions concerning empirical matters of fact” can be in-
terpreted to be propositions concerning this final stage, protocol sen-
tences in common language that command the general assent (i.e., as-
sent in S2) by specialists concerned with this type of “empirical matter

of fact” ; and thisiswhat makes them “meaningful.”
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The propositions concerning logic and mathematics are analytical
propositions. They are meaningful insofar as they are consistent within
the system of accepted axioms, though they may or may not turn out to
be more widely useful. Thus the algebra of ordinary commutative groups
suffices for Newtonian mechanics, but not for quantum mechanics.

These two typesof meaningful propositions may be called phenomenic
and analytic and by way of analogy one may imagine them roughly as
corresponding to a set of orthogonal x- and y-axes that represent the di-
mensions of the plane of usual scientific discourse.

One may name the x-y plane the contingent plane. The word con-
tingent has been used3in a sense that is supposed to be more subtle than
the term empirical: a contingent proposition is one “to whose truth or
falsity experience is relevant”— as against “logically necessary.”4 But
this is not the sense in which | intend “contingent” to be used; for, on
the one hand, it unnecessarily introduces by the back door arguments
concerning the nature and warrant of truth; and, on the other hand, a
proposition can be contingent not only on empirical evidence but also on
analytical evidence. The concept of the electron as part of the nucleus
was discarded not on empirical grounds (on the contrary, electrons ap-
pear to “come out” of decaying nuclei all too conspicuously), but rather
because it was thought wiser to retain the then new formal system of
quantum-mechanical analysis, according to which an electron bound in
the nucleus could be calculated to require utterly unreasonably large

energies.

| therefore define the contingent plane as the plane in which a scien-

tific concept or a scientific proposition has both empirical and analytical
relevance. Contingency analysis is the study of the relevance of concepts
and propositions in the x- and y-dimensions. It is a term equivalent to
operational analysis in its widest sense.

All concepts and propositions can in general be subjected to contin-
gency analysis. And we can reformulate the claim of the modern phi-
losophies of science that are rooted in empiricism or positivism that those
concepts or propositions are “meaningless” which have zero or nearly
zero components in the x- or y-dimension (or in both x- and y-dimen-
sions), that all meaningful science therefore happens in the x-y plane.
This, in brief, was the content of Newton’'s public pronouncements
against the postulation of innate properties and occult principles. It also

lies behind Hume’'s exhortation, the persistent attacks of Comte and
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Mach and their followers, and, outside science itself, the fury of Locke
against the doctrine of innate principles, the suspiciousness of J. S. M ill
against the intuitionism of the Scottish school, the reduced role that Ayer
assigns to philosophy when he writes that the function of philosophy is
“to clarify the propositions of science by exhibiting their logical relation-
ships, and by defining the symbols which occur in them,” and the fear of
many modern scientists that going outside the contingent plane neces-
sarily means opening the gates to a flood of obscurantism.

It isindeed one of the great advantages of the scheme that in the x-y
plane many questions (e.g., concerning the reality of scientific knowl-
edge) cannot be asked. The existence of such questions is not denied;
but they do not have to be admitted into scientific discussions, since the
possible answers are not verifiable or falsifiable, having no component
that can be projected on the phenomenic dimension of empirical (obser-
vational) fact, and obeying no established logical calculus (beyond that
of grammar) in which the analytic projection of the statement can be
examined for consistency.

In fact, this attitude is one reason why science has grown so rapidly
since the early part of the seventeenth century; keeping the discourse
consciously in the contingent plane means keeping it in the arena of S2
where statements can be shared and publicly verified or falsified. This
habit has minimized prolonged disagreement or ambiguity or the mere
authority of personal taste. It has helped expel certain metaphysical
propositions which were masquerading as empirical or analytical ones.
And in these ways, it has also helped forge a strong and wonderfully
successful profession.

These successes do not, however, hide the puzzling fact that con-
tingency analysis excludes an active and necessary component that is
effective in scientific work, both on the personal and on the institutional
level; that is, it neglects the existence of preconceptions that appear to
be unavoidable for scientific thought, but are themselves not verifiable or
falsifiable. Their existence has long been commented upon, and some of
their properties have been examined from different points of viewb;
but much more can be said on this subject. Related to the first is a second
puzzle, namely, why contingency analysis helps us to understand neither
how the individual scientific mind arrives at the products that later can
be fitted into the contingent plane, nor how science as an historical en-

terprise grows and changes. Thus in his influential book, Scientific
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Explenstion , the philosopher R. B. Braithwaite offers the rather typical
confession that an explanation of such matters is beyond the realm not

only of the scientistbut also of the philosopher:

The history of a science is the history of the development of scientific systems
from those containing ... few generalizations ... into imposing structures with
a hierarchy of hypotheses. ... The problems raised by this development are of
many different kinds. These are historical problems, both as to what causes the
individual scientist to discover a new idea, and as to what causes the general
acceptance of scientific ideas. The solution of these historical problems involves
the individual psychology of thinking and the sociology of thought. None of

these questions are our business here.6

If, however, we want to make them our business, it is at this point
— to return to our analogy— that we define a third, or z-axis, perpen-
dicular to the x- and y-axes of the contingent plane. It is the dimension
of themata, of those fundamental preconceptions of a stable and widely
diffused kind that are not resolvable into or derivable from observa-
tion and analytic ratiocination. They are often found in the initial or
continuing motivation of the scientist’'s actual work, and also in the
end product to which his work reaches out. Thus, while the two-
dimensional x-y plane may suffice for most discourse within science in
the sense of S2, it is in the three-dimensional, x-y-z space within which a
more complete analysis— whether historical, philosophical or psychologi-
cal— of scientific statements and processes should proceed. For example,
the study of the rise or fall of a thematic preoccupation is among the
most interesting problems for the historian. Some themata grow slowly,
as the result of a sequence of local successes— e.g., the thema of strict
conservation, as embodied in the laws of conservation of mass and of
energy, explained chemical reactions (such as the formation of HC1)
better than the earlier use of material “principles” (such as the acidify-
ing principles). The chemical ideas of material change became by and
by so successful that whereas in Newton’'s time chemical reactions were
understood in terms of organic digestive processes, a century and a half
later the arrow of explanation had turned around and organic digestive
processes were explained in terms of chemical reactions.7Some thematic
concepts found their place more rapidly, perhaps as a result of stunning

virtuoso demonstrations (e.g., the concept of a causal, mechanistic
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universe which was at least the external result of Newton’'s system of the
world). Other themata have atrophied or are now discredited as ex-
planatory devices— ideas such as macrocosmic-microcosmic correspond-
ence, inherent principles, teleological drives, action at a distance, space
filling media, organismic interpretations, hidden mechanisms, or abso-
lutesof time, space, and simultaneity.8

Yet other themes are long lived and apparently stable. To find exam -
ples, we need only glance at some reports of current research in the phys-
ical sciences and related areas, selected almost at random and quoted or
paraphrased from recent issues of research reports in the journals of the
profession.

At the top of the pile of journals on my desk at the momentisa report
of deep inelastic scattering of nuclear particles observed at the Stanford
University linear accelerator, which has drawn comment from theorists.
The problem is: what is the structure of the proton— which to an his-
torian of science sounds like a contradiction in terms. The current can-
didates are pointlike hypothetical constituents, be they quarks, dions,
partons, or stratons. One thing isclear: the antiquity of this quest for an
elementary— although perhaps protean— constituent of all matter, a
quest that has made sense to scientists all the way back to Thales. It is
nothing less than an a priori commitment that deserves to be called
them atic.

Almost invariably, for every thematically informed theory used in any

science, there may also be found a theory using the opposite thema, or

antithema. (Sometimes we find not merely opposing (00) dyads, but
even triads.) Thus opposition exists to current theories that believe all
hadrons to be dynamical constructs, satisfying self-consistency condi-
tions. There are publications insisting, for example, that nature exists in
an infinite number of strata with different qualities, each stratum being
governed by its own laws of physics and each always in the midst of
creation and annihilation. Still another view of the matter is hinted at
in work such as that of G. F. Chew, who has speculated that the way
to enlarge current ideas in elementary particle physics is to break out in
entirely new directions: “Such a future step would be immensely more
profound than anything comprising the hadron bootstrap [approach];
we would be obliged to confront the elusive concept of observation and,
possibly, even that of consciousness. Our current struggle . .. may thus

be only a foretaste of a completely new form of human intellectual en-
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deavor, one that will not only lie outside physics but will not even be
describable as ‘scientific.’ ”

W hat seems certain is that regardless of temporary victories for one
side or another, the dialectic process of this sort between a thema and its
anti-thema, and hence between the adherents of two or more theories
embodying them respectively, is almost inevitable, and is perhaps among
the most powerful energizers of research. If the past is a guide, this
process will last as long as there are scientists interested in putting ques-
tions to nature and to one another.

Next | find a report of a conference of physicists on fundamental
interactions at high energy. P. A. M. Dirac opened the conference with
the question, “Can equations of motion be used?” Although agreeing
that Heisenberg’'s 1925 view can be a good guiding principle (e.g., that
only observable quantities should be used in formulating a physical
theory), he felt it nevertheless unlikely that the analytic S-matrix de-
scription would be the final answer in high-energy physics. Some day,
according to Dirac, we would be discussing equations of motion of
entities only remotely related to experimental quantities. He thought
this prophecy would come to pass because of his “feeling for the unity of
physics” and because of the important role played by equations of
motion in all other branches of physics. This confidence, somewhat in
the face of current fashion and experimental evidence, led Dirac to say,
“a theory that has some mathematical beauty is more likely to be correct
than an ugly one that gives a detailed fit to some experiments.”

Such a quasi-aesthetic judgment is a form of thematic commitment
with deep psychological roots. It is frequently the basis for choices made
in actual scientific work (for example, when one ad hoc hypothesis is
accepted and another is rejected, or when a whole approach to a scien-
tific field is adopted or dismissed), though it is not common to see this
confessed in public print. Thus, in 1926, Heisenberg wrote to Pauli,
“The more | ponder the physical part of Schrodinger’s theory, the more
disgusting it appears to me.” At about the same time, Schrodinger in his
turn wrote about Heisenberg’'s approach: “1 was frightened away [by

it], if not repelled.” And Fermi wrote to Enrico Pérsico in the same vein
about what he called “the formal results in the zoology of spectroscopic
terms achieved by Heisenberg. For my taste, they have begun to exag-
gerate their tendency to give up understanding things.” At least since

Copernicus defended his theory as “pleasing to the mind,” it has been an
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everyday fact in the life of scientists that some of the terms and attributes
they use have for them great motivating power, but cannot be subjected
to contingency analysis.

Further on in a recent issue of Physics Todsy, | find the report of a
delicate analysis made on a meteorite that fell on Australia. A team
assembled from several institutions reports finding 16 amino acids, at
least five of which are common in living systems: these five would con-
stitute an essential part of any chain in the chemical evolution toward
living forms. In a sense, this is merely another report in a recent series
that suddenly has shown the “dead interstellar spaces” to be populated
with more and more complex materials, from hydroxyl radicals to for-
maldehyde. But what now excites the interest of the scientists most is
the evidence of equal quantities of laevogyrate (left-handed) and dex-
trogyrate (right-handed) amino acids in the samples. The fact that the
chirality in these samples is of both kinds increases by far the likelihood
that these amino acids are not merely contaminations from handling;
for reasons that are still entirely mysterious, the amino acids in living
things on earth are almost all left-handed. Now it hasbecome quite likely
that the ideas of chemical basis of evolution are entering a new phase of
elaboration: a search for clouds of amino acids in space becomes sensi-
ble. Chemistry, biology, geology, physics, and astronomy are being
brought together in a remarkable interdisciplinary attempt to under-
stand the historic, and perhaps continuing, evolution of life.

Triggered in part by this finding and this way of thinking is another
review, Chirality, Broken Symmetry, and the Origin of Life. The title
itself alerts us to the whole set of thematic elements that are basic
in major areas of research today, as they were in other areas in the
past: the efficacy of geometry as an explanatory tool; the conscious
and unconscious preoccupation with symmetries; the use of the themata
of evolution and devolution that might have been taken from the
ordinary life cycle but that have become, in any case, fundamental
tools of scientific thought (as much in psychological and sociological
research as in genetics and astrophysics). It is the interdisciplinary
spread or sharing of such fundamental themata that has produced
something like a scientific imagination shared by all scientists, forming
one of the bonds among them, and making possible the interdisciplinary
approach thatcharacterizes so many of the new developments.

Though certain themata are developed in detail in some of the essays
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that follow, it will be fruitful here to make distinctions between three
different uses of the concept of themata:

(1) A thematic conceptis analogous to a line element in space which
has a significant projection on the z- or thematic dimension. Purely the-
m atic concepts seem to be rare in established science. What is more sig-
nificant is the thematic component of concepts such as force or inertia,
which have strong x and y components also. Therefore, when we speak
of force or inertia as a thematic concept we mean the thematic com -
ponent of this concept.

(2) A thematic position or methodological thema is a guiding theme
in the pursuit of scientific work, such as the preference for seeking to
express the laws of physics whenever possible in terms of constancies, or
extrema (maxima or minima), or impotency (“It is impossible
that...”).

(3) Between these two is the thematic proposition or thematic
hypothesis, e.g., a statement or hypothesis with predominant thematic
content, or the thematic component of a statement or hypothesis. A
thematic proposition contains one or more thematic concepts, and may
be a product of a methodological thema. Thus, the principle of con-
stancy of the velocity of light in relativity theory is a thematic proposi-
tion, and it also expresses the constancy-seeking methodological thema.

Without preempting the discussion in the essays that follow, it will be
useful here to touch briefly on a few other properties of themata. One is
the question concerning their source. They are certainly notunapproach-
ably synthetic a priori, in the eighteenth-century sense; nor is it neces-
sary to associate them with Platonic, Keplerian, or Jungian archetypes,
or with images, or with myths (in the nonderogatory sense, so rarely used
in the English language), or with irreducibly intuitive apprehensions.®

It is likely that the origin of themata will be best approached through
studies concerned with the nature of perception, and particularly of the
psychological development of concepts in young children. Another
direction that seems to have promise is the work building on Kurt
Lewin’'s dynamic theory of personality. But, pending reliable results,10
the most fruitful stance to take for the moment seems to me akin to that
of a folklorist or anthropologist, namely, to look for and identify recur-
ring general themes in the preoccupation of individual scientists and of
the profession as awhole, and to identify their role in the development of

science.



INTRODUCTION

Another point concerns the antiquity and paucity of themes— the
remarkable fact that the range and scale of recent theory, experience,
and experimental means have multiplied vastly over the centuries while
the number and kind of chief thematic elements have changed little.
Since Parmenides and Heraclitus, the members of the thematic dyad of
constancy and change have vied for loyalty, and so have, ever since
Pythagoras and Thales, the efficacy of mathematics versus the efficacy
of materialistic or mechanistic models. The (usually unacknowledged)
presuppositions pervading the work of scientists have long included also
the thematic couples of experience and symbolic formalism, complexity
and simplicity, reductionism and holism, discontinuity and the con-
tinuum, hierarchical structure and unity, the use of mechanisms versus
teleological or anthropomorphic modes of approach.

These, together with others further discussed in the essaysand perhaps
a few more— a total of fewer than 50 couples or triads— seem historically
to have sufficed for negotiating the great variety of discoveries. Both
nature and our pool of imaginative tools are characterized by a remark-
able parsimony at the fundamental level, joined by fruitfulness and
flexibility in actual practice. Only occasionally (as in the case of Niels
Bohr) does it seem necessary to introduce a qualitatively new theme

into science.

Thematic Preparations for Relativity

Perhaps the most pervasive characteristic of modern science is the
generally accepted thema of the unlimited possibility of doing science,
the belief that nature is inexhaustibly knowable. Kepler found support
for this belief in equating the mind of God and the mind of man on
those subjects which can be understood in the exact sciences. In our
day, Heisenberg has said: “Exact science also goes forward in the belief
that it will be possible in every new realm of experience to understand
nature.”

To recapture the exuberant enthusiasm of science, one should go not
to a well-established contemporary physical science, but perhaps tc a
field when it was still young. In the journals of the seventeenth and
eighteenth centuries, we can find, side by side, what we would now con-
sider very heterogeneous material— descriptions of a violent thunder-

storm, statistics of and speculations on the causes of death in a certain
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village, notes on microscopic or telescopic wonders, or on the colors in
chemical reactions, observations on the propagation of light, on the
growth and types of reptiles, on the origin of the world. The hetero-
geneity speaks of a marvelous and colorful efflorescence of interests and
an unselfconscious exuberance that verges sometimes on aimless play.
The scientists of the time seem to us to have run from one astonishing
and delightful discovery to the next like happy children surrounded by
gifts.

As the terminology has grown more sophisticated, this wonderful
feeling has become less evident to those not directly involved in science.
And it also has become less wide-ranging in scientific circles as the work
of the scientist has become more and more specialized. But from the
platform of his specialized science, he can more than ever feel that
nature bars no questions, that what can be imagined also can be— no,
must be— investigated.

But behind this apparently atomistic fragmentation of attention has
been a monistic aim. The seventeenth- and eighteenth-century re-
searcher did not see the myriads of separate and disparate investigations
around him as unrelated items in a randomly built catalogue of natural
knowledge. Coupled with the theme of the universal accessibility of
nature has been the old motivating methodological theme of an under-
lying Einheit der Naturwissenschaften— both a unity and a singularity
of natural knowledge. The paths to an understanding of nature may be
infinite (as the successes of even the most specialized interests indicate),
and each of these paths is expected to have difficult but not insurmount-
able barriers. But all the paths have been vaguely thought to lead to a
goal, an understanding of one nature, a delimited though no doubt
complex rational corpus which some day a man'smind would be able to
make his own (as the layman today says, somewhat frightened, “one
great formula” that tells everything there is to know about nature)

These two connected themata of unlimited outer accessibility and
delimited inner meaning can be vaguely depicted by the device of a
maze having in its outer walls innumerable entrances, through each of
which one can hope to reach, sooner or later, the one mystery which
lies at the center.

But another possibility has suggested itself more and more insistently:
that at the innermost chamber of the maze one would find nothing.

Writing in the fateful year of 1905, Joseph Larmor, one of Newton’'ssuc-



INTRODUCTION

cessors as Lucasian Professor of Mathematics at Cambridge, saw it

coming:

There has been of late a growing trend of opinion, prompted in part by
general philosophical views in the direction that the theoretical constructions
of physical science are largely factitious, that instead of presenting a valid
image of the relation of things on which further progress can be based, they

are still little better than a mirage.12

The final encounter, he seems to cry out, cannot be with a mere shadow,
or, worse still, with a narcissistic self-reflection of one’s own thought
processes.

Yet, on the face of it, it is not necessary to believe that knowledge of
nature must turn out to be organizable in a philosophically satisfactory
way. “We have no right to assume that any physical law exists,” M ax
Planck once said. From a suitable distance, we cannot soundly claim
that the historic development of science has proved nature to be under-
standable in a unique way— as distinct from documentable, manipu-
late, predictable within limits, or technically exploitable. What has
happened is that the ground of the unknown has continually been
shifted, the allegory has continually changed. David Hume expressed

this in 1773:

While Newton seemed to draw off the veil from some of the mysteries of
nature, he showed at the same time the imperfections of this mechanical
philosophy; and thereby restored her ultimate secrets to that obscurity in

which they ever did and ever will remain.13

In the empirical sciences, we are far from being able to prove that we
have been approaching an increasing understanding of the type that
characterized the development of, say, some branches of mathematics.
Our interests and tools change, but not in a linear, inevitable way. For
example, the historic development from organismic science to a mechan-
istic and then to the mathematical style could have taken place in the
opposite direction. And the ontological status of scientific knowledge
itself has been turned completely upside down since the beginning of
the twentieth century. The experimental detail is now not simply the
token of a real world; on the contrary, it is all that we can be more or

less sure about at the moment.
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Karl Popper summarizes this view in these words:

I think that we shall have to get accustomed to the idea that we must not
look upon science as a “body of knowledge,” but rather as a system of hy-
potheses; that is to say, as a system of guesses or anticipations which in prin-
ciple cannot be justifiied, but with which we work as long as they stand up to
tests, and of which we are never justified in saying that we know that they are

“true” or “more or less certain” or even “probable.” 14

Our justification for these hypotheses is that they have a hold on our
imagination and that they help us to deal with our experience. O n this
basis, all the scientist needs to say, if anyone should ask him what he is
doing, is: hypotheses jingo. This— a new methodological theme funda-
mental to the scientific revolution of the first ten years of our century—
was precisely what Lodge, Larmor, Poincare, and so many others could
not accept. Poincare, who was perhaps technically the best-prepared
scientist in the world to understand Einstein’s relativity theory of 1905,
did not deign to refer to it once in his large published output up to his
death in 1912. This silence— of which more is said in the sixth essay—
was not mere negligence; Poincare, despite his silence, had understood
Einstein’s message only too well.

Until Einstein, the postulate of relativity had been builtinto a physics
resting on some principle of the unattainable but underlying Absolute.
In Newton’'s work, relativity was made understandable and respectable
by pointing to a curtain behind which, in the Sensorium of God, the
finally unknowable absolutes of space and time were said to be hidden.
God moved bodies, whose merely relative motion was all we could see, as
a hidden puppeteer moves objects that act out his thoughts. In nine-
teenth-century physics, including that of Poincare and Lorentz, the ulti-
mate ground of explanation shifted to the undiscoverable ether, which
thereby took, so to speak, the place of the essentially unknowable Deity
of the previous two centuries as the repository of unaskable questions.
W hat Einstein did in 1905— with his brash sentence declaring the ether
to be “superfluous” as a result of elevating the principle of relativity
from a heuristic conjecture to a fundamental proposition— was to pull
up the curtain, and to announce that there was nothing at all behind it.

The demand that absolutes in science should be considered to be
meaningless, that the ether, the last refuge of inscrutable reality, be
abandoned, was too overwhelming for most scientists at the time. Their

writings show what outrage was being committed on their own thematic
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orientation, and perhaps never more clearly than in the paper on The
Géométrisation of Physics by Sir Oliver Lodge as late as 1921. In that

critique of relativity theory he wrote :

To summarise, then:

In such a system there is no need for Reality; only Phenomena can be
observed or verified: absolute fact is inaccessible. We have no criterion for
truth; all appearances are equally valid; physical explanations are neither
forthcoming nor required: there need be no electrical or any other theory of
the constitution of matter. Matter is, indeed, a mentally constructed illusion
generated by local peculiarities of Space. It is unnecessary to contemplate a
continuous medium as a universal connector, nor need we try to think of it as
suffering modification transmitted from point to point from the neighborhood
of every particle of gravitational or electrified matter: a cold abstraction like
a space-time manifold will do all that is wanted, or at least all that the equa-
tions compel. And, as a minor detail, which will bring us to the point, it is not
necessary to invoke a real FitzGerald contraction in order to explain the result
of the Michelson Experiment.

. Undoubtedly general relativity, not as a philosophic theory but as a
powerful and comprehensive method, is a remarkable achievement; and an
ordinary physicist is full of admiration for the equations and the criteria,
borrowed from hyper-Geometers, applied by the genius of Einstein, and ex-
pounded in this country with unexampled thoroughness and clearness by
Eddington. But notwithstanding any temptation to idolatry, a physicist is
bound in the long run to return to his right mind; he must cease to be in-
fluenced unduly by superficial appearances, impracticable measurements, geo-
metrical devices, and weirdly ingenious modes of expression; and must re-
member that his real aim and object is absolute truth, however difficult of at-
tainment that may be; that his function is to discover rather than to create; and
that beneath and above and around all Appearances there exists a universe of

full-bodied, concrete, absolute Reality.15

It was the last, dying cry against the replacement of the theme of the
once-created, real universe by that of an ontologically agnostic universe,
the one in which, for better or worse, we have found ourselves since
1905.

Scientific relativism was not the only road by which we have come to
the empty center of the labyrinth. Through statistical mechanics the
gross behavior of matter was more and more explainable, from mid-
nineteenth century on, in terms of the concatenation of large numbers

of molecules whose individual moment-to-moment behavior was tech-
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nically too difficult to predict. T o this, quantum physics then added the
recognition that individual events on the sub-atomic level (for example,
the path of individual photons going through an opening in a screen)
are not predictable in principle, rather than merely for reasons of com -
putational and experimental difficulty.

And there was yet another route to the establishment in science of the
self-justifying existence of individual “events.” Roger Cotes, in the
defense of Newton’s Principis against the Cartesian and Leibnizian

heresies, wrote:

He who is presumptuous enough to think that he can find the true principles
of physics and the laws of natural things by the force alone of his mind, and the
internal light of his reason, must either suppose that the world exists by neces-
sity, and by the same necessity follows the laws proposed; or if the order of
Nature was established by the will of God, that himself, a miserable reptile,
can tell what was fittest to be done. All sound and true philosophy is founded
on the appearance of things; and if these phenomena inevitably draw us,
against our wills, to such principles as most clearly manifest to us the most
excellent counsel and supreme dominion of the All-wise and Almighty Being,
they are not therefore to be laid aside because some men may perhaps dislike
them. . . . Philosophy must not be corrupted in compliance with these men;

for the order of things will not be changed.16

Butitwas; and very soon, too. As Koyré reminds us

. the mighty, energetic God of Newton who actually “ran” the universe

according to His free will and decision, became, in quick succession, a con-
servative power, an intelligentia supra-mundana, a “Dieu faineant”. ... The in-
finite Universe of the New Cosmology, infinite in Duration as well as in Ex-
tension, in which eternal matter in accordance with eternal and necessary laws
moves endlessly and aimlessly in eternal space, inherited all the ontological
attributes of Divinity. Yet only those— all the others the departed God took
away with Him .17

In this God-empty universe, what is it that one can ultimately en-
counter? Heisenberg has written that “changes in the foundations of
modern science may perhaps be viewed as symptoms of shifts in the
fundamentals of our existence which then express themselves simultane-
ously in many places, be it in changes in our way of life or in our usual
thought forms___ " And the shift he singles out is “that for the first time
in the course of history, man on earth faces only himself, that he finds no

longer any other partner or foe.” In science, too, “the object of research
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isno longer nature in itself but rather nature exposed to man’s question-
ing, and to this extent man here also meets himself.18

This, then, is a main trend in the contemporary philosophy of science
— resulting from a merging of the two strongest philosophical move-
ments, existentialism and positivism— which appears to me to underlie
the uneasiness expressed by many who see in a science a disjunctive and
alienating component. The physicist and mathematician, Hermann

Weyl, expressed a similar conclusion ina moving way:

In existentialism is proclaimed a philosophical position which perhaps is
better coordinated with the structure of modem scientific knowledge than
Kantian idealism in which the epistemological positions of Democritus, Des-
cartes, Galileo, and Newton appeared to have found their full philosophical
expression.

. . When Bertrand Russell and others tried to resolve mathematics into
pure logic, there was still a remnant of meaning in the form of simple logical
concepts; but in the formalism of Hilbert, this remnant disappeared. On the
other hand, we need signs, real signs, as written with chalk on the black-
board or with pen on paper. We must understand what it means to place one
stroke after the other. It would be putting matters upside down to reduce this
naively and grossly understood ordering of signs in space to some purified
spatial conception and structure, such as that which is expressed in Euclidean
geometry. Rather, we must support ourselves here on the natural understand-
ing in handling things in our natural world around us. Not pure ideas in pure
consciousness, but concrete signs lie at the base, signs which are for us recog-
nizable and reproducible despite small variations in detailed execution, signs
which by and large we know how to handle.

As scientists, we might be tempted to argue thus: “As we know” the chalk
mark on the blackboard consists of molecules, and these are made up of
charged and uncharged elementary particles, electrons, neutrons, etc. But
when we analyzed what theoretical physics means by such terms, we saw that
these physical things dissolve into a symbolism that can be handled accord-
ing to some rules. The symbols, however, are in the end again concrete signs,

written with chalk on the blackboard. You notice the ridiculous circle.19

In summary: from the beginning to the present day, science has been
shaped and made meaningful not only by its specific, detailed findings,
but even more fundamentally by its thematic content. The reigning
themata until about the mid-nineteenth century have been expressed
most characteristically by the mandala of a static, homocentric, hier-

archically ordered, harmoniously arranged cosmos, rendered in sharply
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delineated lines as in those of Copernicus'sown hand-drawing. It was a
finite universe in time and space; a divine temple, God-given, God-
expressing, God-penetrated, knowable through a difficult process similar
to that necessary for entering the state of Grace— by the works of the
spirit and of the hand. Though not complete knowledge, it was as com -
plete as the nature of things admits in this mortal life.

This representation was gradually supplanted by another, particularly
in the last half of the nineteenth century. The universe became un-
bounded, “restless” (to use the happy description by Max Born), a
weakly coupled ensemble of infinitely many separate, individually sover-
eign parts and events. Though evolving, it is continually interrupted by
random discontinuities on the cosmological scale as well as on the sub-
microscopic scale. The clear lines of the earlier mandala have been
replaced by undelineated, fuzzy smears, similar perhaps to the represen-
tation of distribution of electron clouds around atomic nuclei.

And now a significantnumber of our most thoughtful scholars, joining
those critics who have never forgiven science its demythologizing role,
seem to fear that a third mandala is rising to take precedence over both
of these— the labyrinth with the empty center, where the investigator
meets only his own shadow and his blackboard with hisown chalk marks
on it, his own solutions to his own puzzles. And this philosophical threat
is thought to be matched by the physical threat considered as originating
from a blind, aimless, self-motivating, ever-growing engine of tech-
nology.

It is therefore not surprising that those who think of our culture and
our persons as caught up by these two tendencies find little com fort in
the beauty of scientific advances, in the recital of coherence-making
forces, or in promises that the lamp of science will light the way to a
better society. Not until their doubts are allayed will there be any hope

and valid place for science inour culture.

The Dimensions of Modern Historical Scholarship

Neither the analysis of a case in the history of science into its Sx and
S2components nor thematic analysis, separately or together, can suffice
for a full understanding of the case. These two techniques are themselves
only part of a larger set of work tools that should at least be enumer-
ated here. (T he distinction often made between externalistic and inter-

nalistic approaches isalso far too blunt for laying bare the fine structure.)
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Although many individual historians of science are largely, and prop-
erly, still occupied predominantly along the chief traditional directions,
a general awareness and tolerance have arisen in recent years that recog-
nize the existence of nine somewhat overlapping but still sufficiently
separable directions that most historical work can now take in principle.
Far from reducing science to an epiphenomenon of the social and eco-
nomic development of society, such a multidimensional attack ensures
that science is not reduced to one or another of the limited but popular
caricatures. ldeally, the full potential of a major case is not likely to be
exhausted until attention has been paid to each of these components.
For any event E in the history of science at a time t (for example,
Einstein’s announcement of relativity, the case on which | have at-
tempted to make some beginning in these essays), the systematic list of
chief elements that may fruitfully engage the attention of historians of
science would run somewhat as follows:

1. The awareness within the'area of public scientific knowledge at
time t of the scientific “facts,” data, techniques, theories, and technical
lore concerning event E— both in the published work of a particular
scientist who is being studied and in the work of others in his field whom
he may or may not have known about. (In terms used earlier, this is
knowledge of S2at £).

2. The establishment of the time trajectory of the state of public
scientific knowledge, both leading up to and going beyond the time
chosen above. This is, as it were, the tracing of the World Line of an
idea, a line on which the previously cited element E is merely a point.
Under this heading we are dealing with antecedents, parallel develop-
ments, continuities and discontinuities, and the tracing of the public
acceptance or rejection of an idea. This isour stock-in-trade : telling the
story of a conceptual development (though perhaps too often at the cost
of other concerns, making it therefore almost appear as if scientific ideas
had an independent life of their ow n).

3. The reconstruction of the less institutional, more ephemeral, per-
sonal aspect of the scientific activity E at t. We are now looking at the
same event in SX reflected in letters, drafts, laboratory notebooks, aban-
doned equipment, interviews, and reminiscences. Here we deal with an
activity that may be poorly documented, and not necessarily appreciated
or well understood by the agent himself.

4. The establishment of the time trajectory of this largely private

37



scientific activity under study— the personal continuities and discontinui-
ties in development. What | am pointing to here is the kind of develop-
ment we discuss in the tenth essay which brought Einstein from his first
encounter with magnetism as a young boy to his early elaboration of
general relativity theory. Now event E at time t begins to be understood
in terms of the intersection of two trajectories, two World Lines, one for
public science and one for private science.

5. Coupled to the trajectory of Si is the tracing of another line, the
psychobiographical development of the scientist whose work is being
studied. Far from being a passing fashion, it is an aspect of historical
studies that in some form has been urged since at least the days of Wil-
helm Dilthey. Whether one wishes to castone’slot with the pointof view
of Freud, Erikson, Piaget, or others, or with several of them in part,
seeking correlations between the Si trajectory and the historico-psycho-
logical development will at least give rise to those most precious of com -
modities, new and interesting questions. For example, for at least one
case of high achievement, we shall pursue the hypothesis that a person’s
public scientific work is an expression of this intimate style of thought
and life.

6. A similar line may be traced that relates the trajectory of the ideo-
logical or political as well as the literary events of the time to the trajec-
tories of St and S2. We need merely mention the fact that Einstein (to
his own astonishment) became a charismatic figure, with influence far
beyond physics, as a result of the experimental confirmation in 1919 of
his general relativity prediction concerning the deflection of starlight
passing near the sun’s disk. It is not unlikely that this mass response to
what was perceived as a scientific “revolution” of the old order in physics,
seemingly certified by nothing less than the stars themselves, was to a
degree prepared by the existence of political revolutionary situations in
many parts of the world at the time. Similarly it has been argued that
the widespread interest among German scientists in abandoning the
principle of causality in the early 1920's (despite Einstein’s opposition)
is closely related to developments in the German intellectual environ-
ment, including the huge vogue then enjoyed by Oswald Spengler’s
pessimistic and intuitionistic book, The Decline of the West.On the
whole | agree with the implication that in retrospect some of the seeds
of destruction of the Weimar Republic may be discerned in studying

this episode in the history of quantum physics. (Conversely, the influ-
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ence of the progress of physics upon political history can of course also
be documented, for example in the role of the nuclear reactor.)

7. A further component essential to full understanding of an event
refers unavoidably to the sociological setting, conditions, influences—
arising from colleagueship or the dynamics of team work, the state of
professionalization at the time, the link between science and public policy
or between science and industry, or institutional channels for the fund-
ing, evaluation, and acceptance of scientific work. One partial expression
of this component may be found in the current attempts to construct
empirical and quantitative measures for the progress of the sciences*
But the qualitative aspects are at least as important. One could not,
for example, study the great differences in the rates of acceptance of
relativity theory or quantum theory in different countries, without study-
ing the differences in the structure of their educational systems. Similar-
ly, itwould not be possible to understand fully the philosophical progres-
sion of Einstein away from his early devotion to empiricism— unless one
understood and made provision for the influence of such colleagues
as M ax Planck.

8. The previous pointis a reminder, if one were required, of another
aspect, namely, the need for an analysis of the epistemological and
logical structure of the work under study. Here has been our chief point
of contact with a variety of philosophers of science whose contributions
have, on occasion, indeed been illuminating for the historian of science.

9. Finally, there is the analysis of the individual scientist's
thematic presuppositions that motivate and guide his research, asamply
discussed above.

To be sure, the separations between the nine components | have cited
are not hard and fast. Any categorical list is, to some degree, artificial
— a fact that goes back to the well-known failure of language fully to
comprehend experience. But the categories chosen do have merit at least
operationally: they coincide in most cases with the specific professional
interests of academic groups to whom the modern historian of science
can look for collaboration and instruction.

And on the whole, these nine major strands, composing a net with
which to catch the spirit and meaning of a particular scientific work, do
fit the shape of historic cases themselves. One might envisage such a case
as being, so to speak, caught in the center of a net made of these strands.

It is unlikely and unnecessary for any historian of science to perform by
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himself an analysis along all of these nine dimensions. But if we are to
rise above a partial view, the overlap of individual contributions should
eventually make it possible for a scientific work to be so studied in full.
In this way, the history of science may reach its highest and most ambi-
tious level— which | take to be the historically based analysis of culture,
society, and personality, seen through the focus of a lens which the case

study of a scientific work provides.
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Mensch (Zurich: Rhein-Verlag, 1959), pp. 105-109.
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1 THE THEMATIC IMAGINATION
IN SCIENCE

JURRENT opinion on the way scientific theories are constructed is

iby no means unanimous. We may, nevertheless, take the account
given not too long ago by the physicist Friedrich Dessauer as a quite
typical contemporary presentation of the so-called hypothetico-deduc-
tive, or inductive, method of science. His schemel reflects both general
professional and popular understanding.

There are, he reports, five steps. (1) Tentatively, propose as a hy-
pothesis a provisional statement obtained by induction from experience
and previously established knowledge of the field. An example, drawn
from experimental work in physics, might be this: the observed large
loss of sound energy when ultrasonic waves pass through a liquid such as
water is possibly due to a structural rearrangement of the molecules as
the sound wave passes by them. (2) Now, refine and structure the hy-
pothesis— for example, by making a mathematical or physical analogon
showing the way sound energy may be absorbed by clumps of molecules.
(3) Next, draw logical conclusions or predictions from the structured

hypothesis which have promise of experimental check— for example, if

Delivered at the Johns Hopkins University as a Shell Companies Foundation
Lecture under the title Presupposition in the Construction of Theories, this
essay was first published in Science 6s s Cultursl Force, ed. Harry Woolf
(Baltimore: The Johns Hopkins Press, 1964) and reprinted in The G s us e
Journsl,Volume VII, No. 1, pp. 87-109,1965-66.
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more and more pressure is applied to the sample of water, it should be
more and more difficult for the associated molecular groups to absorb
sound so strikingly. (4) Then check the predicted consequences (de-
duced from the analogon) against experience, by free observation or
experimental arrangement. (5) If the deduced consequences are found
to correspond to the “observed facts” within expected limits— and not
only these consequences, but all different ones that can be drawn
(behavior at constant pressure but changing temperature, or similar ef-
fects in other liquids)— then a warrant is available for the decision that
“the result obtained is postulated as universally valid” (p. 298). Thus,
the hypothesis, or initial statement, is found to be scientifically
“established.”

But, popular opinion continues, until the facts support such a position
any hypothetical statement is to be held scrupulously with open-minded
skepticism. The scientist, Dessauer reports, “does not take a dogmatic
view of his assumption, he makes no claim for it, he does not herald it
abroad, but keeps the question open and submits his opinion to the de-
cision of nature itself, prepared to accept this decision without reserve”
(p. 296). This, he concludes, is “the inductive method, the fundamental
method of the entire modern era, the source of all our knowledge of
nature and power over nature” (p. 301).

W e note that this account fits in well with a widespread characteriza-
tion of a supposed main difference between scientists and humanists: the
former, it is often said, do not preempt fundamental decisions on aes-
thetic or intuitive grounds; they do not make a priori commitments, and
only let themselves be guided by the facts and the careful process of in-
duction. It is, therefore, not surprising that in this, as in most such
discussions, nothing was said about the source of the original induction,
or about the criteria of preselection which are inevitably at work in sci-
entific decisions. Attention to these would seem to be as unimportant

or fruitless as a discussion, say, of the “reality” of the final result.

This account of scientific procedure is not wrong; it has its use, for
example, in broadly characterizing certain features of science as a public
institution. But if we try to understand the actions and decisions of an
actual contributor to science, the categories and steps listed above are
deficient because they leave out an essential point: to a smaller or larger
degree, the process of building up an actual scientific theory requires

explicit or implicit decisions, such as the adoption of certain hypotheses
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and criteria of preselection that are not at all scientifically “valid” in the
sense previously given and usually accepted.2 One result of this recog-
nition will be that the dichotomy between scientific and humanistic
scholarship, which is undoubted and real at many levels, becomes far
less impressive if one looks carefully at the construction of scientific
theories. This will become evident first at the place where explicit and
implicit decisions are most telling— namely in the formation, testing,

and acceptance or rejection of hypotheses.

To illustrate this point as concretely as possible, let us look at a case
for which it has long been thought the last word had been said. As is
well known, Book I'll of Newton's Principis, wWhich was supposed to use
the principles and mathematical apparatus developed in Books I and 11
to “demonstrate the frame of the System of the World,” opens with a sec-
tion that is as short as it is initially surprising: the four rules of reason-
ing in philosophy, the Regulae Philosophandi. At any rate, they appear
so in the third edition, of 1726, known to us usually through Motte's
translation of 1729. These are, of course, well-known rules, and | need

remind you of them only briefly. They can be paraphrased as follows:

I. Nature is essentially simple; therefore, we should not introduce
more hypotheses than are sufficient and necessary for the explanation of
observed facts. This is a hypothesis, or rule, of simplicity and verae
causae.

Il. Hence, as far as possible, similar effects must be assigned to the
same cause. Thisisa principle of uniformity of nature.

I1l. Propertiescommon to all those bodies within reach of our experi-
ments are to be assumed (even if only tentatively) as pertaining to all
bodies in general. This is a reformulation of the first two hypotheses and
isneeded for forming universal.

IV. Propositions in science obtained by wide induction are to be re-
garded as exactly or approximately true until phenomena or experiments
show that they may be corrected or are liable to exceptions. This prin-
ciple states that propositions induced on the basis of experiment should

not be confuted merely by proposing contrary hypotheses.

It has been justly said that these epistemological rules are by no means

a “model of logical coherence.”3They grew in a complex way, starting
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from only two rules (I and I1) in the first edition of the Principis
(1687) where they were still called Hypotheses I and Il. As Newton,
with growing dislike for controversy, came to make the corrections for
the third edition, he added the polemical rule IV which is a counter-
attack on the hypotheses-laden missiles from the Cartesians and Leib-
nizians.

But it turns out that Newton at one time was on the verge of going
further. It was discovered only recently in a study of Newton’'s manu-
scripts by Alexander Koyré4 that Newton had written a lengthy Fifth
Rule, and then had suppressed it. The significant parts of it for our pur-
pose are the first and last sentences of this rule, and the likely reasons
why ithad to be suppressed.

“Rule V. Whatever is not derived from things themselves, whether by
the external senses or by internal cogitation, isto be taken for hypotheses.

. And what neither can be demonstrated from the phenomena nor
follows from them by argument based on induction, | hold as hy-
potheses.”

To us, even as to Newton’'s contemporaries, disciples, and defenders,
the sense in which Newton uses here the word “hypothesis” in the sup-
pressed rule is clearly pejorative. It was after all Newton himselfwho, in
1704, had written as the first sentence of the Opticks, “My design in
this Book is not to explain the Properties of Light by Hypotheses, but to
propose them, and prove them by Reason and Experiment.” And in this
and other ways, he had begun to sound the declaration hypotheses non
jingo in the second, 1713, edition of the Principis. We are apt to re-
member this slogan rather than the fact that in Newton’s work from
beginning to end, and even in the last edition of the Principis itself, one
can readily find explicit hypotheses as well as disguised ones. And we are
apt to overlook that rules against hypotheses are themselves methodo-
logical hypotheses of considerable complexity.

But, then, is it not strange that Newton after all did suppress this Fifth
Rule which the Newtonians after him, his modern, empiricist disciples,
from Cotes to Dessauer, would accept readily? To understand why New -
ton may have done this is of importance if we want to understand the
cost of having so long been the philosophical heirs of the victorious side
in that seventeenth-century quarrel concerning what science should be
like.

The answer has, | think, several elements, but one is surely an ancient
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one: that disciples are usually eager to improve on the master, and that
the leader of a movement sometimes discovers he cannot or does not wish
to go quite as fast to the Promised Land as those around him. (Thus, it
was not Cortés but the men he had leftin charge of Mexico who, as soon
as his back was turned, tried to press the victory too fast to a conclusion
and began to slaughter the Aztecs, with disastrous consequences.)

Here it is significant that Newton had only said, in one draft of his
General Scholium®. “1 avoid hypotheses” ; and in the final version, “1 do
not feign hypotheses,” i.e., | make no false hypotheses. But his spokes-
man and friend, Samuel Clarke, translated him to read: “And hypothe-
ses | make not” ; and Andrew Motte rendered it as the famous “1I frame
no hypotheses.” In this, as in several other places, Newton’s protagonists
went much further than he did and seemed to ask for a Baconian sense
of certainty in science which Newton knew did not exist.

Newton had indeed exposed and rejected certain hypotheses as detri-
mental; he knew how to tolerate others as being at least harmless; and
he, like everyone else, knew how to put to use those that are verifiable or
falsifiable. But the fact is that Newton also found one class of hypotheses
to be impossible to avoid in his pursuit of natural philosophy— a class
that shared with Cartesian hypotheses the characteristic of neither being
demonstrable from the phenomena nor following from them by an argu-
ment based on induction, to use the language in Newton’'s suppressed
Fifth Rule itself. The existence, nay, the necessity, at certain stages, of
entertaining such unverifiable and unfalsifiable, and yet not quite arbi-
trary, hypotheses— that is an embarrassing conception which did not
and does not fit into a purely positivistically oriented philosophy of sci-
ence. For the decision whether to entertain such hypotheses is coupled
neither to observable facts nor to logical argument.

In Newton’s case, two obvious examples of his use of this class of
hypotheses— to which | refer as “thematic” propositions or thematic
hypotheses, for reasons to be discussed later— appear in his theory of
matter and his theory of gravitation. On the latter, A. Rupert Hall and
M arie Boas Hall, in their book Unpublished Scientific Pspers of

Sir Isssc Newton, have printed the first manuscript draft of the

General Scholium (written in January, 1712—13) in which Newton
very plainly confesses his inability to couple the hypothesis of gravi-
tational forces with observed phenomena: “1 have not yet disclosed

the cause of gravity, nor have | undertaken to explain it, since I could

51



52

not understand it from the phenomena. For it does not arise from the
centrifugal force of any vortex, since it does not tend to the axis of a
vortex but to the center of a planet.”5 And speaking of Newton’s in-
ability to arrive at the cause of gravity from phenomena, the Halls
add: “In one obvious sense, this is true, and in that sense it knocks the
bottom out of the aethereal hypothesis. In another sense it is false:
Newton knew that God was the cause of gravity, as he was the cause of
all natural forces... .”6

Exactly so— for this indeed was Newton’'s central presupposition in
the theory of gravitation. The Halls continue, “That this statement
could be both true and false was Newton’sdilemma: In spite of hiscon-
fident expectations, physics and metaphysics (or rather theology) did
not smoothly combine. In the end, mechanism and Newton’s con-
ception of God could not be reconciled .... Forced to choose, Newton
preferred God to Leibniz.”

That Newton could not bring himself to announce this hypothesis in
the Principis is not strange since the grounds of the hypothesis are so
foreign to the avowed purpose of this book on the Msthemsticel Prin-
ciples of Nestursl Philosophy. And also, a thematic hypothesis be-
comes more persuasive the longer the period of unsuccessful attempts to
use other hypotheses, namely, those that are coupled to phenomena.
The thematic hypothesis is often an impotency proposition, in the sense
that the search for alternatives has proved to be vain. The point when
one is forced to rely on thematic hypotheses is exactly when one has to
say, with Newton: “1 could not understand it from the phenomena.”

So when we approach the physics of a man like Newton, and even
when we try to interpret his epistemological position, we must look be-
yond the explicit and obvious component of it, the basically operationist
and relativistic physics of observable events. What made hiswork mean-
ingful to Newton was surely that in his physics he was concerned with a
God-penetrated, real world: God himself is standing behind the scenes,
like a marionette player, moving the unseen strings of the puppets that
merely act out the thoughts in His great sensorium. And this is a prop-
osition which Newton tried to avoid having to state openly, where his
friends and enemies would see it, though this reluctance accounts for
some of the strange tension which pervades the Principis and his other
writing. Reading Newton, one is struck by the fact that below the surface

the major problems which haunted him were very closely related. They
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are: (a) the cause of gravity, whose existence only he had “established
from phenomena”; (b) the existence of other forces, e.g., short-range
forces to explain cohesion, chemical phenomena, etc.; (c) the nature of
space and time, what he called the “sensory” of God; (d) and last, but
not least, the proofs for the existence of the Deity (namely, by showing
that there can be no other final causes for demonstrated forces and mo-
tions than the Deity— that, therefore, the Deity not only has properties,
but also “dominion” ).

In Newton’'s physics, the hypothesized “sensory” of God is the cut-off
point beyond which it was unnecessary and inappropriate to ask further
gquestions. And this is an important function of a thematic hypothesis,
which by its very nature is not subject to verification or falsification. For
unlike the usual class of hypothesis— which, to use Aristotle’s formula, is
a statement that may be “believed by the learner” but ultimately is “a
matter of proof”— the thematic hypothesis is precisely built as a bridge
over the gap of ignorance. Thus; as scientists, we cannot and need not
ask why it is that we believe, with Descartes, in an “inescapably believ-
able” proposition; or why it is that we can perceive correspondences be-
tween certain observations and the predictions that follow from a model,
or nowadays, for that matter, with Niels Bohr, why we can “build up an
understanding of the regularities of nature upon the consideration of

pure number.”
|

W e have indeed left the recipe for a step-by-step construction of scien-
tific theory far behind. Let us now turn from the specific example and
attempt to discern in a schematic way what the analysis of scientific
theories in terms of themata adds to the more conventional kind of
analysis.

Regardless of what scientific statements they believe to be “meaning-
less,” all philosophies of science agree that two types of proposition are
not meaningless, namely, statements concerning empirical matters of
“fact” (which ultimately boil down to meter readings), and statements
concerning the calculus of logic and mathematics (which ultimately boil
down to tautologies).

There are clearly difficulties here that we might well discuss. For ex-
ample, the empirical matters of fact of modem science are not simply

“observed,” but are nowadays more and more obtainable only by way
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of a detour of technology (to use a term of Heisenberg’s) and a detour
of theory. But in the main we can distinguish between these two types of
“meaningful” statements quite well. Let us call them respectively em -
pirical (or phenomenic) and analytical statements, and think of them
as if they were arrayed respectively on orthogonal x- and y-axes, thereby
we can represent these two “dimensions” of usual scientific discourse by
a frank analogy, and generate terminology which will be useful as long
aswe do not forget thatall analogy has its limits.

Now we may use the x-y plane to analyze the concepts of science (such
as force), and the propositions of science, e.g., a hypothesis (such as “X -
rays are made of high energy photons”) or a general scientific law
(such as the law of universal gravitation). The concepts are analogous
to points in the x-y plane, having x- and y-coordinates. The proposi-
tions are analogous to line elements in the same plane, having projected
components along x- and y-axes.

To illustrate, consider a concept such as force. It has empirical, x-
dimension meaning because forces can be qualitatively discovered and,
indeed, quantitatively measured, by, say, the observable deflection of
solid bodies. And it has analytical, y-dimension meaning because forces
obey the mathematics of vector calculus (e.g., the parallelogram law
of composition of forces), rather than, for example, the mathematics of
scalar quantities.

Now consider a proposition (a hypothesis, or a law) : the law of uni-
versal gravitation has an empirical dimension or x-component— for ex-
ample, the observation in the Cavendish experiment where massive ob-
jects are “seen” to “attract” and where this mutual effect is measured.
And the law of universal gravitation has an analytical or y-component,
the vector-calculus rules for the manipulation of forces in Euclidean
space.

An interpolation is here in order, to avoid the impression that there is
some absolute meaning intended for the x- or y-components. Indeed, it
is preferable to use the term “heuristic-analytic” for the y-dimension, on
grounds which I can at least indicate by noting that there exist in prin-
ciple infinitely many possible logical and mathematical systems, in-
cluding mutually contradictory ones, from which we choose those that
suit our purposes. On the x-axis we do not appear to have this degree
of freedom to make “arbitrary” decisions on heuristic grounds. At

least at first glance, we seem constrained to deal with the phenomena of
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our natural world as they present themselves to us, rather than with
many mutually contradictory worlds of phenomena from which we
might be free to select those to which we wish to pay attention. How -
ever, one can at least imagine worlds that are quite differently con-
structed, where on the one hand an infinitely large pool of phenomena
contains “contradictory” sets (i.e., stones that sometimes fall and some-
times rise, in some random sequence), but where on the other hand our
logical and mathematical tools are severely restricted— say, only to
Aristotelian syllogisms and elementary arithmetic. Then we would be
forced to select from all possible observables those which can be repre-
sented and discussed in terms of scalar quantities, and we would have to
exclude forces, acceleration, momenta, etc. In that case, the x-dimen-
sion could be named the dimension of heuristic-empirical statements.

Now, to some extent we are in this situation even now in our “real”
world. We get a hint of it when we think of the great number of phe-
nomena that are thought to be important today, but that were unknown
yesterday;7 or if we think of the continual change in the allegory (for
example, the allegory of motion itself), from the Aristotelian concep-
tion which equated motion and change of any kind, to the modern,
much attenuated idea of motion as the rate of change of distance or
displacement with respect to time, or quantifiable local motion.

W e realize the same point also when we think of all the “phenomena”
which at any time are simply not admitted into science— for example,
heat and sound in Galileo’s physics, or most types of single-event oc-
currences that do not promise experimental control or repetition in
modem physical science. In short, we are always surrounded on all
sides by far more “phenomena” than we can use, and which we decide
— and mustdecide— to discard at any particular stage of science.

The choice of allowable analytical systems is in principle also very
large. Thus, any point, on any object, could for purposes of kinematical
description be regarded as the center of the world. But the choice, in
practice, isquite restricted. Indeed, the reason that science, until the late
nineteenth century, was so sure of the uniqueness of the given world is
to be sought in the fact that the analytical systems then available were
so simple and had so long remained without fundamental qualitative
changes and alternatives. Thus Newton could say in the preface of the
Principis that geometry itselfis “founded in mechanical practice and is

nothing but that part of universal mechanics which accurately proposes
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and demonstrates the art of measuring.” This impression helped to rein-
force the feeling that the world, found and analyzed by science in terms
of then current x- and y-components, existed in a unique, a priori way.
In mathematics one calls such a situation, where the potential plurality
of solutions shrinks to one or a very few, a “degenerate” case. It is only
after the discovery of non-Euclidean mathematics that one begins to
see the essential arbitrariness of the y-dimension elements in which our
scientific statements are couched, and that one becomes open to the
suggestion that there is also an arbitrariness in the decisions about what
x-dimension elements to select. This recognition is perhaps at the heart

“

of the current agnosticism concerning the old question as to the “reality”
of the world described in the x-y plane.

But whether they are arbitrary or not, the x-y axes have, since the
seventeenth and eighteenth centuries, more and more defined the total
allowable content of science and even of sound scholarship generally.
Hume, in a famous passage, expressed eloquently that only what can be

resolved along x- and y-axesisworthy of discussion:

If we take in our hands any volume; of divinity, or school metaphysics, for in-
stance: Let us ask, Does it contain any abstract reasoning concerning quantity
or number? No. Does it contain any experimental reasoning concerning matter
of fact or criteria? No. Commit it then to the flames. For it can contain noth-

ing but sophistry and illusion.

If we now leave the x-y, or contingent,8 plane, we are going off in
an undeniably dangerous direction. For it must be confessed at once that
the tough-minded thinkers who attempt to live entirely in the x-y plane
are more often than not quite justified in their doubts about the claims
of the more tender-minded people (to use a characterization made by
William James). The region below or above this plane, if it exists at
all, might well be a muddy or maudlin realm, even if the names of those
who have sometimes gone in this direction are distinguished. As Eduard

Dijksterhuis has said:

Intuitive apprehension of the inner workings of nature, though fascinating
indeed, tend to be unfruitful. Whether they actually contain a germ of truth
can only be found out by empirical verification; imagination, which constitutes
an indispensable element of science, can never even so be viewed without sus-

picion.9

And yet, the need for going beyond the x-y plane in understanding
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science and, indeed, in doing science, had been consistently voiced long
before Copernicus, who said that the ultimate restriction on the choice
of scientific hypothesesis not only that they must agree with observation,
but also “that they must be consistent with certain preconceptions called
‘axioms of physics,” such as that every celestial motion is circular, every
celestial motion is uniform, and so forth.”10 And if we look carefully,
we can find even among the most hard-headed modem philosophers
and scientists a tendency to admit the necessity and existence of a non-
contingent dimension in scientific work. Thus Bertrand Russellll speaks
of cases “where the premises of sciences turn out to be a set of pre-sup-
positions neither empirical nor logically necessary” ; and in a remarkable
passage, Karl R. Popper confesses very plainly to the impossibility of

making a science out of only strictly verifiable and justifiable elements:

Science is not a system of certain, or well-established, statements; nor is it a
system which steadily advances towards a state of finality .... We do not
know: we can only guess. And our guesses are guided by the unscientific . . .
faith in laws, in regularities which we can uncover—discover. Like Bacon,
we might describe our own contemporary science— “the method of reasoning
which men now ordinarily apply to nature”— as consisting of “anticipations,

rash and premature” and as “prejudices.” 12

One could cite and analyze similar opinions by a number of other
scientists and philosophers. In general, however, there has been no sys-
tematic development of the point. But it is exactly here that we should
discern the existence of a door at the end of the corridor through which
the philosophy of science has recently been traveling. To supplement
contingency analysis, | suggest a discipline that may be called thematic
analysis of science, by analogy with thematic analyses that have for so
long been used to great advantage in scholarship outside science. In
addition to the empirical or phenomenic (x) dimension and the heu-
ristic-analytic (y) dimension, we can define a third, or z-axis. This third
dimension is the dimension of fundamental presuppositions, notions,
terms, methodological judgments and decisions— in short, of themata
or themes— which are themselves neither directly evolved from, nor
resolvable into, objective observation on the one hand, or logical, mathe-
matical, and other formal analytical ratiocination on the other hand.
With the addition of the thematic dimension, we generalize the plane
in which concepts and statements were previously analyzed. It is now

a three-dimensional “space”— using the terms always in full awareness
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of the limits of analogy— which may be called proposition space. A
concept (such as force), or a proposition such as the law of universal
gravitation, is to be considered, respectively, as a point or as a configura-
tion (line) in this threefold space. Its resolution and projection is in
principle possible on each of the three axes.

To illustrate: the phenomenic and analytic-heuristic components of
the physical concept force (its projections in the x-y plane) have been
mentioned. We now look at the thematic component and see that

throughout history there has existed in science a “principle of potency.”
It is not difficult to trace this from Aristotle’s cvcpycta, through the neo-
Platonic anima motrix, and the active vis that still is to be found in
Newton's Principis, to the mid-nineteenth century when “Kraft” is still
used in the sense of energy (Mayer, Helmholtz). In view of the obsti-
nate preoccupation of the human mind with the theme of the potent,
active— some might have said masculine— principle, before and quite
apart from any science of dynamics (and also with its opposite, the pas-
sive persisting principle on which it acts), it is difficult to imagine any
science in which there would not exist a conception of force (and of its
opposite, inertia).

It would also be difficult to understand certain conflicts. Scholastic
physics defined “force” by a projection in the phenomenic dimension
that concentrated on the observation of continuing terrestrial motions
against a constantly acting obstacle; Galilean-Newtonian physics defined
“force” quite differently, namely, by a projection in the phenomenic
dimension that concentrated on a thought experiment such as that of
an object being accelerated on a friction-free horizontal plane. The pro-
jections above the analytic dimension differed also in the two forms of
physics (i.e., attention to magnitudes versus vector properties of forces).
On these two axes, the concepts of force are entirely different. But the
reason why natural philosophers in the two camps in the early seven-
teenth century thought they were speaking about the same thing, never-
theless, is that they shared the need or desire to incorporate into their
physics the same thematic conception of anima, or vis, or Kraft— in
short, of force.

A second example of thematic analysis might be the way one would
consider not a concept but a general scientific proposition. Consider the
clear thematic element in the powerful laws of conservation of physics,

for example the law of conservation of momentum, as formulated for the
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first time in useful form by Descartes. In Descartes’'s physics, as Dijkster-

huis wrote:

All changes taking place in nature consist in motions of . . . three kinds of
particles. The primary cause of these motions resides in God’s concursus Ordi-
narius, the continuous act of conservation. He so directs the motion that the
total quantitas motus (momentum), i.e., the sum of all the products of mass

and velocity, remain constant.13

This relation, 2 mv = const., “constitutes the supreme naturallaw___ " 14
This law, Descartes shows, springs from the invariability of God, in virtue
of which, now that He has wished the world to be in motion, the vari-
ation mustbe asinvariable as possible.

Since then, we have learned to change the analytic content of the con-
servation law— again, from a scalar to a more complex calculus— and
we have extended the phenomenic applicability of this law from impact
between palpable bodies to other events (e.g., scattering of photons).
But we have always been trying to cling to this and to other conserva-
tion laws, even at a time when the observations seem to make it very
difficult to do s0.15 The thema of conservation has remained a guide,
even when the language has had to change. We now do not say the
conservation law springs from the “invariability of God” ; but with that
curious mixture of arrogance and humility which scientists have learned
to put in place of theological terminology, we say instead that the law
of conservation is the physical expression of the elements of constancy
by which nature makes herselfunderstood by us.

The strong hold that certain themes have on the mind of the scientist
helps to explain his commitment to some point of view that may in fact
run exactly counter to all accepted doctrine and to the clear evidence of
the senses. O f this no one has spoken more eloquently and memorably
than Galileo when he commented on the fact that to accept the idea of
a moving earth one must overcome the strong impression that one can

“

see” that the sun isreally moving:

Nor can | sufficiently admire the eminence of those men’s intelligence [Gali-
leo’s Salviati says in the Third Day of the Dialogue Concerning the Two
Principal Systems], who have received and held it [the Copernican system]
to be true, and with the sprightliness of their judgments have done such vio-
lence to their own senses that they have been able to prefer that which their

reason dictated to them to that which sensible experience represented most
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manifestly to the contrary .... | cannot find any bounds for my admiration
how reason was able, in Aristarchus and Copernicus, to commit such rape

upon their senses as, in spite of them, to make itself master of their belief.

Among the themata which permeate Galileo’swork and which helped
reason to “commit such rape upon their senses,” we can readily discern
the then widely current thema of the once-given real world which God
supervises from the center of His temple; the thema of mathematical
nature; and the thema that the behavior of things is the consequence of
their geometrical shapes (for which reason Copernicus said the earth
rotates “because” itisspherical, and Gilbert, following the lead, is said to
have gone so far as to prove experimentally, at least to his own satis-
faction, that a carefully mounted magnetized sphere keeps up a constant
rotation). Thus too, Sigmund Freud in Moses snd Monotheism, after
surveying the overwhelmingly unfavorable evidence standing against the
central thesis in his book, would say in effect, “But one must not be

misled by the evidence.”
1

W hile developing the position that themata have as legitimate and
necessary a place in the pursuit and understanding of science as have
observational experience and logical construction, I should make clear
that we need not decide now also on the source of themata. Our first
aim is simply to see their role in science and to describe some of them, as
a folklorist might when he catalogues the traditions and practices of a
people. It isnot necessary to go further and to make an association of the-
mata with any of the following conceptions: Platonic, Keplerian, or
Jungian archetypes or images; myths (in the nonderogatory sense, so
rarely used in the English language); synthetic a priori knowledge; in-
tuitive apprehension or Galileo’s “reason” ; a realistic or absolutistic or,
for that matter, any other philosophy of science. To show whether any
such associations do or do not existis a task for another time.

I also do not want to imply that the occurrence of themata is charac-
teristic only of science in the last centuries. On the contrary, we see the
thematic component at work from the very beginning, in the sources of
cosmogonic ideas later found in Hesiod's Theogony and in Genesis.
Indeed, nowhere can one see the persistence of great questions and the
obstinacy of certain preselected patterns for defining and solving prob-

lems better than in cosmologic speculations. The ancient Milesian cos-
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mologic assumptions presented a three-step scheme: at the beginning,

inF. M. Cornford'swords, there was:

a primal Unity, a state of indistinction or fusion in which factors that will later
become distinct are merged together. (2) Out of this Unity there emerge, by
separation, parts of opposite things . ... This separating out finally leads to
the disposition of the great elemental masses constituting the world-order, and
the formation of the heavenly bodies. (3) The Opposites interact or reunite,

in meteoric phenomena, or in the production of individual living things .. . .16

N ow the significant thing to notice is that when we move these con-
ceptions from the animistic to the physical level, this formula of cos-
mogony recurs point for point, in our day, in the evolutionist camps of
modem cosmology. That recent theory of the way the world started pro-
poses a progression of the universe from a mixture of radiation and neu-
trons at time t= 0; through the subsequent stages of differentiation by
expansion and neutron decay; and finally to the building up of heavier
elements by thermonuclear fusion processes, preparing the ground for
the later formation of molecules. And even the ancient main opposition
to the evolutionary cosmology itself, namely, the tradition of Parmenides,
has its equivalent today in the “steady-state” theory of cosmology.

So the questions persist (e.g., concerning the possibility of some
“fundamental stuff,” of evolution, of structure, of spatial and temporal
infinities). And the choices between alternative problem solutions also
persist. These thematic continuities indicate the obverse side of the
iconoclastic role of science; for science, since its dawn, has also had its
more dgeneral themata-creating and themata-using function. James
Clerk Maxwell expressed this well a century ago in an address on the

subject of molecular mechanics:

The mind of man has perplexed itself with many hard questions. Is space in-
finite, and in what sense? Is the material world infinite in extent, and are all
places within that extent equally full of matter? Do atoms exist, or is matter
infinitely divisible?

The discussion of questions of this kind has been going on ever since men
began to reason, and to each of us, as soon as we obtain the use of our faculties,
the same old questions arise as fresh as ever. They form as essential a part of
the science of the nineteenth century of our era, as of that of the fifth century
before it.17

We may add that thematic questions do not get solved and disposed

of. Nineteenth-century atomism triumphs over the ether vortices of Kel-
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vin— but then field theories rise which deal with matter particles again as
singularities, now in a twentieth-century-type continuum. The modem
version of the cosmological theory based on the thema of a life cycle
(Beginning, Evolution, and End) may seem to triumph on experimental
grounds over the rival theory based on a thema of Continuous Existence,
and throw it out the window— but we can be sure that this thema will
come in again through the back door. For contrary to the physical
theories in which they find embodiment in x-y terms, themata are not
proved or disproved. Rather, they rise and fall and rise again with the
tides of contemporaneous usefulness or intellectual fashion. And oc-
casionally a great theme disappears from view, or a new theme develops
and struggles to establish itself— at leastfor a time.

M axwell’'sis an unusual concession, but itisnot difficult to understand
why scientists speak only rarely in such terms. One must not lose sight
of the obvious fact that science itself has grown strong because its prac-
titioners have seen how to project their discourse into the x-y plane. This
is the plane of public science,18 of fairly clear conscious formulations.
Here a measure of public agreementisin principle easy to obtain, so that
scientists can fruitfully cooperate or disagree with one another, can
build on the work of their predecessors, and can teach more or less
unambiguously the current content and problems of the field. All fields
which claim or pretend to be scientific try similarly to project their con-
cepts, statements, and problems into the x-y plane, to emphasize the
phenomenic and analytic-heuristic aspects.

But itisclear that while there can be automatic factories run by means
of programmed computers and the feedback from sensing elements, there
can be no automatic laboratory. The essence of the automaton is its
success in the x-y plane at the expense of the z-direction; (hence auto-
mata do not make qualitatively new findings). And the essence of the
genial contributor to science is often exactly the opposite— sensitivity
in the z-direction even at the expense of success in the x-y plane. For
while the z-dimension is never absent even in the most exact of the sci-
ences as pursued by actual persons, it is a direction in which most of us
must move without explicit or conscious formulation and without train-
ing; itis the direction in which the subject matter and the media for com -
munication are entirely different from those invented specifically for
discussion of matters in the x-y plane with which the scientist after long

training can feel at home.
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Therefore it is difficult to find people who are bilingual in this sense.
I am not surprised that for most contemporary scientists any discussion
which tries to move self-consciously away from the x-y plane is out of
bounds. However, it is significant that even in our time the men of
genius— such as Einstein, Bohr, Pauli, Bom, Schrodinger, Heisenberg—
have felt it to be necessary and important to try just that. For the others,
for the major body of scientists, the plane of discourse has been pro-
gressively tilted or projected from x-y-z space into the x-y plane. (Per-
haps prompted by this example, the same thing is happening more and
more in other fields of scholarship.) The themata actually used in science
are now largely left implicit rather than explicit. But they are no less im -
portant. To understand fully the role a hypothesis or a law has in the
development of science we need to see it also as an exemplification of
persistent motifs, for example, the thema of “constancy” or of “conser-
vation” ; of quantification; of atomistic discreteness; or inherently prob-
abilistic behavior; or— to return to our example from Newton— of the
interpenetration of the worlds of theology and of physics. Indeed, in this
way we can make a useful differentiation that to my knowledge has not
been noted before, namely, that Newton’'s public, experimental, and
mathematical philosophy is science carried on in the x-y plane, whereas
Newton’'s more covert and more general natural philosophy is science in

the x-y-z proposition space.19

(Y

I have spoken mostly of the physical sciences. | might, with equal or
greater advantage, have dealt with the newer sciences, which do not have
a highly developed corpus either of phenomena or of logical calculi and
rational structure. In those cases, the z-elements are not only still rela-
tively more prominent but also are discussed with much greater freedom
— possibly because at its early stage a field of study still bears the over-
whelming imprintofone or a few men of genius. Itis they who, I believe,
are particularly “themata-prone,” and who have the necessary courage
(or folly?) to make decisions on thematic grounds.

This was the case in early mechanics, chemistry and biology, and
again, with relativity and the new quantum mechanics. | suspect that an
analogous situation has held in early modem psychology and sociology.
Moreover, in those fields, as in the natural sciences during a stage of

transformation, the significance and impact of themata is indicated by
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the fact that they force upon people notions that are usually regarded as
paradoxical, ridiculous, or outrageous. I am thinking here of the “ab-
surdities” of Copernicus’smoving earth, Bruno’'sinfinite worlds, Galileo’s
inertial motion of bodies on a horizontal plane, Newton’'s gravitational
action without a palpable medium of communication, Darwin’s descent
of man from lower creatures, Einstein’s twin paradox and maximum
speed for signals, Freud’'s conception of sexuality of children, or Heisen-
berg’'sindeterminacy conception. The wide interest and intensity of such
debates, among both scientists and enraged or intrigued laymen, is an
indication of the strength with which themata— and frequently conflict-
ing ones— are always active in our consciousness.

And the thematic component ismost obvious when a science isyoung,
and therefore has not yet elaborated the complex hierarchical structure
of hypotheses which Richard Braithwaite has pointed out to be the mark
of an advanced science. As a result, the chain leading from observational
“facts” to the mostgeneral hypotheses— those with a large thematic com -
ponent— is not long, as in, say, modem physics or chemistry, but is fairly
short. A physical scientist is used to having his most general and most
thematic hypotheses safely out of sight, behind the clouds of a majestic
Olympus; and so he is apt to smile when he sees that the altar of other
gods stands on such short legs. When, for example, a chemist interprets a
half-dozen clicks on a Geiger counter as the existence of a new chemical
element at the end of the Periodic Table, he implicitly (and, if chal-
lenged, explicitly) runs up on a ladder of hierarchically connected hy-
potheses, each of which has some demonstrable phenomenic and heur-
istic-analytic component, until at the top he comes up to the general
thematic hypotheses— which he is, by agreement of this fraternity, ex-
empt from going into— namely, the thematic hypotheses of atomicity,
of constancy, of the transformability of qualities, of the ordering role of
integers. In contrast, the early psychoanalysts, for example, tried to go by
a relatively untortuous route from the detail of observed behavior to the
generality of powerful principles. Freud himselfonce warned of the “bad
habit of psychoanalysis ... to take trivia as evidence when they also
admitofanother, lessdeep explanatory scheme.” 20

I do not, of course, say this to condemn a science, but on the contrary
to point out a difference between it and the physical sciences which, 1
hope, may help to explain the attitude of “hard” scientists to fields out-

side their own (or even of psychologists of one school to those of an-
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other). At the same time, it may help to elucidate why disciplines such
as psychology (and certainly history) are so constructed that they are
wrong to imitate the habit in the modem physical sciences to depress or
project the discussion forcibly to the x-y plane. When the thematic com -
ponent is as strong and as explicitly needed as it is in these fields, the
criteria of acceptability should be able to remain explicitly in three-
dimensional proposition space. To cite an instance, | am by no means im -
pressed with the Conclusion at the end of R. G. Collingwood’s influ-

ential book, Esssy on Philosophicel Method:

The natural scientist, beginning with the assumption that nature is rational,
has not allowed himself to be turned from that assumption by any of the
difficulties into which it has led him; and it is because he has regarded that
assumption as not only legitimate but obligatory that he has won the respect of
the whole world. If the scientist is obliged to assume that nature is rational,
and that any failure to make sense of it is a failure to understand it, the cor-
responding assumption is obligatory for the historian, and this not least when

he is the historian of thought.21

This is a statement of the most dangerous kind, not because it is so easy to

show itiswrong, but because it is so difficult to show this.

\%

Much could, and should, be said about other problems in the thematic
analysis of science, such as the mechanisms by which themata change;
or the way in which the choice of a thematic hypothesis governs what
we are to look for in the x-y plane and what we do with the findings; or
the remarkably small number of different themata that, over time, seem
to have played the important roles in the development of science; or the
fact, implied in the examples given, that most and perhaps all of these
themata are not restricted merely to uses in scientific context, but seem
to come from the less specialized ground of our general imaginative
capacity.

But in closing I might best simply restate how these conceptions can
help us to a view that goes beyond the usual antithetical juxtaposition
between science and the humanities. For the much lamented separation
between science and the other components of our culture depends on the
oversimplification that science is done only in the contingent plane,

whereas scholarly or artistic work involves basic decisions of a different



66

kind, with predominantly aesthetic, qualitative, mythic elements. In my
view this dichotomy is much attenuated, if not eliminated, if we see that
in science, too, the contingent plane is not enough, and never has been.

It is surely unnecessary to warn that despite the appearance and re-
appearance of the same thematic elements in science and outside, we
shall not make the mistake of thinking that science and nonscience are
at bottom somehow the same activity. There are differences which we
should treasure. As Whitehead once said about the necessity to tolerate,
no, to welcome national differences: “Men require of their neighbors
something sufficiently akin to be understood, something sufficiently
different to provoke attention, and something great enough to com -
mand admiration.” It is in the same sense that we should be prepared
to understand the separateness that gives identity to the study of each
field, as well as the Kinship that does exist between them.

To return, therefore, to Newton’s Fifth Rule of Reasoning: he surely
must have known that he could not publish it and remain true to his own
work and that of most major innovators. As Newton’'s suppressed rule
stands, it ends, you will recall, with the words: “Those things which
neither can be demonstrated from the phenomena nor follow from
them by an argumentofinduction, | hold as hypotheses.” To be justified
in publishing this rule Newton would have had to add something—
perhaps this sentence: “And such hypotheses, namely thematic hypoth-

eses, do also have place in natural philosophy.”
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2 JOHANNES KEPLER'S UNIVERSE: ITS
PHYSICS AND METAPHYSICS

he important publications of Johannes Kepler (1571-1630) pre-

ceded those of Galileo, Descartes, and Newton in time, and in

some respects they are even more revealing. And yet, Kepler has been
strangely neglected and misunderstood. Very few of his voluminous
writings have been translated into English.1 In this language there has
been neither a full biography2 nor even a major essay on his work in
over twenty years. Part of the reason lies in the apparent confusion of
incongruous elements— physics and metaphysics, astronomy and astrol-
ogy, geometry and theology— which characterizes Kepler's work. Even
in comparison with Galileo and Newton, Kepler's writings are strikingly
different in the quality of preoccupation. He is more evidently rooted in
a time when animism, alchemy, astrology, numerology, and witchcraft
presented problems to be seriously argued. His mode of presentation is
equally uninviting to modem readers, so often does he seem to wander
from the path leading to the important questions of physical science.
Nor is this impression merely the result of the inevitable astigmatism of
our historical hindsight. W e are trained on the ascetic standards of pre-
sentation originating in Euclid, as reestablished, for example, in Books I
and Il of Newton’'sPrincipis,3and are taught to hide behind a rigorous

structure the actual steps of discovery— those guesses, errors, and oc-

This essay was originally published in Ameri sn Journesl of Physics,
Volume XXI1V, No. 5, pp. 340-351, May, 1956.
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casional strokes of good luck without which creative scientific work does
not usually occur. But Kepler's embarrassing candor and intense emo-
tional involvement force him to give us a detailed account of his tortu-
ous progress. He still allows himself to be so overwhelmed by the beauty
and variety of the world as a whole that he cannot yet persistently limit
his attention to the main problems which can in fact be solved. He gives
us lengthy accounts of his failures, though sometimes they are tinged
with ill-concealed pride in the difficulty of his task. With rich imagi-
nation he frequently finds analogies from every phase of life, exalted or
commonplace. He is apt to interrupt his scientific thoughts, either with
exhortations to the reader to follow a little longer through the almost
unreadable account, or with trivial side issues and textual quibbling, or
with personal anecdotes or delighted exclamations about some new geo-
metrical relation, a numerological or musical analogy. And sometimes he
breaks into poetry or a prayer— indulging, as he puts it, in his “sacred
ecstasy.” We see him on his pioneering trek, probing for the firm ground
on which our science could later build, and often led into regions which
we now know to be unsuitable marshland.

These characteristics of Kepler’'s style are not merely idiosyncrasies.
They mirror the many-sided struggle attending the rise of modem sci-
ence in the early seventeenth century. Conceptions which we might now
regard as mutually exclusive are found to operate side-by-side in his in-
tellectual make-up. A primary aim of this essay is to identify those dis-
parate elements and to show that in fact much of Kepler's strength
stems from their juxtaposition. W e shall see that when his physics fails,
his metaphysics comes to the rescue; when a mechanical model breaks
down as a tool of explanation, a mathematical model takes over; and at
its boundary in turn there stands a theological axiom. Kepler set out to
unify the classical picture of the world, one which was split into celestial
and terrestrial regions, through the concept of a wuniversal physical
force; but when this problem did not yield to physical analysis, he readily
returned to the devices of a unifying image, namely, the central sun
ruling the world, and of a unifying principle, thatof all-pervading math-
ematical harmonies. In the end he failed in his initial project of provid-
ing the mechanical explanation for the observed motions of the planets,
but he succeeded at least in throwing a bridge from the old view of the
world as unchangeable cosmos to the new view of the world as the play-

ground of dynamic and mathematical laws. And in the process he turned



up, as if it were by accident, those clues which Newton needed for the

eventual establishmentof the new view.

Toward a Celestial Machine

A sound instinct for physics and a commitment to neo-Platonic meta-
physics— these are Kepler's two main guides which are now to be ex-
amined separately and at their point of merger. As to the first, Kepler’s
genius in physics has often been overlooked by critics who were taken
aback by his frequent excursions beyond the bounds of science as they
came to be understood later, although his Dioptrice (1611) and his
mathematical work on infinitesimals (in Nove Stereometris, 1615)
and on logarithms (Chilies Logsrithmorum, 1624) have direct ap-
peal for the modem mind. But even Kepler'scasually delivered opinions
often prove his insight beyond the general state of knowledge of his day.
One example is his creditable treatment of the motion of projectiles on
the rotating earth, equivalent to the formulation of the superposition

principle of velocities.4 Another is his opinion of the perpetuum mobile:

As to this matter, | believe one can prove with very good reasons that
neither any never-ending motion nor the quadrature of the circle— two prob-
lems which have tortured great minds for ages— will ever be encountered or

offered by nature.5

But, of course, on a large scale, Kepler’s genius lies in his early search
for a physics of the solar system. He is the first to look for a universal
physical law based on terrestrial mechanics to comprehend the whole
universe in its quantitative details. In the Aristotelian and Ptolemaic
world schemes, and indeed in Copernicus’s own, the planets moved in
their respective orbits by laws which were either purely mathematical
or mechanical in a nonterrestrial sense. As Goldbeck reminds us, Co-
pernicus himself still warned to keep a clear distinction between celestial
and merely terrestrial phenomena, so as not to “attribute to the celestial
bodies what belongs to the earth.”6 This crucial distinction disappears in
Kepler from the beginning. In his youthful work of 1596, the Myster -
ium Cosmogresphicum, a single geometrical device is used to show the
necessity of the observed orbital arrangement of all planets. In this re-
spect, the earth is treated as being an equal of the other planets.7 In the

words of Otto Bryk,

The central and permanent contribution lies in this, that for the first time

7i
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the whole world structure was subjected to a single law of construction—
though not a force law such as revealed by Newton, and only a non-causative

relationship between spaces, but nevertheless one single law.8

Four years later Kepler meets Tycho Brahe and from him learns to re-
spect the power of precise observation. The merely approximate agree-
ment between the observed astronomical facts and the scheme laid out
in the Mysterium Cosmogrephicum isno longer satisfying. To be sure,
Kepler always remained fond of this work, and in the Dissertstio cum
Nuncio Sidereo (1610) even hoped that Galileo’'s newly-found moons
of Jupiter would help to fill in one of the gaps left in his geometrical
model. But with another part of his being Kepler knows that an entirely
different approach is wanted. And here Kepler turns to the new con-
ception of the universe. While working on the Astronomis Novse in

1605, Kepler lays out his program:

I am much occupied with the investigation of the physical causes. My aim
in this is to show that the celestial machine is to be likened not to a divine
organism but rather to a clockwork . . ., insofar as nearly all the manifold
movements are carried out by means of a single, quite simple magnetic force,
as in the case of a clockwork all motions [are caused] by a simple weight.
Moreover | show how this physical conception is to be presented through

calculation and geometry.9

The celestial machine, driven by a single terrestrial force, in the image
of a clockwork! This is indeed a prophetic goal. Published in 1609, the
Astronomis Novse significantly bears the subtitle Physice Goelestis.
The book is best known for containing Kepler's First and Second Laws
of planetary motion, but it represents primarily a search for one uni-
versal force law to explain the motions of planets— Mars in particular—
as well as gravity and the tides. This breathtaking conception of unity is
perhaps even more striking than Newton’s, for the simple reason that

Kepler had no predecessor.

The Physicsof the Celestial Machine

Kepler’'s first recognition is that forces between bodies are caused not
by their relative positions or their geometrical arrangements, as was ac-

cepted by Aristotle, Ptolemy, and Copernicus, but by mechanical in-



teractions between the material objects. Already in the Mysterium
Cosmogrephicum (Chapter 17) he announced “Nullum punctum,
nullum centrum grave est” and he gave the example of the attraction
between a magnet and a piece of iron. In William Gilbert's De Msg -
nete (1600), published four years later, Kepler finds a careful expla-
nation that the action of magnets seems to come from pole points, but
must be attributed to the parts of the body, not the points.

In the spirited Objections which Kepler appended to his own trans-
lation of Aristotle’'s m Pl ovpavov, he states epigrammatically “Das M ittele

isnur ein Diipfflin” and he elaborates as follows:

How can the earth, or its nature, notice, recognize and seek after the center
of the world which is only a little point [Diipfflin]— and then go toward it?
The earth is not a hawk, and the center of the world not a little bird; it [the
center] is also not a magnet which could attract the earth, for it has no sub-

stance and therefore cannot exert a force.

In the Introduction to the Astronomis Novs, which we shall now

consider in some detail, Kepler isquite explicit:

A mathematical point, whether it be the center of the world or not, cannot
move and attract a heavy object . ... Let the [Aristotelian] physicists prove
that such a force is to be associated with a point, one which is neither cor-

poreal nor recognisable as anything but a pure reference [mark].

Thus what is needed is a “true doctrine concerning gravity” ; the

axioms leading to itinclude the following:

Gravitation consists in the mutual bodily striving among related bodies to-

ward union or connection; (of this order is also the magnetic force).

This premonition of universal gravitation is by no means an isolated
example of lucky intuition. Kepler’s feeling for the physical situation is

admirably sound, asshown in additional axioms:

If the earth were not round, a heavy body would be driven not everywhere
straight toward the middle of the earth, but toward different points from
different places.

If one were to transport two stones to any arbitrary place in the world,
closely together but outside the field of force [extra orbe virtutis] of a third
related body, then those stones would come together at some intermediate
place similar to two magnetic bodies, the first approaching the second through

a distance which is proportional to the mass [moles'] of the second.
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And after this precursor of the principle of conservation of momentum,
there follows the first attempt at a good explanation for the tides in
termsof aforce of attraction exerted by the moon.

But the Achilles’ heel of Kepler’'s celestial physics is found in the very
first “axiom,” in his Aristotelian conception of the law of inertia, where
inertia is identified with a tendency to come to rest— causa privativa

motus:

Outside the field of force of another related body, every bodily substance,
insofar as it is corporeal, by nature tends to remain at the same place at
which it finds itself.10

This axiom deprives him of the concepts of mass and force in useful
form — the crucial tools needed for shaping the celestial metaphysics of
the ancients into the celestial physics of the modems. Without these con-
cepts, Kepler's world machine is doomed. He has to provide separate
forces for the propulsion of planets tangentially along their paths and
for the radial componentofmotion.

Moreover, he assumed that the force which reaches out from the sun
to keep the planets in tangential motion falls inversely with the increas-
ing distance. The origin and the consequences of this assumption are
very interesting. In Chapter 20 of the Mysterium Cosmogrephicum,
he speculated casually why the sidereal periods of revolution on the
Copernican hypothesis should be larger for the more distant planets, and

what force law might account for this:

We must make one of two assumptions: either the forces of motion [animae
motrices] [are inherent in the planets] and are feebler the more remote they
are from the sun, or there is only one anima motrix at the center of the orbits,
that is, in the sun. It drives the more vehemently the closer the [moved] body
lies; its effect on the more distant bodies is reduced because of the distance
[and the corresponding] decrease of the impulse. Just as the sun contains the
source of light and the center of the orbits, even so can one trace back to this
same sun life, motion and the soul of the world .... Now let us note how this
decrease occurs. To this end we will assume, as is very probable, that the
moving effect is weakened through spreading from the sun in the same manner

as light.

This suggestive image— with its important overtones which we shall
discuss below — does, however, not lead Kepler to the inverse-square law

of force, for he is thinking of the spreading of light in a plane, cor-



responding to the plane of planetary orbits. The decrease of light inten-
sity is therefore associated with the linear increase in circumference for
more distant orbits! In his pre-Newtonian physics, where force is pro-
portional not to acceleration but to velocity, Kepler finds a ready use for
the inverse first-power law of gravitation. It is exactly what he needs to
explain his observation that the speed of a planet in its elliptical orbit
decreases linearly with the increase of the planet’s distance from the sun.
Thus Kepler's Second Law of Planetary Motion— which he actually
discovered before the so-called First and Third laws— finds a partial
physical explanation in joining several erroneous postulates.

In fact, it is clear from the context that these postulates originally
suggested the Second Law to Kepler.11 But not always is the final out-
come so happy. Indeed, the hypothesis concerning the physical forces
acting on the planet seriously delays Kepler’'s progress toward the law of
elliptical orbits (First Law ). Having shown that “the path of the planet
[Mars] is not a circle but an oval figure,” he attempts (Chapter 45,
Astronomis Nove) to find the details of a physical force law which
would explain the “oval” path in a quantitative manner. But after ten
chapters of tedious work he has to confess that “the physical causes in
the forty-fifth chapter thus go up in smoke.” Then in the remarkable
fifty-seventh chapter, a final and rather desperate attempt is made to
formulate a force law. Kepler even dares to entertain the notion of
combined magnetic influences and animal forces [t/w animalia] in the
planetary system. O f course, the attempt fails. The accurate clockwork-
like celestial machine cannot be constructed.

To be sure, Kepler does not give up his conviction that a universal
force exists in the universe, akin to magnetism. For example, in Book 4
of the Epitome of Gopernicen Astronomy (1620), we encounter the
picture of a sun as a spherical magnet with one pole at the center and
the other distributed over its surface. Thus a planet, itself magnetized
like a bar magnet with a fixed axis, is alternately attracted to and re-
pelled from the sun in its elliptical orbit. This is to explain the radial
component of planetary motion. The tangential motion has been pre-
viously explained (in Chapter 34, Astronomis Nove) as resulting from
the drag or torque which magnetic lines of force from the rotating sun
are supposed to exerton the planet as they sweep over it. But the picture
remains qualitative and incomplete, and Kepler does not return to his

original plan to “show how this physical conception is to be presented
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through calculation and geometry.” 9 Nor does his long labor bring him
even a fair amount of recognition. Galileo introduces Kepler'swork into
his discussion on the world systems only to scoff at Kepler’'s notion tliat
the moon affects the tides,12 even though Tycho Brahe's data and
Kepler's work based on them had shown that the Copemican scheme
which Galileo was so ardently upholding did not correspond to the ex-
perimental facts of planetary motion. And Newton manages to remain
strangely silent about Kepler throughout Books I and Il of the Princi-
pis, by introducing the Third Law anonymously as “the phenomenon of
the 3/2th power” and the First and Second Laws as “the Copemican
hypothesis.” 13 Kepler’s three laws have come to be treated as essentially
empirical rules. How farremoved this achievement was from his original

ambition!

Kepler'sFirst Criterion of Reality: The Physical Operations of Nature

Let us now set aside for a moment the fact that Kepler failed to build
a mechanical model of the universe, and ask why he undertook the task
at all. The answer is that Kepler (rather like Galileo) was trying to es-
tablish a new philosophical interpretation for “reality.” Moreover, he
was quite aware of the novelty and difficulty of the task.

In his own words, Kepler wanted to “provide a philosophy or physics
of celestial phenomena in place of the theology or metaphysics of Aris-
totle.” 14 Kepler's contemporaries generally regarded his intention of
putting laws of physics into astronomy as a new and probably pointless
idea. Even Michael Mastlin, Kepler's own beloved teacher, who had
introduced Kepler to the Copemican theory, wrote him on October 1,

1616:

Concerning the motion of the moon you write you have traced all the in-
equalities to physical causes; | do not quite understand this. | think rather
that here one should leave physical causes out of account, and should explain
astronomical matters only according to astronomical method with the aid of
astronomical, not physical, causes and hypotheses. That is, the calculation

demands astronomical bases in the field of geometry and arithmetic .. ..

The difference between Kepler's conception of the “physical” prob-
lems of astronomy and the methodology of his contemporaries reveals
itself clearly in the juxtaposition of representative letters by the two

greatest astronomers of the time— Tycho Brahe and Kepler himself.



Tycho, writing to Kepler on December 9, 1599, repeats the preoccupa-

tion of two millennia of astronomical speculations:

I do not deny that the celestial motions achieve a certain symmetry [through
the Copemican hypothesis], and that there are reasons why the planets carry
through their revolutions around this or that center at different distances from
the earth or the sun. However, the harmony or regularity of the scheme is
to be discovered only a posteriori .... And even if it should appear to some
puzzled and rash fellow that the superposed circular movements on the heav-
ens yield sometimes angular or other figures, mostly elongated ones, then it
happens accidentally, and reason recoils in horror from this assumption. For one
must compose the revolutions of celestial objects definitely from circular mo-
tions; otherwise they could not come back on the same path eternally in
equal manner, and an eternal duration would be impossible, not to mention
that the orbits would be less simple, and irregular, and unsuitable for scientific

treatment.

This manifesto of ancient astronomy might indeed have been subscribed
to by Pythagoras, Plato, Aristotle, and Copernicus himself. Against it,
Kepler maintains a new stand. Writing to D. Fabricius on August 1,
1607, he sounds the great new leitmotif of astronomy: “The difference
consists only in this, that you use circles, I use bodily forces And in the
same letter, he defends his use of the ellipse in place of the superposition

of circles to represent the orbitof Mars:

When you say it is not to be doubted that all motions occur on a perfect
circle, then this is false for the composite, i.e., the real motions. According
to Copernicus, as explained, they occur on an orbit distended at the sides,
whereas according to Ptolemy and Brahe on spirals. But if you speak of com-
ponents of motion, then you speak of something existing in thought; i.e., some-
thing that is not there in reality. For nothing courses on the heavens except

the planetary bodies themselves— no orbs, no epicycles....

This straightforward and modern-sounding statement implies that be-
hind the word “real” stands “mechanical,” that for Kepler the real
world is the world of objects and of their mechanical interactions in the

sense which Newton used; e.g., in the preface to the Principis :

Then from these [gravitational] forces, by other propositions which are
also mathematical, | deduce the motions of the planets, the comets, the moon,
and the sea. | wish we could derive the rest of the phenomena of nature by

the same kind of reasoning from mechanical principles ... ,15



Thus we are tempted to see Kepler as a natural philosopher of the
mechanistic-type later identified with the Newtonian disciples. But this
is deceptive. Particularly after the failure of the program of the Astro-
nomis Novs, another aspect of Kepler asserted itself. Though he does
not appear to have been conscious of it, he never resolved finally
whether the criteria of reality are to be sought on the physical or the
metaphysical level. The words “real” or “physical” themselves, as used
by Kepler, carry two interpenetrating complexes of meaning. Thus on
receiving Mastlin’s letter of October 1, 1616, Kepler jots down in the
margin hisown definition of “physical” :

I call my hypotheses physical for two reasons .... My aim is to assume
only those things of which I do not doubt they are real and consequently
physical, where one must refer to the nature of the heavens, not the elements.
When | dismiss the perfect eccentric and the epicycle, | do so because they
are purely geometrical assumptions, for which a corresponding body in the
heavens does not exist. The second reason for my calling my hypotheses phys-
ical is this ... | prove that the irregularity of the motion [of planets] cor-

responds to the nature of the planetary sphere; i.e., is physical.

This throws the burden on the nature of heavens, the nature of bodies.
How, then, is one to recognize whether a postulate or conception is in
accord with the nature of things?

This is the main question, and to it Kepler has at the same time two
very different answers, emerging, as it were, from the two parts of his
soul. We may phrase one of the two answers as follows: the physically
real world, which defines the nature of things, is the world of phenom -
ena explainable by mechanical principles. This can be called Kepler’s
first criterion of reality, and assumes the possibility of formulating a
sweeping and consistent dynamics which Kepler only sensed but which
was not to be given until Newton’s Principis. Kepler'sother answer, to
which he keeps returning again and again as he finds himself rebuffed
by the deficiencies of his dynamics, and which we shall now examine in
detail, is this: the physically real world is the world of mathematically

expressed harmonies which man can discover in the chaos of events.

Kepler'sSecond Criterion of Reality: The Mathem atical

Harmonies of Nature

Kepler’'s failure to construct a Physica Coelestis did not damage his

conception of the astronomical world. This would be strange indeed in



a man of his stamp if he did not have a ready alternative to the mech-
anistic point of view. Only rarely does he seem to have been really un-
comfortable about the poor success of the latter, as when he is forced to
speculate how a soul or an inherent intelligence would help to keep a
planet on its path. Or again, when the period of rotation of the sun
which Kepler had postulated in his physical model proved to be very
different from the actual rotation as first observed through the motion
of sunspots, Kepler was characteristically not unduly disturbed. The
truth is that despite his protestations, Kepler was not as committed to
mechanical explanations of celestial phenomena as was, say, Newton. He
had another route open to him.

His other criterion, his second answer to the problem of physical
reality, stemmed from the same source as his original interest in as-
tronomy and his fascination with a universe describable in mathematical
terms, namely from a frequently acknowledged metaphysics rooted in
Plato and neo-Platonists such as Proclus Diadochus. It is the criterion
of harmonious regularity in the descriptive laws of science. One must
be careful not to dismiss it either as just a reappearance of an old doc-
trine or as an aesthetic requirement which is still recognized in modem
scientific work; Kepler's conception of what is “harmonious” was far
more sweeping and important than either.

A concrete example is again afforded by the Second Law, the “Law
of Equal Areas.” To Tycho, Copernicus, and the great Greek astrono-
mers, the harmonious regularity of planetary behavior was to be found
in the uniform motion in component circles. But Kepler recognized the
orbits— after a long struggle— as ellipsi on which planets move in anon-
uniform manner. The figure is lopsided. The speed varies from point to
point. And yet, nestled within this double complexity is hidden a har-
monious regularity which transports its ecstatic discoverer— namely, the
fact that a constant area is swept out in equal intervals by a line from
the focus of the ellipse, where the sun is, to the planet on the ellipse. For
Kepler, the law isharmonious in three separate senses.

First, it is in accord with experience. Whereas Kepler, despite long
and hard labors, had been unable to fit Tycho’s accurate observations on
the motion of Mars into a classical scheme of superposed circles, the
postulate of an elliptical path fitted the observations at once. Kepler’s
dictum was: “harmonies must accommodate experience.” 16 How diffi-

cult it must have been for Kepler, a Pythagorean to the marrow of his
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bones, to forsake circles for ellipsi! For a mature scientist to find in his
own work the need for abandoning his cherished and ingrained pre-
conceptions, the very basis of his previous scientific work, in order to
fulfill the dictates of quantitative experience— this was perhaps one of
the great sacrificial acts of modem science, equivalent in recent scien-
tific history to the agony of Max Planck. Kepler clearly drew the
strength for this act from the belief that it would help him to gain an
even deeper insightinto the harmony of the world.

The second reason for regarding the law as harmonious is its refer-
ence to, or discovery of, a constancy, although no longer a constancy
simply of angular velocity but of areal velocity. The typical law of an-
cient physical science had been Archimedes’ law of the lever: a relation
of direct observables in static configuration. Even the world systems of
Copernicus and of Kepler's Mysterium Cosmogresphicum still had
lent themselves to visualization in terms of a set of fixed concentric
spheres. And we recall that Galileo never made use of Kepler’s ellipsi,
but remained to the end a true follower of Copernicus who had said
“the mind shudders” at the supposition of noncircular nonuniform
celestial motion, and “it would be unworthy to suppose such a thing in
a Creation constituted in the best possible way.”

With Kepler's First Law and the postulation of elliptical orbits, the
old simplicity was destroyed. The Second and Third Laws established
the physical law of constancy as an ordering principle in a changing
situation. Like the concepts of momentum and caloric in later laws of
constancy, areal velocity itself is a concept far removed from the im-
mediate observables. It was therefore a bold step to search for harmon-
iesbeyond both perception and preconception.

Thirdly, the law is harmonious also in a grandiose sense: the fixed
point of reference in the Law of Equal Areas, the “center” of planetary
motion, is the center of the sun itself, whereas even in the Copemican
scheme the sun was a little off the center of planetary orbits. With this
discovery Kepler makes the planetary system at last truly heliocentric,
and thereby satisfies his instinctive and sound demand for some material
object as the “center” to which ultimately the physical effects that keep

the system in orderly motion mustbe traced.

A Heliocentric and Theocentric Universe

For Kepler, the last of these three points is particularly exciting. The



sun at its fixed and commanding position at the center of the planetary
system matches the picture which always rises behind Kepler’'s tables of
tedious data— the picture of a centripetal universe, directed toward and
guided by the sun in its manifold roles: as the mathematical center in
the description of celestial motions; as the central physical agency for
assuring continued motion; and above all as the metaphysical center,
the temple of the Deity. The three roles are in fact inseparable. For
granting the special simplicity achieved in the description of planetary
motions in the heliocentric system, as even Tycho was willing to grant,
and assuming also that each planet must experience a force to drag it
along its own constant and eternal orbit, as Kepler no less than the
Scholastics thought to be the case, then it follows that the common
need is supplied from what is common to all orbits; i.e., their common
center, and this source of eternal constancy itself must be constant and
eternal. Those, however, are precisely the unique attributes of the Deity.

Using his characteristic method of reasoning on the basis of arche-
types, Kepler piles further consequences and analogies on this argument.
The most famous is the comparison of the world-sphere with the Trin-
ity: the sun, being at the center of the sphere and thereby antecedent to
its two other attributes, surface and volume, is compared to God the
Father. With variations the analogy occurs many times throughout
Kepler’'s writings, including many of his letters. The image haunts him
from the very beginning (e.g., Chapter 2, Mysterium Gosmogrephi-
cum) and to the very end. Clearly, it is not sufficient to dismiss it with
the usual phrase “sunworship.” 17 At the very least, one would have to
allow that the exuberant Kepler is a worshipper of the whole solar
system in all its parts.

The power of the sun-image can be traced to the acknowledged in-
fluence on Kepler by neo-Platonists such as Proclus (fifth century) and
Witelo (thirteenth century). At the time it was current neo-Platonic
doctrine to identify light with “the source of all existence” and to hold
that “space and light are one.” 18 Indeed, one of the main preoccupations
of the sixteenth-century neo-Platonists had been, to use a modern term,
the transformation properties of space, light, and soul. Kepler’'s dis-
covery of a truly heliocentric system is not only in perfect accord with
the conception of the sun as a ruling entity, but allows him, for the first
time, to focus attention on the sun’'s position through argument from

physics.
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In the medieval period the “place” for God, both in Aristotelian and
in neo-Platonic astronomical metaphysics, had commonly been either
beyond the last celestial sphere or else all of space; for only those alter’
natives provided for the Deity a “place” from which all celestial motions
were equivalent. But Kepler can adopt a third possibility: in a truly
heliocentric system God can be brought back into the solar system itself,
so to speak, enthroned at the fixed and common reference object which
coincides with the source of light and with the origin of the physical
forces holding the system together. In the De Revolutionibus Coper-
nicus had glimpsed part of this image when he wrote, after describing

the planetary arrangement:

In the midst of all, the sun reposes, unmoving. Who, indeed, in this most
beautiful temple would place the light-giver in any other part than that whence

it can illumine all other parts.

But Copernicus and Kepler were quite aware that the Copemican sun
was not quite “in the midst of all” ; hence Kepler's delight when, as one
of his earliest discoveries, he found that orbital planes of all planets
intersect at the sun.

The threefold implication of the heliocentric image as mathematical,
physical, and metaphysical center helps to explain the spell it casts on
Kepler. As Wolfgang Pauli has pointed out in a highly interesting dis-
cussion of Kepler'swork as a case study in “the origin and development
of scientific concepts and theories,” here lies the motivating clue: “It is
because he sees the sun and planets against the background of this
fundamental image [archetypische Bild] that he believes in the helio-
centric system with religious fervor” ; it is this belief “which causes him
to search for the true laws concerning the proportion in planetary mo-
tion. .. .” 19

To make the point succinctly, we may say that in its final version
Kepler's physics of the heavens is heliocentric in its kinematics, but
theocentric in its dynamics, where harmonies based in part on the prop-
erties of the Deity serve to supplement physical laws based on the con-
cept of specific quantitative forces. This brand of physics is most
prominent in Kepler’'s last great work, the Hermonice Mundi (1619).
There the so-called Third Law of planetary motion is announced with-
out any attempt to deduce it from mechanical principles, whereas in the

Astronomis Nove magnetic forces had driven— no, obsessed— the



planets. As in his earliest work, he shows that the phenomena of nature
exhibit underlying mathematical harmonies. Having not quite found
the mechanical gearsof the world machine, he can at least give its equa-

tions of motion.

The Source of Kepler'sHarmonies

Unable to identify Kepler's work in astronomy with physical science
in the modern sense, many have been tempted to place him on the other
side of the imaginary dividing line between classical and modern sci-
ence. Is it, after all, such a large step from the harmonies which the
ancients found in circular motion and rational numbers to the harmon-
ies which Kepler found in elliptical motions and exponential propor-
tions? Is it not merely a generalization of an established point of view?
Both answers are in the negative. For the ancients and for most of
Kepler's contemporaries, the hand of the Deity was revealed in nature
through laws which, if not qualitative, were harmonious in an essentially
self-evident way; the axiomatic simplicity of circles and spheres and
integers itself proved their deistic connection. But Kepler's harmonies
reside in the very fact that the relations are gquantitative, not in some
specific simple form of the quantitative relations.

It is exactly this shift which we can now recognize as one point of
breakthrough toward the later, modern conception of mathematical law
in science. Where in classical thought the quantitative actions of nature
were limited by a few necessities, the new attitude, whatever its meta-
physical motivation, opens the imagination to an infinity of possibilities.
As a direct consequence, where in classical thought the quantitative re-
sults of experience were used largely to fill out a specific pattern by a
priori necessity, the new attitude permits the results of experience to re-
veal in themselves whatever pattern nature has in fact chosen from the
infinite set of possibilities. Thus the seed is planted for the general view
of most modern scientists, who find the world harmonious in a vague
aesthetic sense because the mind can find, inherent in the chaos of
events, order framed in mathematical laws— of whatever form they may

be. As has been aptly said about Kepler'swork:

Harmony resides no longer in numbers which can be gained from arithmetic
without observation. Harmony is also no longer the property of the circle in

higher measure than the ellipse. Harmony is present when a multitude of
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phenomena is regulated by the unity of a mathematical law which expresses

a cosmic idea.20

Perhaps it was inevitable in the progress of modem science that the
harmony of mathematical law should now be sought in aesthetics rather
than in metaphysics. But Kepler himself would have been the last to
propose or accept such a generalization. The ground on which he postu-
lated that harmonies reside in the quantitative properties of nature lies
in the same metaphysics which helped him over the failure of his physi-
cal dynamics of the solar system. Indeed, the source is as old as natural
philosophy itself: the association of quantity per se with Deity. More-
over, as we can now show, Kepler held that man’s ability to discover
harmonies, and therefore reality, in the chaos of events is due to a direct
connection between ultimate reality; namely, God, and the mind of
man.

In an early letter, Kepler opens to our view this mainspring of his

life'swork:

May God make it come to pass that my delightful speculation [the Mys-
terium Cosmographicum] have everywhere among reasonable men fully the
effect which | strove to obtain in the publication; namely, that the belief in
the creation of the world be fortified through this external support, that
thought of the creator be recognized in its nature, and that His inexhaustible
wisdom shine forth daily more brightly. Then man will at last measure the
power of his mind on the true scale, and will realize that God, who founded
everything in the world according to the norm of quantity, also has endowed
man with a mind which can comprehend these norms. For as the eye for
color, the ear for musical sounds, so is the mind of man created for the per-
ception not of any arbitrary entities, but rather of quantities; the mind com-
prehends a thing the more correctly the closer the thing approaches toward

pure quantity as its origin.2l

On a superficial level, one may read this as another repetition of the
old Platonic principle o #eos act yea>/«Tet; and of course Kepler does be-
lieve in “the creator, the true first cause of geometry, who, as Plato says,
always geometrizes.”22 Kepler isindeed a Platonist, and even one who is
related at the same time to both neo-Platonic traditions— which one
might perhaps better identify as the neo-Platonic and the neo-Pythag-
orean— that of the mathematical physicists like Galileo and that of the

mathematical mysticism of the Florentine Academy. But Kepler's God



has done more than build the world on a mathematical model; he also
specifically created man with a mind which “carries in it concepts built
on the category of quantity,” in order that man may directly communi-

cate with the Deity:

Those laws [which govern the material world] lie within the power of un-
derstanding of the human mind; God wanted us to perceive them when he
created us in His image in order that we may take part in His own thoughts

Our knowledge [of numbers and quantities] is of the same kind as
God’s, at least insofar as we can understand something of it in this mortal
life.23

The procedure by which one apprehends harmonies is described quite
explicitly in Book 4, Chapter 1, of Hermonice Mundi. There are two
kinds of harmonies; namely, those in sense phenomena, as in music,
and in “pure” harmonies such as are “constructed of mathematical con-
cepts.” The feeling of harmony arises when there occurs a matching of
the perceived order with the corresponding innate archetype [arche-
typus, Urbild]. The archetype itself is part of the mind of God and was
impressed on the human soul by the Deity when He created man in His
image. The kinship with Plato’s doctrine of ideal forms is clear. But
whereas the latter, in the usual interpretation, are to be sought outside
the human soul, Kepler’'s archetypes are within the soul. As he sum-
marizes at the end of the discussion, the soul carries “not an image of
the true pattern [paradigmal], but the true pattern itself .... Thus fi-
nally the harmony itself becomes entirely soul, nay even God.” 24

This, then, is the final justification of Kepler's search for mathem ati-
cal harmonies. The investigation of nature becomes an investigation
into the thought of God, Whom we can apprehend through the lan-
guage of mathematics. Mundus est imago Dei corpérea, just as, on the
other hand, animus est imago Dei incorpérea. In the end, Kepler'suni-
fying principle for the world of phenomena is not merely the concept of

mechanical forces, but God, expressing Himself in mathematical laws.

Kepler's Two Deities

A final brief word may be in order concerning the psychological or-
ientation of Kepler. Science, it must be remembered, was not Kepler’s
original destination. He was first a student of philosophy and theology

at the University of Tubingen; only a few months before reaching the
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goal of church position, he suddenly— and reluctantly— found himself
transferred by the University authorities to a teaching position in mathe-
matics and astronomy at Graz. A year later, while already working on
the Mysterium Cosmogrephicum, Kepler wrote: “l1 wanted to be-
come a theologian; for a long time | was restless: Now, however, ob-
serve how through my effort God is being celebrated in astronomy.” 25
And more than a few times in his later writings he referred to astron-
omers as priests of the Deity in the book of nature.

From his earliest writing to his last, Kepler maintained the direction
and intensity of his religio-philosophical interest. His whole life was one
of uncompromising piety; he was incessantly struggling to uphold his
strong and often nonconformist convictions in religion as in science.
Caught in the turmoil of the Counter-Reformation and the beginning of
the Thirty Years’ War, in the face of bitter difficulties and hardships, he
never compromised on issues of belief. Expelled from communion in the
Lutheran Church for his unyielding individualism in religious matters,
expelled from home and position at Graz for refusing to embrace
Roman Catholicism, he could truly be believed when he wrote, “1 take
religion seriously, I do not play with it,”26 or “In all science there is
nothing which could prevent me from holding an opinion, nothing
which could deter me from acknowledging openly an opinion of mine,
except solely the authority of the Holy Bible, which is being twisted
badly by many.” 27

But as his work shows us again and again, Kepler’'s soul bears a dual
image on this subject too. For next to the Lutheran God, revealed to him
directly in the words of the Bible, there stands the Pythagorean God,
embodied in the immediacy of observable nature and in the mathemati-
cal harmonies of the solar system whose design Kepler himself had
traced— a God “whom in the contemplation of the universe | can grasp,
asitwere, with my very hands.” 28

The expression is wonderfully apt: so intense was Kepler’s vision that
the abstract and concrete merged. Here we find the key to the enigma
of Kepler, the explanation for the apparent complexity and disorder in
his writings and commitments. In one brilliant image, Kepler saw the
three basic themes or cosmological models superposed: the universe as
physical machine, the universe as mathematical harmony, and the uni-
verse as central theological order. And this was the setting in which

harmonies were interchangeable with forces, in which a theocentric



conception of the universe led to specific results of crucial importance

for the rise of modern physics.
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9. Letter to Herwart von Hohenburg, February 10, 1605. At about the same
time he writes in a similar vein to Christian Severin Longomontanus concern-
ing the relation of astronomy and physics: “1 believe that both sciences are

so closely interlinked that the one cannot attain completion without the other.”

10. Previously, Kepler discussed the attraction of the moon in a letter to
Herwart, January 2, 1607. The relative motion of two isolated objects and
the concept of inertia are treated in a letter to D. Fabricius, October 11, 1605.
On the last subject see Alexandre Koyr6, Galileo and the Scientific Revolu-
tion of the Seventeenth Century, The Philosophicsel Review, 52, No. 4:
344-345, 1943.

11. Not only the postulates but also some of the details of their use in the
argument were erroneous. For a short discussion of this concrete illustration
of Kepler’'s use of physics in astronomy, see John L. E. Dreyer, History of
the Plenetsry System from Theles to Kepler (New York: Dover Pub-
lications, 1953), second edition, pp. 387-399. A longer discussion is in Max
Caspar, Johennes Kepler, neue Astronomie (Munich and Berlin: R
Oldenbourg, 1929), pp. 3*-66*.

12. Giorgio de Santillana, ed., D slogue on the Gres World Systems
(Chicago: University of Chicago Press, 1953), p. 469. However, an oblique

compliment to Kepler's Third Law may be intended in a passage on p. 286

13. Florian Cajori, ed., Newton's Principies: Motte's Trenslstion Re-

vised (Berkeley: University of California Press, 1946), pp. 394-—395. Ir



Book Ill, Newton remarks concerning the fact that the Third Law applies
to the moons of Jupiter: “This we know from astronomical observations.” At
last, on page 404, Kepler is credited with having “first observed” that the
3/2th power law applies to the “five primary planets” and the earth. Newton’s
real debt to Kepler was best summarized in his own letter to Halley, July
14, 1686: “But for the duplicate proportion [the inverse-square law of gravi-
tation] I can affirm that | gathered it from Kepler's theorem about twenty

years ago.”

14. Letter to Johann Brengger, October 4, 1607. This picture of a man
struggling to emerge from the largely Aristotelian tradition is perhaps as sig-
nificant as the usual one of Kepler as Copemican in a Ptolemaic world. Nor
was Kepler’'s opposition, strictly speaking, Ptolemaic any longer. For this we
have Kepler’'s own opinion (Hsrmonice Mundi, Book 3): “First of all, read-
ers should take it for granted that among astronomers it is nowadays agreed
that all planets circulate around the sun ... ,” meaning of course the system
not of Copernicus but of Tycho Brahe, in which the earth was fixed and the

moving sun served as center of motion for the other planets.
15. Cajori, op. cit., p. xviii.

1'6. Quoted in Kepler, Welthsrmonik, ed. Max Caspar (Munich and
Berlin: R. Oldenbourg, 1939), p. 55*.

17. E.g., Edwin Arthur Burtt, The Metsphysicel Foundstions of Mod-
ern Science (London: Routledge & Kegan Paul, 1924 and 1932), p. 47 ff.

18. For a recent analysis of neo-Platonic doctrine, which regrettably omits
a detailed study of Kepler, see Max Jammer, Concepts of S sce (Cam-
bridge: Harvard University Press, 1954), p. 37 ff. Neo-Platonism in relation
to Kepler is discussed by Thomas S. Kuhn, The Copernicen Revolution,

Cambridge: Harvard University Press, 1957.

19. Wolfgang Pauli, Der Einfluss archetypischer Vorstellungen auf die
Bildung naturwissenschaftlicher Theorien bei Kepler, in Nesturerklsrung
undPsyche (Zurich: Rascher Verlag, 1952),p. 129.

An English translation of Jung and PauliisThe Interpretstion of Nsture
6 the Psyche, trans. R. F. C. Hull and Priscilla Silz, New York: Pantheon
Books, 1955.

20. Hedwig Zaiser, Kepler sls Philosoph (Stuttgart: E. Suhrkamp,
1932), p. 47.

21. Letter to Mastlin, April 19, 1597. (Italics supplied.) The “numerologi-
cal” component of modem physical theory is in fact a respectable offspring
from this respectable antecedent. For example, see Niels Bohr, Atomic

Theory snd the Description of Nsture (New York: Macmillan Co.,

89



90

1934), pp. 103-104: “This interpretation of the atomic number [as the
number of orbital electrons] may be said to signify an important step toward
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Santillana, op. cit.,, p. 14. Descartes’'s remark, “You can substitute the mathe-
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24, For a discussion of Kepler's mathematical epistemology and its rela-
tion to neo-Platonism, see Max Steck, Uber das Wesen des Mathematischen
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meyer, 1941), Volume V. The useful material is partly buried under national-
istic oratory. Another interesting source is Andreas Speiser, Msthemstische
Denkweise, Basel: Birkh&user, 1945.

25. Letter to Mastlin, October 3, 1595.

26. Letter to Herwart, December 16, 1598.

27. Letter to Herwart, March 28, 1605. If one wonders how Kepler re-
solved the topical conflict concerning the authority of the scriptures versus
the authority of scientific results, the same letter contains the answer: “I
hold that we must look into the intentions of the men who were inspired by
the Divine Spirit. Except in the first chapter of Genesis concerning the super-
natural origin of all things, they never intended to inform men concerning
natural things.” This view, later associated with Galileo, is further developed
in Kepler's eloquent introduction to the Astronomis N 6. The relevant
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3 THEMATIC AND STYLISTIC
INTERDEPENDENCE

t is commonly acknowledged that a proposal of Plato set the

style for one of the main traditions of classic scientific thought.

As Blake, Ducasse, and Madden phrase the account of their
Theories of Scientific Method, Plato “set his pupils in the Academy
the task of working out a system of geometrical hypotheses which, by
substituting uniform and circular movements for the apparently irregu-
lar movements of the heavenly bodies [that is, the planets, particularly
during retrograde motion], would make it possible to explain the latter
in terms of the former— in his own famous phrase, to ‘save the phe-
nomena. 91 Simplicius writes in his Commentary on Aristotle’s De
Cselo: “For Plato, Sosigenes says, set this problem for students of as-
tronomy: ‘By the assumption of what uniform and ordered motions
can the apparent motions of the planets be accounted for?” ” This fa-
mous problem kept natural philosophers agitated for 2,000 years and
was immensely influential in shaping science as we know it.
To this day, it still strikes us as a sound scientific question, and we are
not surprised to hear that one of Plato’s disciples produced a very cred-
itable solution by proposing a geocentric system of homocentric spheres.

Plato starts from puzzling observations— particularly the apparent halt-

This article was originally presented at The University of Florida, Gaines-
ville, for the Thirtieth Anniversary of the University College and was published
under the title Science and New Styles of Thoughtin The G sduste Journsl
Volume VII, No. 2, pp. 399-421, 1967.

book,
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ing and brief backward excursion which the paths of those wanderers,
the planets, show at regular intervals during their otherwise predomi-
nantly forward, night-by-night progress against the background of the
fixed stars. W e still ask a similar type of question when a comet or as-
teroid is discovered, or when an artificial satellite suddenly is launched
into our skies: what are the elements of a mathematical analogue (or
equation) representing its motion? We no longer have to solve such a
kinematic problem by the very tedious geometric methods— it can be
translated into an equivalent language by which an electronic computer
can give us a quick answer when presented with data derived from ob-
servation. But, qualitatively, the computer adds nothing new. In fact,
the superposition of circular motions now has its exact mathematical
equivalent in the treatment of periodic motions through the sum of a
series of terms of a trigonometric function.

Moreover, the Platonic problem appears to be concerned with three
elements that modern science still deals with: First, the “facts” of ob-
servation (here, the observed motion of the planets) impress themselves
on our senses. Next, we find here a puzzling mixture of complexity and
order which triggers the curiosity (we see not one planet but many,
not a simple forward motion but an apparent retrogression, with a reg-
ular but unique pattern for each planet). And finally, we resolve the
apparent puzzle by the imaginative construction of an analogon. The
analogon can be either mathematical or physical; it is successful if it
correlates convincingly the puzzling element in the observation with the
consequences, perhaps unexpectedly but logically sound consequences,
of the postulated structure of the analogon. In Plato’s case, the analogon
which he specifically invites is that of uniform motion along circular
paths in an interrelated kinematical system. This analogon is put for-
ward— hypothesized.

But the most significant element in moving from problem to solution
in Platonic science isone that has not yet been mentioned— preselection.
There are many constraints which have been placed from the very be-
ginning on the possible solution in an almost imperceptible manner;
constraints on the “facts,” on the hypothesis, and the correspondence
between analogon and facts by which we are relieved of the feeling of

puzzlement, by which we “understand.”
For of all the possible facts of observation, we are invited to look just

at celestial ones; and of all those, at the planets. O f the facts of observa-
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tion concerning planets, only one kind is selected and not, for example,
their different colors or their changing brightness, both of which strike
the eye much more quickly than their motion with respect to the fixed
stars, certainly more quickly than any element of order within the “dis-
orderliness” of retrogression. O f all the possible analogons (for example,
animistic, or physically mechanical), we are given here a geometrical
one; of all geometrical-kinematic ones, only uniform motion and only
on circular paths. Of all the correspondence by which we “understand”
the behavior of the planets, we must choose only the correlation of their
point-by-point location in the sky with the progress of imaginary points
in the geometrical system, and not, for example, a mere catalogue of
positions, such as the Babylonians used to “understand” and predict
celestial phenomena.

The issue now raises itself forcibly: what are the criteria which guide
us in these preselections of facts, hypotheses, and explanatory methods?
On the answer to this question, far more than on the “facts of nature”
themselves, depends what kind of science we shall have, whether such
a science itself is possible, and what this science can teach us. It is, there-
fore, one of the basic questions of any science or philosophy of science.

This is the point where the style of thought of the time enters our dis-
cussion. For | need only remind you of the main outlines of Plato’s posi-
tion which explain his criteria of preselection and consequently explain
the style of Platonic science itself. In the Lsw s, Book X 11, the Athenian

speaks to Clinias and Megillus:

May we say, then, that we know of two motives— those we have already re-
hearsed— of credibility in divinity? .. . One of them is our theory of the soul,
our doctrine that it is more ancient and more divine than anything that draws
perennial being from a motion that once had a beginning; the other our doc-
trine of the orderliness in the motion in the movements of the planets and
other bodies swayed by the mind that has set this whole frame of things in
comely array. No man who has once turned a careful and practiced gaze on
this spectacle has ever been so ungodly at heart that its effect has not been the
very reverse of that currently expected. 'Tis the common belief that men who
busy themselves with such themes are made infidels by their astronomy and its
sister sciences, with their disclosure of a realm where events happen by stringent
necessity, not by the purpose of a will bent on the achievement of good.

The situation has been precisely reversed since the days when observers of these
bodies conceived them to be without souls. Even then, they awakened wonder,

and aroused in the breast of close students the suspicion, which has now been
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converted into accepted doctrine, that were they without souls, and by conse-
quence without intelligence, they would never have conformed to such precise

computation.2

Therefore, anyone aspiring to be “a sufficient magistrate of the whole
community,” Plato continues, must “possess the requisite preliminary
sciences . . . and apply his knowledge meetly to his moral and legal be-
havior.” The proper study of man, of which the “preliminary sciences”
are only a stage, is, of course, ultimately the soul. And astronomy is used
as an illustration again and again in Plato’'s work to make this point.3

Astronomy, we see, is not pursued properly if one studies only the
minute precession of the equinox, or corrections of the calendar or other
measurable detail— problems that only later come to be highly regarded.
Rather, a man must “pursue his studies aright with his mind’s eye fixed
on their single end.” [Epinomis, 991e.] As the Athenian had said earlier
[Lews 7: 821d]: “. . .the reason why I am now insisting that our citi-
zens and their young people must learn enough of all the facts about
the divinities of the sky is to prevent blasphemy of them [such as the
charge that they wander around, when in fact they can be shown to have
regular motions; 822a], and to ensure a reverent piety in the language
of all our sacrifices and prayers.”

Astronomy is thus an adjunct to moral philosophy. And now we have
no difficulty in reconstructing and understanding the criteria of prese-
lection in Plato’s astronomical problems. They are those criteria which
assure that the subject matter and persuasiveness of this science shall
contribute to moral education. To let scientists look for their own sub-
ject of study and fashion their own criteria for selecting facts, hypo-
theses, and explanatory method would be as absurd as giving the name
“true musicians” [Republic 3: 402] to those who would invent their
own instruments, and play on them any disharmonious tune or rhythm
that pleases them, and who in general have not studied “the forms of
soberness, courage, liberality, and high-mindedness.”

Indeed, it is so easy to show how the moralistic setting surrounding
Platonic science determined the science of its time that we sometimes
assign it to students as an exercise, and as an exemplary warning that
metaphysical presuppositions have had a powerful hold upon the sci-

ences of the ancients.
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Is the situation today entirely different? I do not believe it is, or could
be. Although the scene, both in science and outside, has changed greatly
since the classic Greek period, we have never had— and could not have
imagined— a science separated from external involvements, and existing
truly “for its own sake.” The criteria of preselection change, the basic
concerns shift, but the existence of a stylistic relationship among the dif-
ferent works of a given period remains constant.

An example will be helpful here. It iscommonplace that the predilec-
tion for seeing problems in terms of a harmoniously ordered world was
still characteristic even of the very language of scientific imagination in
the classic period of the seventeenth and eighteenth centuries. How far
we have come in science more recently— and not only in science— from
that position is perhaps expressed most directly and simply in a passage
that seems as strange now as it was congenial in 1681 when Thomas
Burnet published The Secred Theory of the Esrth ; speaking of the

annoying disorderliness of the distribution of the stars, he said:

They lie carelesly scatter’d, as if they had been sown in the Heaven, like Seed,
by handfuls; and not by a skilful hand neither. What a beautiful Hemisphere
they would have made, if they had been plac'd in rank and order, if they had
been all dispos’d into regular figures, and the little ones set with due regard to
the greater. Then all finisht and made up into one fair piece or great Com-

position, according to the rules of Art and Symmetry.

W e have not, of course, lost the concepts of hierarchy, continuity, and
order in contemporary work. They stay in science, but mainly as in-
herited elements. They are not the new themes that correspond to the
characteristic style of our own age— of which one of the most powerful
and significant is the antithetical thema of disintegration, violence, and
derangement.

Thus in the language of physics alone we find the rise in the last six
decades of terms such as radioactive decay, or decay of particles; dis-
placement law; fission; spallation; nuclear disintegration; discontinuity
(as in energy levels of atom s); dislocation (in crystals); indeterminacy,
uncertainty; probabilistic (rather than classically deterministic) causal-
ity; time reversal; strangeness quantum number; negative states (of
energy, of temperature); forbidden lines and transitions; particle an-

nihilation. I once wrote that it isnot too farfetched to imagine that some
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physicist will propose to name a new particle the “schizoid particle” —
and shortly thereafter | discovered that the term “schizon” was being
introduced into the technical literature of particle physics.

It is as if after a successful search for simplicities and harmonies in
science over the last three centuries, the search has turned to a more
direct confrontation of complexity and derangement, of sophisticated
and astonishing relationships among strangely juxtaposed parts. And
if one is interested in the parallels between style in science and style
outside science, it is not surprising to discover that this theme in the
physical sciences has its counterpart in modem themes outside science,
for example in the analogous preoccupation with the theme of apparent
derangement in contemporary art.

T o select one example among many, consider the work by the French
artist M. Arman, who has called some of his work coléres or coupes.
In the words of Peter Jones, a critic who made a study of his work,4 the
aim of the colere is to “hold fast on a surface one instant, the explosive
instant in which objects are violently disintegrated into a mass of pieces
— action sculpture in the highly recalcitrant (and thus challenging)
medium of objects that break the way the artist wants only with much
flair and practice on his part. ... Arman is fascinated by . .. the coordi-
nated mastery of all the factors involved, brought to bear at one decisive
point of space and time.” In describing the work Allegro Furioso (see

Figure 1), Jones gives this description :

The colére looks spontaneous, but its construction was deliberate all through.
Here is what Arman did. Having laid the black panel that serves as a base flat
on the floor (and having built up temporary planks on the sides) he began by
smashing a cello. This came first because it was to be the determining factor
of the composition. Arman broke it diagonally, to divide his surface in two.
Then he took the viola, an old and dry hand-made instrument which he knew
would spread itself broadly on impact (while a newer one would have broken
more compactly) : he broke the viola to left of centre in order to leave a “V”
in the middle of the panel. Next he broke the two violins in such a way as to
have them going in the same direction as the viola. In order not to have them
too widely dispersed he did not swing them through the air and smash them
on the board as he had done with the other instruments, but held them by the
neck and scroll, stamped on them with his foot, and dropped the necks nearby.
Thus he achieved a compact mass on the left side. Finally, to counterbalance

fully the mass of the cello, he threw down the bows on the left.5
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Figure 1. Arman, Colére quatuor a cordes Allegro furioso, 1962.
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The work of Arman and that of his colleagues in action painting and
action sculpture may or may not turn out to be good art. But despite
our initial impulse to object, | believe we must take the intention seri-
ously. It is through dismemberment of materials that one may hope— as
one method among many others— to discover certain clues to the orig-
inal, simple symmetry that is hidden in the wholeness of the object.
Vesalius knew this, of course. And | might point out that a physicist
interested in the orderly structure of nuclei or subnuclear particles often
has to induce that structure and symmetry by means of an Arman-like
process: he prepares the nucleus by first stripping away the atom’s outer
electrons that shield it, and then lets the nucleus, at the end of a violent
journey through a particle accelerator, bombard a target. There, if the
energy is high enough, the projectile nucleus and perhaps also the target
will disintegrate, and the fragments will go off with momentum, energy,
and spins that are full of fascination and meaning to those who can
achieve a “coordinated mastery of all the factors involved.” Meanwhile,
to the uninitiated, it all looks merely like a ridiculous or dangerous de-
struction.

If this analogy is valid, it may be that the current attention to the
thema of derangement in science as well as in art is at bottom an indi-
cation of the return of its antitheme of order in a new, more sophisti-
cated guise. The simple harmonies, the simple symmetries, have been
found out. How much more satisfying it will be if we can discern har-
monies and simplicities directly, through a more highly trained vision,
in complex, apparently broken, and deranged configurations! It may be
that we are beginning to train new sensibilities which will set a new style.

In the meantime, the careful attention to disorderliness has yielded
surprising new simplicities. For it is a very telling fact that the “care-
lesly scatter'd” appearance of the stars, which seemed so disorderly and
irregular in the seventeenth century, has since then slowly provided
data for an entirely different view of the earth, the sun, the solar system,
and indeed our whole universe. First, it turned out that we are situated
in one of the outer arms of a huge lens-shaped gathering of stars, many
of which seem themselves to be the centers of their own solar-system-like
planetary distributions; therefore, looking from our earth into different
directions we see quite different densities— large numbers of stars when
we look toward the center of the galaxy and beyond, few stars at right

angles. The hand that scattered these stars was indeed skillful; but to
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recognize this we first had to get used to the idea that that hand did not
also put us at the center of things, and that it did not place a higher
value on simple lattice arrangements than on stochastic arrangements.
And, secondly, looking beyond the stars to the nebulae, we again find
them to be placed essentially at random as far as the telescopic eye can
see. So, after all, we seem to be in a more or less isotropic and homogene-
ous, that is, in a most simple and symmetric, world. Or at least the style
of thought of our time has made it easier to entertain the new model,

one so greatly at variance with that of earlier centuries.

Let us turn briefly to another conception that has experienced a cycle
of changing acceptability: atomism. This thema also has been important
in scientific thought from the first— indeed, from the atomism of Pythag-
orean number physics— and usually it found itself co-existing with and
arrayed against the equally ancient thema of the continuum. (As with
order and disorder themata and other examples, it is pairing of oppos-
ing or complementary theme and antitheme.) In the early part of the
nineteenth century, with Dalton, atomism ceased to be regarded as a
“mere” philosophical position and began to go to the forefront of the
stage. But there were continuing attacks, for example by Humphry Davy.
And even when in the early part of the twentieth century the atomistic
hypothesis was discussed as if it had become merely a phenomenic one
(namely, borne out of experimental evidence), it was still not acceptable
to all opponents, just as in Newton’'s day it was still possible to oppose
Copernicanism.

Eventually, the basic hypotheses, such as heliocentricity and atomism,
were accepted into science because they were regarded as phenomenic
ones. But is this correct? The answer isno. They remain thematic propo-
sitions, and so not directly coupled to the phenomena.6 A simple ex-
ample will suffice to prove it. The atom which Wilhelm Ostwald ac-
cepted in 1909— one of the last to do so— was an atom we would now
reject as incapable of explaining radioactivity, x-rays, spectra, valence,
and so forth, not to mention the new discoveries made since that time,
such as isotopism and space quantization. What Ostwald and others
thought they were accepting was the “experimental fact” of atoms.
W hat they really were accepting, however, was the thematic hypothesis

of atomism. It is this hypothesis, of course, which has survived the recent
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advances, the new data, whereas the experimental atom of 1909 has long
been proved to be “wrong.”

Similarly, what Ernst Mach was attacking when he objected to the
notion of atoms, saying they were not congruous with sensations, was not
the phenomic hypothesis of the atom as an explanatory device to deal
with, say, observed scintillations. Rather, he was attacking the concep-
tion of fundamental submicroscopic discreteness as against continuity.

The twentieth-century victory of discreteness was really the climax of
a whole century of preparation for this new style of thinking in all
branches of science. We see here rather beautifully a family of related
developments— the theme of discreteness expressing itself in physics,
biology, and chemistry. For between 1808 and 1905, physics, biology,
and chemistry saw the introduction of remarkably similar conceptions.
In each of these fields it was found fruitful to assume the existence of
fundamental, discrete entities. Thus Dalton (1808) proposed that mat-
ter consists of atoms which maintain their integrity in all chemical re-
actions. In biology, Schleiden for plants (1838) and Schwann for ani-
mals (1839) proposed the theory of cells, by the various combinations
of which living tissues were assumed to be built. Mendel's work (1865)
led to the idea that the material governing heredity contains a structure
of definite entities, or genes, which may be transmitted from one gen-
eration to the next without change.

Meanwhile, heat, electricity, and light, which were the parts of phys-
ics that the eighteenth century had visualized largely in terms of the
actions of imponderable fluids, were being rephrased in a similar man-
ner. In Joule’s kinetic theory (1847), sensible heat was identified with
the motions of discrete atoms and molecules. The electron, a particle
carrying the smallest unit of negative charge, was discovered (1897).
Finally, the energy of the sources of radiation and then of radiation itself
was found to be quantized (1900 and 1905). It was as if these new
views in the sciences stemmed from a similarly directed change in the
mental models used to comprehend phenomena—a change in style
where the guiding idea is no longer a continuum, but a particle, a dis-

crete quantum.7

v

The discussion of thematic analysis and antinomies comes to the

point, then, where one can consider a pair of themes which are central
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to the question of the relationship of personal style and scientific achieve-
ment. I am referring to the methodological themes of projection (or
extemalization) on the one hand, and retrojection (or internalization)
on the other.

We are led into them by noting a step basic to all scientific work, but
rarely discussed: it is the process of removing the discourse from the
personal level— the level on which the problem originally becomes of
interest to the particular person who works on it, the level on which
aesthetic and “private,” sometimes not even easily communicable con-
siderations may be important— to a second level, that of public science,
where the discourse is more unambiguously understandable, being pre-
dominantly about phenomena and analytical schemes. [The differences
between “private” and “public” science, or vs. S2) are further dealt
with in Essay 11.] This is a process which every scientist unquestionably
accepts, a process that may be termed extemalization or projection.
The working scientist must be able to shift the conceptual framework
from the private to the public level, where it can be shared generally
by retrojection into disparate systems of individual scientists all over the
world. The aim of the process is to arrive at statements that are invari-
ant with respect to the individual observer— that is, insofar as possible,
the same for each particular, purely personal framework into which it
ultimately may be channeled. There isan analogy here with the method
by which relativity physics selects statements and laws that are invariant
with respect to transformation and are therefore generally applicable.

W hat is interesting is that on certain occasions, during the trans-
formation of conceptions from the personal to the public realm, the
scientist, perhaps unknowingly, smuggles the style, motivation, and
commitment of his individual system and that of his society into his
supposedly neutral, value-indifferent luggage. And it is at this point
that the concept of projection will help us to understand how the style
of contemporary personal and social thought introduces itself into scien-
tific work.

Of the two main examples I wish now to investigate, the first refers
to what is usually— and rather loosely— called anthropomorphic think-
ing in science. On this aspect of the mechanism of projection, a useful
source is the work of Ernst Topitsch.8 At the outset he notes that while
the variety and number of conceptions by which attempts have been

made to understand our environment and ourselves are enormous, the
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thought models that have played a major role fall into a quite limited
number of categories. He reminds us that in the study of the psychology
of development, Jean Piaget, among others, has stressed that the child
conceives of the world as existing in analogical relation to his wishes
and actions, his social connections and his handling of experience in
general. In this sense phylogenetic and ontogenetic findings coincide;
for until fairly recent times the scientist, too, has conceived of what is
remote, unknown, or difficult to understand in terms of what is near,
well-known, and self-evident in everyday terms. Social and artistic
processes and productions have often served as explanations by analogy
for the universe as a system— in short, by projecting outward into the
universe conceptual images from the domain of social and productive
action.

W hile it has by no means been widely recognized that this is an es-
sential activity in the sciences, the same point has at least been noted

in the social studies. Talcott Parsons, for example, has written:

It is curious—and would merit investigation in terms of the sociology and
psychology of knowledge— that the priority given to knowledge of the physical
world in the development of modern philosophy reverses the priorities applying
to the development of the human individual’'s knowledge of his own environ-
ment and, it seems, the formation of empirical knowledge in early cultural
evolution. Since Freud, it has been known that the child’s first structured
orientation to his world occurs in the field of his social relationships. The
“objects” involved in Freud’'s fundamental concept of object relations are
“social” objects: persons in roles, particularly parents, and the collectivities
of which they are parts and into which the child is socialized. This orientation
includes an empirical cognitive component which is the foundation on which a
child builds his later capacity for the scientific understanding of the empirical
world. What is often interpreted as the child’'s “magical” thinking about the
physical world probably evidences a lack of capacity to differentiate between
physical and social objects.

Similar things appear true of cultural evolution more generally, though . ..
the parallels are far from exact. Perhaps the best single reference on the prob-
lems is the article Primitive Classification (1903) by Durkheim and Mauss
This emphasizes, with special but not exclusive reference to the Australian
aborigines, the priority of the social aspect of primitive categorization of the
world, notable in the conception of spatial relations in terms of the arrange-

ment of social units in the camp.9

Turning to the sciences more narrowly defined, it is not difficult to
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see that the hierarchical universe of Aristotle or of the medieval school-
men was also abstracted from, a reflection of, the hierarchical class
organization of society in which these thinkers lived. This still happens,
of course, in our day: the chemist, the physicist, or the astronomer looks
out and beholds a new world, one fitting to his time. For example, it is
now a profoundly egalitarian rather than hierarchical universe, so much
so that a whole theory of relativity (Milne’s) has been built around the
so-called cosmological principle, the principle that any observer any-
where in the universe interprets data in exactly the same way as any
other observer elsewhere, making equivalent correlations between data
and instants at which data are taken. It is a restless world, in which the
parts are coupled by a complementaristic mutual engagement which is
never a unidirectional action but always an interaction. It is, as it were,
a class-unbounded world in which many old questions are meaning-
less but none is impious, and in which each of the few laws is presumed
to have the widest possible scope.

Not only are certain conceptual images projected outward into the
cosmos, but there is, as Topitsch stresses, also a projection back, a process
by which the cosmos itself, in its anthropomorphic interpretation, may
be retrojected into its original context, that of human action. He ex-

plains:

The terrestrial state and terrestrial law must be assimilated to, or modeled
upon, the cosmic state and law; the human ruler is the image, the son or
deputy of the divine ruler of the world. Places of worship and cities are built
according to the model of the supposed “world edifice” or “heavenly city,”
and music should be an echo of “the harmony of the spheres.”

Such conceptions were developed in the major cultures of the ancient East
to become a mythology of great power and influence; in the Hellenistic age
they fused with Greek thought; and they had their repercussions in Europe far
on into the New Era. The conception of the ecclesiastical edifice as an image
of the “Heavenly Jerusalem” or even of the cosmos was still familiar to the
architects of the Gothic period and the Renaissance, so that an unbroken tradi-
tion leads from the Solar Kingdom of Egypt to that of Louis XI1V. Moreover,
astrology (which for thousands of years, far from being mere superstition, was
a conception of the world equal in rank to philosophy) was founded on the
same process of projecting conditions of immediate earthly reality into the
cosmos (as in the naming of the stars), and then of retrojecting the “macro-

cosmos” so interpreted into the “microcosmos” of human existence.10
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The interpretation of the cosmos and the individual by a projection
and retrojection of social or technological modes of human behavior is
a thematic tendency, that is, one not forced on us by contingent con-
sideration. On this ground alone we expect that there exist also themes
on the other side of the ledger, themes founded on the postulate of the
antitype of human limitations and transitoriness, on the idea of a per-
fect entity. This entity, superior to all limitations and even above man’'s
thought, is easily recognizable in scientific thought, from the beginning
to this day, as the conception— a haunting and apparently irresistible
one despite all evidence to the contrary— of the final, single, perfect
object of knowledge to which the current state of science is widely
thought to lead us, more or less asymptotically, but continually and
inexorably.

Like the exemplification of this conception outside science— in the
Supreme Being, or the millennial utopia— the final state of science isone
that it is generally agreed cannot be defined with any degree of precision
by means of concepts or the use of ordinary language. That would be in-
compatible with its perfection. It is seen as a conception far beyond
those arising directly from an examination of the empirical world. Oc-
casionally a scientist rashly dares to put this dream into words, and then
it is likely to emerge that the best he can say is that the goal is already
being achieved. The inadequacy of such a statement soon becomes ap-

parent to everyone. Thus A. A. Michelson said in 1903:

The more important fundamental laws and facts of physical science have
all been discovered, and these are now so firmly established that the possibility
of their ever being supplanted in consequence of new discoveries is exceedingly
remote. . . . Our future discoveries must be looked for in the 6th place of

decimals.11

Again, the physicist Robert B. Leighton wrote much more recently:

It is now believed that quantum electrodynamics provides an exact descrip-
tion of all physical phenomena which do not directly involve nuclear forces,
the weak interactions, or gravitation: Nearly all of the data that appear in
handbooks of physics and chemistry could, in principle, be calculated from
first principles if sufficiently powerful mathematical technigues were known!
With the rapid advances that are being made in particle physics, perhaps it is
not too much to expect that in a few more decades all physical phenomena

will be equally well understood.12
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We may guess that there will very likely always be such expressions of
hope in the imminent perfectibility of science to balance the sense of

turmoil around us and of unexpected transitions beyond the horizon.

\%

Returning to the methodological themes of anthropomorphic pro-
jection and retrojection in our own current scientific work, we would be
fundamentally mistaken to regard these as an accidental rather than an
essential and important element. | hold with Whorf and Sapir that a
working language mirrors the internal metaphysics of the culture of
which language is a part. This is true also for the language used in the
scientific area of a culture. Niels Bohr thought that the same principle is
applicable on a larger scale: in the essay Natural Philosophy and Hu-
man Cultures, he confesses his belief that “the traditional differences [of
human cultures] in many ways resemble the different equivalent modes
in which physical experience can be described.” 13 M ore personally and
specifically, Martin Deutsch, a nuclear physicist at the Massachusetts
Institute of Technology, confessed in an article, Evidence and Inference
in Nuclear Research: “In my own work | have been puzzled by the strik-
ing degree to which an experimenter’'spreconceived image of the process
which he is investigating determines the outcome of his observations.
The image to which I refer is the symbolic, anthropomorphic represen-
tation of the basically inconceivable atomic processes.” 14

One may go further than this. Not only are the atomic processes
basically inconceivable once one leaves the level of common sense, but
there is also considerable naiveté in accepting, even on the level of com -
mon sense, what we “see” in the laboratory. For most scientists, the cre-
ative scientific imagination, as Deutsch notes, can “function only by
evoking potential or imagined sense impressions. ... | have never met a
physicist, at least not an experimental physicist, who does not think of
the hydrogen atom by evoking a visual image of what he would see if the
particular atomic model with which he is working existed literally on a
[large] scale accessible to sense impressions. At the same time the physi-
cist realizes that in fact the so-called internal structure of the hydrogen
atom isin principle inaccessible to direct sensory perception.” 15

The more sophisticated science becomes, the more striking is this para-
dox. Even the simplest observation in any advanced science involves a

formidable apparatus of theory. The valuable experimental observations

105



106

in any modern laboratory, Deutsch recognizes, “seem virtually negligible
in the totality of material involved in the experiment. . . . Almost all
sense impressions concerning interpretation are irrelevant to the ques-
tion investigated.” 16 Thus, the energy, the size, the period of persistence
of the phenomenon studied, all are minute compared to the other attend-
ant data. To use the language of communication engineering, the ratio
of signal to noise isextremely small in the laboratory.

In such situations the engineer knows that he must work with a very
special kind of “receiver” in order to receive anything. A model is the
maser (as used in radioastronomy) which in principle is a device that
operates by re-emitting or releasing a signal at considerably larger energy
than the incoming, noise-laden signal. This is achieved by having the
emitter preloaded, as it were, to be triggered by the relatively low-
energy, incoming signal. Similarly, it is possible to understand and use
observations in physics today only if the scientist has, from the very be-
ginning, a “well-structured image of the actual connections between the
events taking place.”

This is indeed far from the conventional idea that the scientist keeps
a completely open mind. The more carefully we peer at the “faces” of
our meters, therefore, the more we see the reflection of our own faces.
Even in the most up-to-date physical concepts the anthropomorphic
burden is very large. Particles still attract or repel one another, rather as
do people; they “experience” forces, are captured or escape. They live
and decay. Circuits “reject” some signals and “accept” others; and so
forth. Deutsch notes: “An electron [or any particle of modem physics] is
clearly not an object with the general properties of a ball which we
would see if we had a sufficiently good microscope, or feel impinging on
our hand if our nerves were a little more sensitive. We are not forced by
direct sense perception to use this image. We have developed it because
it allows us to reason from one experiment to the next by analogy; even
in a mathematically sophisticated theory we must deal with formal
thought processes designed to connect sensory impressions. It, too, must
proceed by analogy with the connections established between such per-
ceivable events.” 17

Here is only one of several reasons that some critics of science are
so wrong in thinking of modern science as entirely depersonalized,
cold and abstract, devoid of all personal concerns. If this were so, sci-

entists would find their work lacking that secret source of excitement
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which cannot be easily analyzed but can be shared. More than that,
without these tie-lines to personal styles and themes, the practitioners
could not so successfully understand the content of public science itself.

Thus, even as in Babylon and Greece, where family relationships were
projected into the very naming of constellations in the sky above, the
nuclear physicist projects human relationships into his equipment and
data. For example, for reasons that have become sound and even un-
avoidable through use and success, he prefers to “see” an experimental
result, such as the bubble-chamber photograph in Figure 2, in terms of a
life-cycle story. He will describe it as follows: a pion—an elementary
particle whose track is marked =~ on the drawing that interprets the
raw observations (Figure 3)—comes into the viewfield from the lower

Figure 2. Associated production of neutral strange particles by #~ in liquid
hydrogen bubble chamber.
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Figure 3. Schematic analysis of events in Figure 2.

center portion. It encounters a proton in the chamber and interacts with
it to form two so-called strange particles (labeled K° and AO0— called
“strange” because they were found to survive unexpectedly long, namely
10-10 sec.); these, being neutral, leave no trace to look at, until they de-
cay. The product of each “strange” particle’s decay is one negative and
one positive particle, thereby producing in our viewfield, as it were, a
third generation of particles, each again having its own characteristic
lifetime.

This is a familiar, primordial type of drama or folk tale, one acted out
in space and time. Butitisone not forced on us by the “data.” For itis at
least conceivable that physicists might have chosen a quite different way
of looking at “what happens” here; they might have started by seeing

Figure 2 as a whole, as a calligraphic design (somewhat analogous to
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Arman’sproducts), without space-time development. Its meaning could
have been sought in the structure of the apperception rather than in a
story of evolution and devolution, of birth, adventure, and death.

O f course, one might object that this alternative would probably be
quite barren in the framework of our science. But this recognition would
simply reinforce the suspicion that the symbolic power of useful scien-
tific concepts rests at least in some part on the fact that so many of these
concepts have for so long been importing anthropomorphic projections

from the world of the human drama.

Vi

I turn finally to a process of projection in science which is not merely
conceptual but temporal. It will help us to understand the fact that, at
bottom, the work of major scientific “revolutionaries,” like Einstein, is
really not an act of iconoclastic destruction of the base of science and
the rebuilding of a radically new state, a state possible only in the future.
Rather, such advances can usually be seen to be projections back to an
idealized, purified state of the past— and, in particular, a return to a
state of imagined classical purity, to the ideal of an earlier science that
supposedly had a small number and a low complexity of hypotheses.

To be sure, the dream of portraying with an earlier kind of simplicity
a more highly developed state of science is, and always has been, in an
important way doomed to failure. Simplicity in the new theory is always
bought at the expense of rejecting regions of previously accessible specu-
lation, or by considerably deepened mathematical sophistication, or by
the invention of mechanisms that are at the time of announcementof the
theory not at all amenable to experimental verification. Therefore, the
call for simplicity has only a restricted validity. The motivation is, as it
were, a longing to establish again an uncomplicated situation, a situation
in which experience is dealt with in terms of one or a few large unities
rather than detailed particulars— perhaps indeed an attempt to find a
way back to a primitive or childlike state of reality.

In the case of Einstein, this projection to a paradisical past may have
had two sources which reinforced each other. In his autobiographical
account he spoke of his youthful belief in the reality of biblical events,
a dream which was shattered at the age of twelve by contact with scien-
tific works of the time. A quotation from his Autobiographical Notes

seems to me particularly revealing because it shows a connection be-



tween the desire to return to a secularized paradise and the desire to

escape to an extrapersonal level. Einstein wrote as follows:

Thus | came— despite the fact that | was the son of entirely irreligious (Jew-
ish) parents— to a deep religiosity, which, however, found an abrupt ending at
the age of 12. Through the reading of popular scientific books | soon, reached
the conviction that much in the stories of the Bible could not be true. The conse-
guence was a positively fanatic [orgy of] freethinking coupled with the impres-
sion that youth is intentionally being deceived by the state through lies; it was
a crushing impression. Suspicion against every kind of authority grew out of
this experience. ... It is quite clear to me that the religious paradise of youth,
which was thus lost, was a first attempt to free myself from the chains of the
“merely personal.” .. .The mental grasp of this extra-personal world within
the frame of the given possibilities swam as highest aim half consciously and

half unconsciously before my mind’'s eye.18

Einstein’s attempt to restructure science, then, seems to me in several
senses to be a return— first, to the childhood state of innocence by a
secularization of the religious childhood paradise; second, to the early
dream of a state or social environment greatly at variance with the harsh
reality that he saw all around him— to a dream of a social environment
which, in a word, characterizes the social childhood paradise; third, to
an early state of science in which the purity of a few hypotheses sup-
posedly was a primary characteristic.

It is perhaps not a mere coincidence that each of the physical scien-
tists who by their work “completely revolutionized” science had a strong
sense of history and an admiration for the ancients, and that both these
traits are, as a matter of fact, rather lacking from the thoughts and vo-
cabulary of most lesser scientists, those below the level of a Copernicus, a
Newton, an Einstein, a Niels Bohr. This historic taste is, however, what
one would expect of thinkers who at heart are purifiers and counter-
revolutionaries.

Thus, Copernicus, directly and through Rheticus, is quite explicit
about his having looked for a warrant for his heretical view in the writ-
ings of the ancients. He does not, of course, dare to mention Aristarchus
in the final manuscriptof De Revolutionibus, but he callsupon Hece-
tas of Syracuse, Heraclides, and Ecphantus the Pythagorean for sup-
port in the belief in the diurnal rotation of the earth, while Philolaus is
called upon to support the doctrine of the annual orbit around the sun.

Newton was, of course, well versed in classical history and indeed
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preoccupied with biblical chronology. Although he was, with Leibniz,
the discoverer of differential and integral calculus, Newton wrote the
Principis in the language of Apollonius and Archimedes. This inciden-
tally accounts for the fact that soon the Principies became almost en-
tirely unreadable to most scientists. The geometrical style of proof has
long since been supplanted by proofs involving the modem calculus. On
this point Newton once explained, in the third person: “By the help of
the new analysis Mr. Newton found out most of the propositions in his
Principie Philosophise. But because the ancients, for making things
certain, admitted nothing in the geometry before it was demonstrated
synthetically, he demonstrated the propositions synthetically, that the
systems of the heavens might be founded upon good Geometry.” 19

The early, indeed the classically simple, state of science, then, is the
true home of the “revolutionary” scientist’'s imagination. And how im-
portantly the major scientific advances of which we speak are deter-
mined by a commitment to a style rather than “brute fact” is made
clear by a very simple observation: each of the great advances plainly
generated more strictly physical problems than it eliminated. They were
great advances in the sense that they broke through to a new area of
fruitful ignorance. Copernicus makes necessary the formulation of a
completely new dynamics of celestial motion; he turns his back on Aris-
totelian physics, but he cannot put anything else in its place, and we
have to wait until the Newtonian synthesis of mechanics for a new phys-
ics, a physics Copernicus would not have understood or supported. New -
ton, in turn, remains incomprehensible without an explanation of action
at a distance, and that becomes one of the major and obsessive preoccu-
pations of nineteenth-century physics— until Maxwell, Hertz, and Ein-
stein give solutions which Newton would have found quite uncongenial.

Considerations of an aesthetic nature and the yearning for a simple
state of science merge in the requirement that the number and types of
hypotheses be severely restricted in any true theory. It is, I think, very
significant that Cotes, Newton’s disciple, eulogized his master in the pre-
face to the second edition of the Principis in these words: “He has so
clearly laid open the most beautiful frame of the system of the world,
that if King Alphonso were now alive he would not complain for want
of the graces of simplicity or harmony.” Simplicity, it should be recalled,
is characteristic both of the state of theory in antiquity and of the desired

state of theory in the future. The right path, these men seem to say, is,
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in science as in all mythically driven activities, from the past through

the unfolding present into a regained state of the past.20

VIl

I have presented here some speculative considerations on the various
ways in which the state of affairs, the folklore and beliefs external to
science (in the narrow sense of the word), affect the imagination of the
acting scientist. Perhaps these thoughts will be of some use to those
philosophers of science who have been struggling with the old question
of what the source may be for the strong warrant for explanatory scien-
tific principles— a warrant that cannot be found in experiment and
logic alone.

But there is another, even more important reason for recognizing the
existence of general stylistic commitments built into scientific work: in
this way, we may hope to contribute a little to understanding the puz-
zling fact that science has indeed for so long been so successful and has
remained so interesting. For without some such support for the imagina-
tion, coming to us from beyond the boundaries of science alone, without
the help of all the best that has been thought and felt before us, how
could we hope that the brief attention we can give to scientific problems
during our short lives could even yield anything worthwhile? If at every
turn we had to construct science anew out of science alone, without the
guidance of style and knowledge in their widest sense, how could we
hope to catch this complex and infinitely fascinating world with our

minds at all?
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4 THE ROOTS OF COMPLEMENTARITY

Como, 1927

ACH ssge is formed by certain characteristic conceptions, those

that give it its own unmistakable modernity. The renovation of

guantum physics in the mid-1920's brought into public view just such

a conception, one that marked a turning point in the road from which
our view of the intellectual landscape, in science and in other fields, will
forever be qualitatively different from that of earlier periods. It was in
September 1927 in Como, lItaly, during the International Congress of
Physics held in commemoration of the one-hundredth anniversary of
Alessandro Volta’'s death, that Niels Bohr for the first time introduced
in a public lecture his formulation of complementarity.1 1t was reported
that Bohr's audience contained most of the leading physicists of the
world in thisarea of work, men such as Max Born, A. H. Compton, Peter
Debye, Enrico Fermi, James Franck, Werner Heisenberg, Max von
Laue, H. A. Lorentz, Robert Millikan, Wolfgang Pauli, Max Planck,
Arnold Sommerfeld, and Otto Stem, among others. It was a veritable
summit meeting. Only Einstein was conspicuously absent.

In the introduction to his lecture, Bohr said he would make use “only
of simple considerations, and without going into any details of technical,

mathematical character.” Indeed, the essay contained only a few

This essay was originally published in Dsedsl us, Fall, 1970, pp. 1015-1055.

HS
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simple equations. Rather, its avowed purpose was a methodological one
that, at least in this initial announcement, did not yet confess its ambiti-
ous scope. Bohr stressed only that he wanted to describe “a certain gen-
eral point of view ... which | hope will be helpful in order to harmonize
the apparently conflicting views taken by different scientists.”

He was referring to a profound and persistent difference between the
classical description and the quantum description of physical phenom -
ena. To review it, we can give four brief examples of the dichotomy:

1. In classical physics, for example in the description of the motion
of planets or billiard balls or other objects which are large enough to be
directly visible, the “state of the system” can (at least in principle) be
observed, described, defined with arbitrarily small interference of the
behavior of the object on the part of the observer, and with arbitrarily
small uncertainty. In quantum description, on the other hand, the “state
of the system” cannot be observed without significant influence upon the
state, as for example when an attempt is made to ascertain the orbit
of an electron in an atom, or to determine the direction of propagation
of photons. The reason for this situation is simple: the atoms, either in
the system to be observed or in the probe that is used in making the ob-
servation, are never arbitrarily fine in their response; the energy ex-
change on which their response depends is not any small quantity we
please, but, according to the “quantum postulate” (Planck’'sfundamen-
tal law of quantum physics), can proceed only discontinuously, in dis-
crete steps of finite size.

2. It follows that in cases where the classical description is adequate,
a system can be considered closed although it is being observed, since
the flow of energy into and out of the system during an observation (for
example, of the reflection of light from moving balls) is negligible com -
pared to the energy changes in the system during interaction of the parts
of the system. On the other hand, in systems that require quantum de-
scription, one cannot neglect the interaction between the “system under
observation,” sometimes loosely called the “object,” and the agency or
devices used to make the observations (sometimes loosely called the “sub-
ject” ). The best-known case of this sort is illustrated by Heisenberg’s
gamma-ray microscope, in which the progress of an electron s
“watched” by scattering gamma rays from it, with the result that the

electron itselfis deflected from itsoriginal path.

3. In “classical” systems, those for which classical mechanics is ade-
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quate, we have both conventional causality chains and ordinary space-
time coordination, and both can exist at the same time. In quantum sys-
tems, on the other hand, there are no conventional causality chains; if
left to itself, a system such as an atom or its radioactive nucleus under-
goes changes (such as emission of a photon from the atom or a particle
from the nucleus) in an intrinsically probabilistic manner. However, if
we subject the “object” to space-time observations, it no longer under-
goes its own probabilistic causality sequence. Both these mutually ex-
clusive descriptions of manifestations of the quantum system must be
regarded as equally relevant or “true,” although both cannot be exhib-
ited atone and the same time.

4. Finally, we can refer to Bohr'sown illustration in the 1927 essay of
“the much discussed question of the nature of light... [I]ts propagation
in space and time is adequately expressed by the electromagnetic theory.
Especially the interference phenomena in vacuo and the optical proper-
ties of material media are completely governed by the wave theory super-
position principle. Nevertheless, the conservation of energy and momen-
tum during the interaction between radiation and matter, as evident in
the photoelectric and Compton effect, finds its adequate expression just
in the light quantum idea put forward by Einstein.” 2Unhappiness with
the wave-particle paradox, with being forced to use in different contexts
two such antithetical theories of light as the classical wave theory and
the quantum (photon) theory was widely felt. Einstein expressed it in
April 1924 by writing: “We now have two theories of light, both indis-
pensable, but, it must be admitted, without any logical connection be-
tween them, despite twenty years of colossal effort by theoretical phys-
icists.” 3

The puzzle raised by the gulf between the classical description and
quantum description was: could one hope that, as had happened so
often before in physics, one of the two antithetical views would somehow
be subsumed under or dissolved in the other (somewhat as Galileo and
Newton had shown celestial physics to be no different from terrestrial
physics) ? Or would one have to settle for two so radically different
modes of description of physical phenomena? Would the essential conti-
nuity that underlies classical description, where coordinates such as
space, time, energy, and momentum can in principle be considered in-
finitely divisible, remain unyieldingly antithetical to the essential dis-

continuity and discreteness of atomic processes?



Considering the situation in 1927 in thematic terms, it was by that
time clear that physics had inherited contrary themata from the “classi-
cal” period (before 1900) and from the quantum period (after 1900). A
chief thema of the earlier period was continuity, although it existed side
by side with the atomistic view of matter. A chief thema of the more
recent period was discontinuity, although it existed side by side with the
wave theory of electromagnetic propagation and of the more recent
theories associated with de Broglie and Erwin Schrédinger.

In the older physics, also, classical causality was taken for granted,
whereas in the new physics the concept of indeterminacy, statistical de-
scription, and probabilistic distribution as an inherent aspect of natural
description were beginning to be accepted. In the older physics, the pos-
sibility of a sharp subject-object separation was not generally challenged;
in the new physics it was seen that the subject-object coupling could be
cut only in an arbitrary way. In Bohr’'s sense, a “phenomenon” is the
description of that which is to be observed and of the apparatus used to
obtain the observation.

Bohr's proposal of 1927 was essentially that we should attempt not
to reconcile the dichotomies, but rather to realize the complementarity of
representations of events in these two quite different languages. The sep-
arateness of the accounts is merely a token of the fact that, in the normal
language available to us for communicating the results of our experi-
ments, it is possible to express the wholeness of nature only through a
complementary mode of descriptions.4The apparently paradoxical, con-
tradictory accounts should not divert our attention from the essential
wholeness. Bohr's favorite aphorism was Schiller's Nur die Fulle fahrt
zur Klarheit. Unlike the situation in earlier periods, clarity does not re-
side in simplification and reduction to a single, directly comprehensible
model, but in the exhaustive overlay of different descriptions that incor-
porate apparently contradictory notions.

Summarizing his Com o talk, Bohr in 1949 stressed that the need to ex-
press one’s reports ultimately in normal (classical) language dooms any
attempt to impose a clear separation between an atomic “object” and the

experimental equipment.

The new progress in atomic physics was commented upon from various
sides at the International Physical Congress held in September 1927, at Como
in commemoration of Volta. In a lecture on that occasion, | advocated a point

of view conveniently termed “complementarity,” suited to embrace the char-
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acteristic features of individuality of quantum phenomena, and at the same
time to clarify the peculiar aspects of the observational problem in this field
of experience. For this purpose, it is decisive to recognize that, however far
the phenomena transcend the scope of classical physical explanation, the ac-
count of all evidence must be expressed in classical terms. The argument is
simply that by the word “experiment” we refer to a situation where we can
tell others what we have learned and that, therefore, the account of the ex-
perimental arrangement and of the results of the observations must be ex-
pressed in unambiguous language with suitable application of the terminology
of classical physics.

This crucial point, which was to become a main theme of the discussions
reported in the following, implies the impossibility of any sharp separation
between the behaviour of atomic objects and the interaction with the measur-
ing instruments which serve to define the conditions under which the phenom-
ena appear. In fact, the individuality of the typical quantum effects finds its
proper expression in the circumstance that any attempt of subdividing the
phenomena will demand a change in the experimental arrangement, introduc-
ing new possibilities of interaction between objects and measuring instruments
which in principle cannot be controlled. Consequently, evidence obtained
under different experimental conditions cannot be comprehended within a
single picture, but must be regarded as complementary in the sense that only
the totality of the phenomena exhausts the possible information about the

objects.6

W hat Bohr was pointing to in 1927 was the curious realization that
in the atomic domain, the only way the observer (including his equip-
ment) can be uninvolved is if he observes nothing at all. As soon as he
sets up the observation tools on his workbench, the system he has chosen
to put under observation and his measuring instruments for doing the
job form one inseparable whole. Therefore the results depend heavily on
the apparatus. In the well-known illustration involving a light beam, if
the instrument of measurement contains a double pinhole through which
the light passes, the result of observation will indicate that a wave phe-
nomenon is involved; but if the “same” light beam is used when the
measuring instrument contains a collection of recoiling scatterers, then
the observation results will indicate that a stream of particles isinvolved.
(Moreover, precisely the same two kinds of observations are obtained
when, instead of the beam of light, one uses a beam of “particles” such
as atoms or electrons or other subatomic particles.) One cannot construct

an experiment which simultaneously exhibits the wave and particle
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aspects of atomic matter. A particular experiment will always show only
one view or representation of objects at the atom ic level.

The study of nature is a study of artifacts that appear during an en-
gagement between the scientist and the world in which he finds himself.
And these artifacts themselves are seen through the lens of theory. Thus,
different experimental conditions give different views of “nature.” To
call light either a wave phenomenon or a particle phenomenon isimpos-
sible; in either case, too much is left out. T o call light both a wave phe-
nomenon and a particle phenomenon is to oversimplify matters. Our
knowledge of light iscontained in a number of statements that are seem-
ingly contradictory, made on the basis of a variety of experiments under
different conditions, and interpreted in the lightofacomplex of theories.
When you ask, “What is light?” the answer is: the observer, his various
pieces and types of equipment, his experiments, his theories and models
of interpretation, and whatever it may be that fills an otherwise empty
room when the lightbulb isallowed to keep on burning. All this, together,

is light.

N o objections seem to have been raised against Niels Bohr’s paper at
the Como meeting. On the other hand, at this first hearing the impor-
tance of the new point of view was not immediately appreciated. Ap-
parently a typical comment overheard after Bohr's lecture was that it
“will not induce any of us to change his own opinion about quantum
mechanics.” 6 A distinguished group of physicists, although a minority in
the field, remained unconvinced by and indeed hostile to the comple-
mentarity point of view. Foremost among them was Einstein, who heard
the first extensive exposition a month after the Como meeting, in Octo-
ber 1927, at the Solvay Congress in Brussels. Einstein had disliked even
the earlier Gottingen-Copenhagen interpretations of atomic physics that
were based on the themata of discontinuity and nonclassical causality.
He had written to Paul Ehrenfest (August 28, 1926), “1 stand before
guantum mechanics with admiration and suspicion,” and to Born (De-
cember 4, 1926) Einstein had said, “Quantum mechanics demands seri-
ous attention. But an inner voice tells me that this is not the true Jacob.
The theory accomplishes a lot, but it does not bring us closer to the
secrets of the Old One. In any case, | am convinced that He does not
play dice.” 7

Almost a quarter of a century later Einstein was still in opposition,

and added two objections to the complementarity principle: “to me it



THE ROOTS OF COMPLEMENTARITY

must seem a mistake to permit theoretical description to be directly de-
pendent upon acts of empirical assertions, as it seems to be intended [for
example] in Bohr's principle of complementarity, the sharp formulation
of which, moreover, | have been unable to achieve despite much effort
which | have expended on it.” 8

Bohr himself was aware from the beginning that the complementarity
point of view was a program rather than a finished work; that is, it had
to be extended and deepened by much subsequent work. It was to him
“a most valuable incentive ... to reexamine the various aspects of the
situation as regards the description of atomic phenomena” and “a wel-
come stimulus to verify still further the role played by the measuring
instruments.” 9 However, as we shall see, over the years Bohr came to
regard the complementarity principle as more and more important, ex-
tending far beyond the original context in which it had been announced.
For his later, deep commitment to the conception, and for his awareness
of the antiquity of some of its roots, we need cite here only an anecdotal
piece of evidence. When Bohr was awarded the Danish Order of the
Elephant in 1947, he had to supervise the design of a coat of arms for
placement in the church of the Frederiksborg Castle at Hillerod. The
device (see p. 122) presents the idea of complementarity: above the
central insignia, the legend says Contraria suntcomplementa, and at the

center Bohr placed the symbol for Yin and Yang.

Lux versus Lumen

How did Bohr'scomplementarity point of view— so far from the older
scientific tradition of strict separation between the observer and the ob-
served— come to be developed? Finding the various roots of and the
likely preparatory conditions for this transforming conception— those in
physical theory and those in philosophical tradition— appears to me to
be an interesting problem that is far from itsunambiguous solution. How -
ever, there are already some useful results of the search, particularly in-
sofar as they may have relevance for a better understanding of the mu-
tual interaction of scientificand humanistic traditions.

The first direction to look is the development of the early ideas con-
cerning the nature of light. That a modern thema was already inherent
in the formulations that began in antiquity should not surprise us; we

know from other studies that despite all change and progress of science,
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Coat of arms chosen by Niels Bohr when he was awarded the Danish Order
of the Elephant, 1947. From Stefan Rozental, ed., NieLs Bonr: His LiFe aND
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