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... [T]he result is derived that physics actually speaks
about the mental phenomena of individuals. Then it is
quite natural to interpret modern science in favor of an
idealistic or skeptical world view and to deny that sci-
ence can provide knowledge about our physical reality.
In a similar way, in quantum theory, the impossibility of
introducing position and velocity of a particle at a cer-
tain instant of time as state variables has also been
interpreted by statements in common-sense language—
by a “short circuit,” without the long chain that leads to
observable phenomena. In one such interpretation the
position and velocity of a particle at the same instant of
time are said to be inaccessible to the research abilities of
human beings, and according to another interpretation,
these quantities are actually not strictly determined but
vague. If we use the common-sense meaning of the terms
employed, this can only mean that the world itself is
something vague and can be investigated, not by the
methods of science, which are striving for precise and
logical results, but by methods used in investigating the
“irrational” and “spontaneous” aspects of the world: by
metaphysics, religion, mysticism. So some have seen in
modern physics a possibility of reconciling science with
religion and metaphysics.

—Philipp Frank

“Contemporary Science and the
Contemporary World View,”

from Dedalus Winter 1958,

“Science and the Modern World View”




If there was synthesis anywhere, it must surely be
sought in the mind of thinkers; there was no trace of it
anywhere in practice. Toward the end of this life, Voltaire
wrote a tale, La princesse de Babylone, in which he used
once more the favorite eighteenth-century pattern of the
intelligent and curious traveler, this time a pair of lovers,
Amazan the Gangaride and Formosante the Princess, who
pursue one another in a vast chassé-croisé across Europe
and Asia; as they go a chapter is devoted to each country
they visit, and the impression is finally conveyed that
there is no unity or uniformity, no coherence or under-
standing in all this diversity of cultures, that the only
order that can be found must surely lie in the tolerant
outlook and liberal intelligence of the enlightened ob-
server.

—Harcourt Brown
“Science and the Human Comedy: Voltaire,”

from Deadalus Winter 1958,
“Science and the Modern World View”




Among humanists it is commonly said it is useless to
try to understand modern science because its language is
so technical; scientific specialists do not now understand
each other—and so, why should the humanists attempt
what scientists themselves do not try to do? This argu-
ment is in one sense irresistible. In another sense it rests
upon a remarkable assumption. The assumption is that
the language of science is difficult, and the inference is
that the language of humanism is always plain. I think,
however, it is not unusual for humanists to remark with
pride that Professor So-and-so is so learned his latest
book can be understood only by ten or twelve in the
nation, or in Europe, or in the world—the form of the
legend varies. This may be mythical; but I can testify in
sober fact from a good many years in the neighborhood
of university presses that most books of humanistic schol-
arship cannot be understood even by the alumni formerly
taught by the learned scholars. It makes a difference
whose vocabulary is gored. ... Every trade has its jar-
gon, and I see no more reason to assume that humanists
write as clearly as Bertrand Russell than I see reason to
expect every biologist to write like William Kingdon
Clifford.

—Howard Mumford Jones
“A Humanist Looks at Science,”

from Deadalus Winter 1958,
“Science and the Modern World View”




Let us then not take science for what some of its
philosophers would like it to be. Completely
“intersubjective” statements from which all metaphysics
is banished, from which any implication or discussion of
being is removed, could occur only at the point where
there are no subjects left to share them. So long as it is
alive and not sterile, science will remain a speculum
entis, it will present what metaphysics did, a symbolic
structure which is an essential metaphor of being, but is
not the only one.

—Giorgio de Santillana

“The Seventeenth-Century Legacy:
Our Mirror of Being,”

from Dedalus Winter 1958,

“Science and the Modern World View”




Thus in the history of the sciences there is likely to be
a period, their hinge, when they begin to come out of
common sense, when they come to find that the common
view of this experience is not an adequate explanation,
when creative synthesis begins. That is the time when
there is meat in scientific discovery to enrich human life.
That is the time when the content of a science may
indeed influence culture. Of course it is also the time of
the abuses of scientific discovery of which we have heard
so much.

—Robert Oppenheimer

“The Growth of Science and the
Structure of Culture,”

from Dedalus Winter 1958,

“Science and the Modern World View”




The main point is that the human race has not yet
found how to use its mind. We are getting at this realiza-
tion through the sciences, but the sciences have as yet by
no means furnished all the answers. One reason is that
for the particular purposes of science an incomplete view
is adequate, particularly because the sciences are com-
paratively so simple. But for the wider purpose of the
humanities—the complete human scene in all its scope—
some more drastic reconstruction is necessary. It is, for
example, obvious that the involvement of the humanities
with the whole verbal machinery of thought is much
more intimate than that of the sciences. [ would place as
the most important mark of an adequately educated man
a realization that the tools of human thinking are not yet
understood, and that they impose limitations of which
we are not yet fully aware. As a corollary it follows that
the most important intellectual task for the future is to
acquire an understanding of the tools, and so to modify
our outlook and ideals as to take account of their limita-
tions.

—P. W. Bridgman

“Quo Vadis?”
from Dedalus Winter 1958,
“Science and the Modern World View”




Preface to the Issue
“Science in Culture”

EDALUS, the Journal of the American Academy of
Arts and Sciences, has a unique distinction—it is
able to claim two birthdates. It appeared first as an occa-
sional publication intended principally for Fellows of the Academy
in 1955, a successor to the Academy’s nineteenth-century Proceed-
ings. Then, just four decades ago, it was made into a quarterly for
general readership. Gerald Holton, then the Editor of the Academy,
explained the journal’s ambition in his preface to that first issue,
entitled “Science and the Modern World View”; he wrote: “With
this issue, Dadalus continues its ascent to the goal which clearly
beckons: to give the intellectual community a strong voice of its
own.” Holton explained: “The journal is now to be a quarterly and
a medium through which leading scholars in all fields can address
one another. ... The very structure of our professional allegiance
emphasizes the differences between fields. In this situation Dedalus
can serve as an instrument for focusing our attention again on that
which does or should make us members of one community.”
It is entirely appropriate that this issue of Dadalus, entitled
“Science in Culture,” should honor Gerald Holton, whom the
Academy had asked to launch Dadalus as a quarterly. Many of the
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VI Dedalus

essays in this issue, in a different form, were first presented as a
tribute to his scholarship over the years at a conference at the
House of the Academy, jointly sponsored by the departments of
Physics and of History of Science at Harvard, in cooperation with
the Academy. Collectively, they provide a unique perspective on
scientific inquiry as it has developed in this century; the how and
why of a narrative that seeks to explain that evolution must take
into account intellectual roots and institutional supports of many
kinds extending over very long periods. For a study concerned with
the importance of culture in the development of science, it is as
reasonable to ask art historians and historians of religion to con-
tribute as it is to seek contributions from historians of science,
physicists, biologists, and chemists. All are represented in this issue,
which acknowledges that both the humanities and the social sci-
ences are as relevant to the subject as is the scholarship common to
both the physical and the biological sciences.

To attempt to summarize the arguments of those who have
written for this issue, so rich and diverse, treating so many different
themes, would be to write a preface of many dozens of pages. It
may be more useful to follow the model set by the preface of that
first issue of this quarterly, and to reflect once again on the need for
such an endeavor as is represented by the history, and the prospect,
of this journal. This is, indeed, an appropriate task to take up here;
the essays contained in an issue of Dadalus devoted to the subject
“Science and Culture” show how very differently such a subject
may be treated if the original editor’s injunction “to give the intel-
lectual community a voice of its own” is heeded. Forty years later,
how can we say that mandate has been interpreted? Why, indeed,
is it so difficult today to cater to the so-called intellectual commu-
nity, and why do some consider the term itself something of an
anachronism?

When one thinks of the very substantial ideological divisions that
separate those who agree today to refer to themselves as “intellec-
tuals,” who find nothing pejorative in that self-definition, it is easy
to understand why ideas of universal or even national cultural
significance have all but disappeared. In our turbulent and cacophonic
fin de siecle, value conflicts are so intense and so deep-seated that
it is difficult to discover any consensus. Yet, as Jean-Pierre Changeux,
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who will be writing for the issue that Dadalus proposes to publish
on the brain in 1998, remarked in a recent lecture at the University
of Toronto,

Scientific research—a uniquely cognitive activity propelled by the de-
sire/drive to know the world and oneself—advances by testing models
that the scientist projects on the world. The scientist uses the experi-
mental method to validate (and often to reject) the proposed model
and attempts to convince his or her peers to accept the model, stress-
ing both its objectivity and its universality. Even when validated, no
scientific model can claim to have exhaustively examined reality.
Moreover . . . science does not define the use of the knowledge that it
produces; science establishes facts independently of their ends.

For Changeux, the great divisions today are not so much among
scientists, natural or social; he does not speak at all of the so-
called “science wars,” so frequently alluded to in the contempo-
rary United States, although he is all too aware of them. In his
mind, the great divisions today are ethical, moral. As he ex-
plains: “In spite of the enormous progress in well-being brought
about by science and technology, and by medicine in particular,
Western society is presently in a state of ethical malaise. Tradi-
tional reference systems are breaking down or becoming sources
of conflict, and nothing appears to be able to moderate the
‘morality of profit’ that is spreading over the planet. There is an
urgent need to find new sources of reflection capable of enrich-
ing and diversifying the debate on ethics.”

This, indeed, has been one of the most urgent tasks addressed by
the journal in these last four decades. Whether the theme has been
arms control, education, health, or the environment—issues on
which reasonable men and women can disagree—Dadalus has seen
its mission to be the providing of a forum where such differences
can be aired. To accomplish that purpose without giving in to what
passes for public opinion—often a very thin gruel prepared and
distributed by the mass media—has required the journal to avoid
what is commonly referred to as “dumbing down.” It has led the
editors of Dedalus to ask its authors to be guided by only two
considerations: if men and women in their own professions are
likely to be among those reading the Academy’s journal, they will
generally be a very small part of their readership; the preponderant
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number will come from professions and disciplines other than their
own. To write meaningfully for such a diverse audience, and to do
so without making a mockery of complex issues, in a language that
communicates, requires a form of self-discipline, almost of self-
denial, not frequently asked for today. Yet, if Dedalus is to fulfill
its forty-year commitment to publish materials relevant to many, it
must insist on such cooperation. The scholar of the late twentieth
century, whether accepting or refusing the title of intellectual, does
not in most respects resemble the individual who chose to read the
Academy’s Proceedings a century ago. New kinds of expertness
need to be taken into account—which does not mean that the
journal must accept to be confining, an intellectual prison of sorts.

So long as the Soviet Union existed—for more than three decades
in the life of Dedalus—contributions from communist-dominated
countries were virtually excluded. In any number of disciplines,
where ideology substituted for scholarship, there was little incentive
to solicit articles from authors in the Soviet world. Now that this
condition no longer obtains, there are remarkable opportunities for
Dedalus to extend its outreach to those societies once closed to
Western intellectuals. In our issues on individual countries—India,
Japan, Germany, Australia, and Canada—our purpose has been to
explore differences no less than to discover identities. Today, when
the term “global village” has become so common as to risk being a
cliché, seriously distorting the distinctive qualities of individual
societies, there are new reasons for exploring the ethical, religious,
political, and cultural differences that separate societies and na-
tions. A journal that has long depended principally on authors from
North America and Western Europe has the opportunity today to
reach out to Central and Eastern Europe, to Asia, Latin America,
and Africa.

Sir Isaiah Berlin, a longtime member of the Dedalus Board of
Editors, whose recent death we mourn, exemplified the values
thought to be integral to the journal’s purpose. In his refusal to be
confined to any single academic discipline, writing on subjects as
different as culture, history, science, creativity, nationalism, plural-
ism, and determinism, giving each his own distinctive interpreta-
tion, he echoed concerns that are dominant in the current issue. In
his antideterminism, Sir Isaiah understood why the twentieth cen-
tury did not resemble either the eighteenth or the seventeenth—both
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periods of very great scientific and intellectual creativity—and why
it was wholly impossible to predict what the twenty-first century
would bring in the way of intellectual, cultural, or social invention.
Esteeming certain of the civilizations of the past, he never believed
that they could be replicated. As he wrote in Vico and Herder: Two
Studies in the History of Ideas:

Even if it were possible to revive the glories of the past as those pre-
historicist thinkers (Machiavelli or Mably, for instance) thought, who
called for a return to the heroic virtues of Greece or Rome, we could
not revive and unite them all. If we choose to emulate the Greeks, we
cannot also emulate the Hebrews; if we model ourselves on the Chi-
nese, whether as they are in reality, or in Voltaire’s opéra bouffe
version, we cannot also be the Florentines of the Renaissance, or the
innocent, serene, hospitable savages of the eighteenth-century imagi-
nation. Even if, per impossible, we could choose among these ideals,
which should we select? Since there is no common standard in terms
of which to grade them, there can be no final solution to the problem
of what men as such should aim at.

If Robert Merton, in his magisterial work about science in the
seventeenth century, recognized how the very special circumstances
of England in that period helped create a climate congenial to
science—and if he was unafraid to show how war and the quest for
power helped to shape that scientific enterprise—the same objectiv-
ity needs to be employed in searching for the origins of the scientific
accomplishment of our own century. The tragic circumstances of
two world wars, which did so much to decimate great parts of
Europe and Asia, with its many contradictory effects on other
regions of the world, is part of a larger narrative that must take
account of genocide and forced emigrations, of totalitarian rule and
failed democracies, of capitalist exploitation and social improve-
ment. The role of new kinds of populism, suspicious and resentful
of what passes for an earlier elitism, is relevant in any study that
seeks to explore the contemporary intellectual scene. If the object of
Dedalus is to record and analyze contemporary thought, never
wholly coherent or simple, its other purpose is to initiate dialogue
that might not otherwise take place. The Dedalus maze is an apt
symbol for the journal, if it is taken to be a place from which there
IS an escape.
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David McCord, writing in the May 1955 issue of Dadalus,
before the journal became a quarterly, explained the decision to use
the name “Dzdalus.” McCord wrote:

We have borrowed it for the simple reason that Dzedalus enjoyed the
composite reputation of being a scientist, a craftsman, a poser as well
as a solver of riddles, and an individual, for all his human faults, who
was likewise an architect, a sculptor, a naturalist, a metal worker,
coiner of money, inventor of the ax, plummet, auger, and glue; a man
of spirit, and something more than a dreamer in that he proved
himself one of the best and most practical of escapists. . . . An artificer
of Athens, Dadalus had also the Spartan awareness of reality. One
had to be a realist to resolve not only the conception of the labyrinth
but also, when the emergency presented itself, to invent a way to get
out of it.

That may be our most urgent task today: to be capable of invention,
but also to know how to cope with what we have created.

A great debt is owed those authors who have written for this
issue, but also those who participated in the symposium held at the
Academy more than a year ago. Our thanks go to Harvey Brooks,
Robert S. Cohen, Yehuda Elkana, Martin Klein, Everett Mendelsohn,
Robert K. Merton, and Harriet Zuckerman.

S.R.G.



Gerald Holton

Einstein and the Cultural Roots
of Modern Science

THE ROOTS OF SCIENCE IN THE CULTURAL SOIL

HE FRUITS OF SCIENTIFIC RESEARCH are nourished by many

roots, including the earlier work of other scientists. Sig-

nificantly, Albert Einstein himself characterized his work
as the “Maxwellian Program.”!

But the imagination of scientists often draws also on another,
quite different, “extrascientific” type of source. In Einstein’s
own intellectual autobiography, he asserted that reading David
Hume and Ernst Mach had crucially aided in his early discover-
ies.? Such hints point to one path that historical scholarship on
Einstein, to this day, has hardly explored—tracing the main
cultural roots that may have helped shape Einstein’s scientific
ideas in the first place, for example, the literary or philosophic
aspect of the cultural milieu in which he and many of his fellow
scientists grew up.’ To put the question more generally, as
Erwin Schrodinger did in 1932: To what extent is the pursuit of
science milieubedingt, where the word bedingt can have the
strict connective sense of “dependent on,” the more gentle and
useful meaning of “being conditioned by,” or, as I prefer, “to be
in resonance with”? In short, the main thrust of this essay is to
explore how the cultural milieu in which Einstein found himself
resonated with and conditioned his science.

Gerald Holton is Mallinckrodt Professor of Physics and Professor of History of Sci-
ence Emeritus at Harvard University. This essay is based on the Robert and Maurine
Rothschild Distinguished Lecture in the History of Science, Harvard University, April
8, 1997.
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2 Gerald Holton

There are major studies of such milieu resonances for earlier
scientists: for example, the effect of the neo-Platonic philosophy
on the imagination of seventeenth-century figures such as Kepler
and Galileo; the theological interests that affected Newton’s
work; the adherence to Naturphilosophie that supported the
discoveries of Oersted, J. R. Mayer, and Ampeére; or the connec-
tion between the religious beliefs of the Puritan period and the
science of the day, described in the apt metaphor that concludes
Robert K. Merton’s famous 1938 monograph, “The cultural soil
of seventeenth century England was peculiarly fertile for the
growth and spread of science.”*

But there have thus far been few attempts to take up the
influence of the cultural milieu on the scientific advances of
twentieth-century physical scientists. The best known is that of
Paul Forman, who more than two decades ago tried to interpret
aspects of some scientists’ presentations of quantum mechanics
chiefly as their response to the sociopolitical malaise in the
Weimar Republic’>—although that work has been vigorously
disputed by John Hendry, Stephen Brush, and more recently by
Kraft and Kroes.® An example of a different sort is in an area in
which Max Jammer and I have published, namely, the study of
the extent to which Niels Bohr’s introduction of the
complementarity principle into physics was influenced by his
delight in Seren Kierkegaard’s philosophical writings, by his
courses taken under the philosopher Harald Hoffding, and also,
as he claimed, by his reading of William James.’

But so far, there have been few such investigations in the
wider, intellectual-cultural direction. I have long thought (and
taught) that the full understanding of any particular scientific
advance requires attention to both content and context, employ-
ing the whole orchestra of instruments, so to speak, playing out
the many interacting components, without which there cannot
be a full description or understanding of a case. But this is rarely
done, though a middle ground exists between the extremes of
internalistic study of the text alone, on one end, and constructivist
externalism on the other. Moreover, in tracing the contributions
of twentieth-century physical scientists themselves, the bridge
from the humanistic parts of culture to the scientific ones—
which carried much traffic in the past—has narrowed and be-
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come fragile. That is a deplorable loss, and one that deserves our
attention.

The specific case of Einstein demands such attention for at
least two reasons. First, it may serve as an example for studying
other major twentieth-century scientists whose work has been
nourished by subterranean connections to elements of the hu-
manistic tradition. Second, it will help us resolve an intriguing
paradox that has plagued scholars concerned with the source
and originality of Einstein’s creativity.

A PERSONAL INTERLUDE

While it is fashionable for scholars to hide assiduously the pri-
vate motivations and circumstances that initiated a specific re-
search program, on this occasion it will be useful to sketch the
personal trajectory that caused me to become aware of the
puzzling, paradoxical aspects of Einstein’s early work.

I can fix the moment at which I was first drawn into this field
of research. When the news of Einstein’s death on April 18,
1955, reached our physics department, my colleagues proposed
a local commemoration of Einstein’s life and work. Although
my own research was chiefly in experimental high-pressure physics,
I had also begun to write on topics in the history of science, and
so my assignment was to present how Einstein’s work had been
analyzed by modern historians of science. Little did I know that
this suggestion would start me on a search that eventually would
change profoundly my life as a scholar.

First, I discovered to my dismay that practically nothing had
been done by modern historians to study seriously Einstein’s
scientific contributions—their roots, their structure, their devel-
opment, their wider influence. This was in striking contrast to
the volume and distinction of scholarship on the work of scien-
tists of earlier periods, which had examined and assessed the
legacy of such giants as George Sarton, Otto Neugebauer, Jo-
seph Needham, Marjorie Nicolson, Robert Merton, Alexander
Koyré, Hélene Metzger, Ludwig Fleck, and others—not to speak
of their ancestors, such as Pierre Duhem and Ernst Mach. [
seemed to be in virgin territory. Even among the many Einstein
biographies, there were few serious sources.®
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Figure 1: Albert Einstein at age nineteen. (By permission of the Einstein Archive,
Hebrew University, Jerusalem.)

In truth, at the time of Einstein’s death he was still deeply
respected, but chiefly by way of ancestral piety and for his
courageous political opposition at the time to McCarthyism, the
arms race, and the Cold War. Scientists generally regarded him
as having become an obstinate seeker who had wasted his last
decades pursuing in vain his program of finding a unified field
theory; as he told a friend, “At Princeton they regard me as the
village idiot.” Even his general relativity theory began to be
widely taught again only after his death. In his last years, he had
become a ghostly figure—a long way from the image of the
vigorous young man, ready for a brilliant career (figure 1).

Today, four decades later, this perception has vastly changed.
To be sure, many bubbles are bursting from the deluge of trendy
journalism, whose motto in writing on major figures is well
summarized in a recent essay on Herman Melville that carried
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the headline “Forget the Whale—the Big Question is: Did He
Beat His Wife?”? But among the people at large Einstein’s image
is perhaps more ubiquitous that ever; from professional science
historians, there is now an increasing flood of good scholarship
on Einstein, especially since a team of researchers at Boston
University has begun to publish the volumes of Einstein’s Col-
lected Papers, with their extraordinarily valuable editorial com-
ments providing further stimuli for research.

None of this could have been foreseen in 1955. In retrospect,
I regret not having the wit, as I was drawn into this field, to
quote Marie Curie. When asked why she took up the study of
radioactivity, she is said to have replied, “Because there was no
bibliography.” But as the historian Tetsu Hiroshige later com-
mented, somebody had to take a “first step” in research on
Einstein; eventually, it helped launch an industry analogous to
the long-established ones on Newton or Darwin.!

That first step came in the form of a trip to the Institute for
Advanced Study in Princeton to look for documents on which to
base some original remarks at the memorial meeting. The key to
access would be Helen Dukas, not only a trustee of Einstein’s estate,
but active in Einstein’s household from 1928 as his secretary and
later as general marshallin in the household—knowledgeable about
much of his life and work, she was the untiring translator of his
drafts into English and, as it turned out, endowed with an encyclope-
dic memory of the details of Einstein’s vast correspondence that had
passed through her hands.

Elsewhere I have described something of my first encounter.!
In the bowels of Fuld Hall at the Institute was a large vault,
similar to those in banks. The heavy door was partly open, and
inside, illuminated dimly by a lamp on her desk, was Helen
Dukas, still handling correspondence, among twenty or so file
drawers that turned out to contain Einstein’s scientific corre-
spondence and manuscripts.

Once I had calmed her inborn suspicion about strangers and
was allowed to have access to the files, I found myself in a state
of indescribable exhilaration, in a fantastic treasure house—the
kind of which most historians dream. Those documents, almost
all unpublished, were arranged in a chaotic state through which
only Miss Dukas knew her way with ease; they seemed to breathe
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the life of the great scientist and his correspondents from all
points of the compass, a rich mixture of science and philosophi-
cal speculation, of humor and dead-serious calculations.

Eventually, during two stays at the Institute, I induced Miss
Dukas to help reorganize the papers into an archive suitable for
scholarly research, to have a catalogue raisonné made, and by
and by to add to the files at the Institute what she called “the
more personal correspondence,” which she had kept at Einstein’s
Mercer Street home. The whole lot, now numbering about 45,000
documents, has since been transferred by Einstein’s will to the
library at Hebrew University in Jerusalem. Represented in that
collection are most major physicists in Europe and abroad who
were living at that time, as well as authors, artists, statesmen,
and the wretched of the earth, seeking help. The collection is
indeed a microscope on half a century of history.

It is an amazingly diverse correspondence. Take, for example,
the letters exchanged during just one of Einstein’s immensely
busy and creative periods (1914-18); they indicate a wide spec-
trum of interests among the correspondents—mostly scientists—
even if gauged just by the references made to the works of major
scientific, literary, and philosophical figures, including Ampere,
Boltzmann, Hegel, Helmholtz, Hertz, Hume, Kant, Kirchhoff,
Mach, Poincaré, and Spinoza. And one word repeatedly ap-
peared in the correspondence-——Weltbild, only faintly translat-
able as “worldpicture” or “worldview.” Initially I hardly knew
how important this concept, and these authors, would become in
understanding Einstein’s whole research program.

But to return to my mission at the time. How to proceed? In
that mountain of papers at Princeton, the question of which
problem I would use to start on a historical study was almost
irrelevant; wherever one looked, there were exciting possibili-
ties. For example, what role did experiments play in the genesis
of the special relativity theory? Like practically everyone else, I
had thought that the Michelson-Morley experiment of 1886 was
the crucial influence that led Einstein to the relativity theory.
(Indeed, I had just recently published a textbook on physics that
had said so.) I had read that opinion everywhere: Robert Millikan,
for example, after describing the Michelson-Morley experiment,
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simply concluded with the sentence, “Thus was born the special
theory of relativity.”!?

But looking at samples of Einstein’s correspondence, it turned
out to be not so simple. One such warning occurs in his letter of
February 9, 1954, to F. G. Davenport: “One can therefore
understand why in my personal struggle Michelson’s experiment
played no role or at least no decisive role.” Indeed, I later found
that Einstein had repeated his stance over and over again.!® He
had typically gone his own way, relying on well-established,
much older findings—experiments by Faraday, Bradley, and
Fizeau—saying, “They were enough.”!* The haunting question
suggests itself: what helped young Einstein make the leap when
other, more established physicists could have done it so much
earlier?

Another example of a key document in the files was a copy of
a letter dated April 14, 1901, from Einstein to his friend and
fellow student Marcel Grossmann, the existence of which was
known from Seelig’s biography." Its eye-opening content will
become clearer when we later reread that letter in the context of
others in the archive. Here we need only the key sentence, in
which the twenty-three-year-old beginner announces the
overarching theme that would guide him through the rest of his
career: “It is a wonderful feeling to recognize the unity
[Einheitlichkeit] of a complex of appearances, which, to direct
sense experience, seem to be separate things.”

OUTLINING THE PARADOX

These hasty first glimpses of the products of a creative mind
seemed puzzling, incoherent, contradictory to me at first. They
also seemed to reinforce the paradox I have mentioned before,
which, in its simplest form, runs like this: It is not difficult to
document that, from the start, Einstein proudly rebelled against
main conventions in science as well as the social and political
norms of his time. But it can be shown that at the same time he
also was deeply devoted to large parts of the existing cultural
canons. Was this dichotomy a hindrance, or could it possibly be
a clue to understanding Einstein’s uniqueness in a new way?
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As to Einstein’s rebelliousness, that is easily summarized in its
various forms—where “rebelliousness” is a shorthand term for
such traits as disobedience or insubordination to authority, a
tendency to be revolutionary, obstinately nonconformist, dissi-
dent, defiant, and, in a phrase he applied to himself, “stubborn
as a mule.” That image of Einstein is embedded both in the
public perception and throughout the literature. For example, an
Einstein biography written jointly by the mathematician Banesh
Hoffmann (who once worked with Einstein) and Helen Dukas
herself is entitled Albert Einstein, Creator and Rebel.'* Lewis
Feuer, in his 1974 book Einstein and the Generations of Science,
presented an Einstein whose whole attitude in life and science
was shaped by the countercultural milieu of the throng of young
revolutionaries of every sort who lived in Zurich and Bern around
the turn of the century.!” Even the New York Times seemed to
view the confirmation of the predictions of Einstein’s general
relativity theory as a grave social threat. On November 16,
1919, under the title “Jazz in Scientific World,” the newspaper
reported at length that Charles Poor, a professor of celestial
mechanics at Columbia University, thought Einstein’s success
showed that the spirit of unrest of that period had “invaded
science,” and the Times added its own warning: “When is space
curved? When do parallel lines meet? When is a circle not a
circle? When are the three angles of a triangle not equal to two
right angles? Why, when Bolshevism enters the world of science,
of course.”?®

But concentrating only on that aspect of Einstein overlooks an
entirely different aspect of his persona, namely, Einstein as a
cultural traditionalist, even within the limits set by his innate
skepticism. If it can be proven that these opposites are combined
in Einstein (as I shall show), his type of rebellion would be far
from the modern image of our twentieth-century rebels in art,
poetry, politics, parts of academe, or folklore—rebels who typi-
cally reject the social-political conventions of the bourgeoisie
along with its cultural canon. Moreover, we shall see how Einstein’s
assertion of obstinate nonconformity enabled him to clear the
ground ruthlessly of obstacles impeding his great scientific ad-
vance, even though the program of that advance itself ran along
one of the oldest traditionalist lines. Skepticism, while necessary,
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was not enough to build the Temple of Isis, to use the metaphor
that had long been current among German scientists.?” Einstein
made that crystal clear in a famous letter to his friend Michele
Besso, who had urged him now to apply Ernst Mach’s skepti-
cism, as he had earlier, in attacking the infernal difficulties of
quantum physics. Einstein replied: “You know what I think
about it. [Mach’s way| cannot give birth to anything living; it
can only exterminate harmful vermin.”?

We shall document Einstein’s rebellious image in more detail; then
examine the contradictory element; and demonstrate how the paradoxi-
cal tension between Einstein’s rebellious image and his contradictory side
was put to constructive use in his work. In particular, we shall examine
the influence of this tension as he adopted with daring courage a set of
personal presuppositions that had a history reaching back to antiquity—
but for which, as he put it to Max Born, moral support came only from
his own “little finger.”* For these courageous presuppositions, on which
his early success depended, he could and did draw on supporting allies—
little noticed so far but far more powerful even than Einstein’s little
finger—i.e., ideas he had absorbed through his cultural roots, from what
Merton had called, in another context, the “cultural soil” of the time.*
In the end, we will be able to understand Einstein’s program, method, and
results in a new way.

AN EXCURSION INTO TERMINOLOGY

Here, a side excursion into the terminology and social stratifica-
tion of Einstein’s milieu is necessary. When talking about “the
cultural roots of Einstein’s science”—and especially today, when
various definitions of “culture” are violently battling for pri-
macy among anthropologists—a brief summary is needed of key
concepts operative in the German context at the time of young
Einstein’s formation, in order to understand the framework within
which he and his work found their place, as well as the class to
which he belonged, including the aspirations of that class. The
main concepts that are relevant here are Kultur and its compan-
ions, Zivilisation and Bildung, as well as the two composite
notions of Kulturtrdger and Bildungsbiirgertum.
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The German language distinguished more sharply between
Kultur and Zivilisation than did the English or French languages
between their equivalents.?* Although both Kultur and Zivilisation
were generally understood in German-speaking Europe as supra-
individual, collective phenomena, typically Zivilisation focused
on the material and technological side, while Kultur—as first
adapted in the German context by Johann Gottfried Herder—
referred to the spiritual and value-related products. In extreme
cases, Zivilisation was identified with superficial “French rea-
son,” Kultur with deep “German soul.”

At the level of the individual, the term Bildung (loosely trans-
lated as “intellectual formation,” “self-refinement,” or “educa-
tion”) referred to the process through which a person could
acquire the attitudes and products of Kultur. In turn, the nation’s
Kultur as a whole was sustained—and advanced at its upper,
creative level—by such gebildete individuals. Bildung thus meant
much more than job-related training; it defined an ideal of
human development. And a chief tool for the young to acquire
Bildung at its best, albeit for only a small fraction of the popu-
lation, was by beginning one’s study in the Gymmnasium, the neo-
humanistic secondary school for ages ten to eighteen or so. The
students were expected to be quite thoroughly acquainted with
the great German poets and thinkers (the Dichter und Denker)
as well as classics from other cultures, especially of antiquity.

Happily, the team now preparing Einstein’s Collected Papers
has found the curricula at Einstein’s Munich schools as well as
at the high school in Aarau. A quick scan of a few mandatory
parts of the canon gives a good impression of how the young
minds of Einstein and his cohorts were meant to be shaped.
Initially there are readings from the Bible; then Latin enters at
age ten, and Greek at age thirteen; Caesar’s Gallic Wars and
Ovid’s Metamorphoses are read; then, under the supervision of
his only beloved teacher, Ferdinand Ruess, poems by Uhland,
Schiller, Goethe, and others; Goethe’s prose poem “Hermann
and Dorothea” is studied along with Xenophone’s “Anabasis”;
and next year, more Schiller, Herder, Cicero, Virgil. At Aarau,
Einstein encounters more of the classics in German, French, and
[talian; a typical entry for his course in German in 1896 reads:
“History of literature from Lessing to the death of Goethe. Read
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Gotz von Berlichingen . . . ,” and the list ends with Iphigenia and
Torquato Tasso.

Such knowledge also was intended to contribute to forging a
common bond between the gebildete individuals raised on simi-
lar Gymnasium curricula throughout German-speaking coun-
tries, regardless of the particular professional discipline they
were later to study at the universities, whether law, medicine,
the humanities, or science—a preparation for the common un-
derstanding of that class in their conversations, letters, and
popular lectures, across specialties and even in their intimate
personal relations.

But while the Gymmnasium placed heavy emphasis on Latin
and Greek and other aspects of “pure” Bildung, it had little
concern for the kind of practical knowledge offered in other
types of German secondary schools without such attention to
classical languages, for instance, the so-called Realschulen (where
Einstein’s father Hermann and uncle Jakob, headed for electrical
engineering, had received their secondary education). Needless
to say, those other schools were considered, with a dose of
snobbism, to be culturally less valuable; their graduates were
generally not considered for university training and hence un-
likely to achieve the status of Kulturtriger.

Here it is crucial to understand a subtlety in the German
concept Kulturtridger. The term had a double meaning: both
carrier and pillar of Kultur. On the one hand, gebildete individu-
als—chiefly the graduates of Gymmnasium who had gone on to
the universities—were seen as personally carrying or even em-
bodying Kultur, living among its products, and, in the case of
the most outstanding ones, advancing the Kultur. On the other
hand, as a group they functioned also as the chief supporters
(Trdger, or “pillars”) of the nation’s collective project of Kultur.
Although the term Kulturtriger itself became generally popular
only after World War 1, it was a key concept earlier, as the
following episode illustrates. In 1910, a bill in Prussia proposed
a change in the three-tiered electoral law so that Kulturtrdger be
expressly favored; they would be put into a smaller pool of
voters “above the class for which their wealth would qualify
them,” so that their votes would count more.?
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At the level of social stratification, most of the Kulturtriger
could be identified as belonging to what has been called the
Bildungsbiirgertum (the educated members of the bourgeoisie).
The sociologist Karl Mannheim usefully distinguished two com-
ponents in the modern bourgeoisie. From the beginning, he
wrote, it had two kinds of social roots:“on the one hand the
owners of capital, on the other those whose only capital con-
sisted in their education.”?® In nineteenth-century Germany, the
latter formed the Bildungsbiirgertum; their social ranks were
symbolized by the certificates they had attained during the pro-
cess of Bildung and often also by a position within the hierar-
chies of the civil service. Bildungsbiirger worked predominantly
in professions that required university training, as physicians,
lawyers, and clergy, as well as teachers and professors and other
higher officials in government service.

Variants of this social stratum of the Bildungsbiirgertum ex-
isted in many countries, but its social clout was particularly
strong in nineteenth-century Germany. First, in the context of its
relatively backward economy at the time, the importance of
serving in the governments of the multitude of German territo-
ries large or small favored the prominence of the
Bildungsbiirgertum over the economic bourgeoisie. Second, in
the absence of a nation-state and a centralized economy, Ger-
man nationalism focused on Kultur as the basis of the nation.
What held the conception of Germany together was perhaps
chiefly the cultural and scholarly output of its poets and drama-
tists, thinkers, composers, and, eventually, its scientists. One
thinks here of Goethe and Schiller, Friedrich Gottlieb Klopstock,
Gotthold Ephraim Lessing, Johann Gottfried Herder, Friedrich
Holderlin and Johann Joachim Winckelmann (the prophets of
Hellenism), Friedrich Schleiermacher, Friedrich Schelling, Friedrich
Schlegel, Immanuel Kant, Schopenhauer, and Nietzsche, as well
as Bach, Haydn, Mozart, Schubert, and Beethoven.

Thus, the academic elite among the Kulturtriger had funda-
mentally a twofold mission. One was to help secure, through
their scholarship, the foundation of German nationhood—though,
for most of them, this also involved keeping their distance from
participation in political life—and so they tended to be looked
up to by those who did not, or not yet, qualify for that rank. The
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other was to help prepare a cadre of gebildete individuals, high-
level functionaries who were, to adapt Fritz Ringer’s terminol-
ogy, “Mandarins.”?’

It is ironic that whenever Einstein, after becoming world fa-
mous, traveled abroad to lecture, an official from the local German
embassy or consulate would secretly report to the foreign office
in Berlin on how Einstein had behaved and how he had been
received. A typical account, now available, would state that
Einstein had behaved well enough, and Germany would be wise
to use him to conduct what one report calls “Kulturpropaganda.”*
In short, he might yet be put to use as a Mandarin.

As Mannheim noted, there existed among the Kulturtrdger them-
selves a small group of “free-floating” (freischwebende) intellec-
tuals who led marginal existences, lacked a well-defined anchor
in society, and had rather critical and even rebellious inclina-
tions. They could not or would not share the staid material
comforts of the Bildungsbiirger and disliked the whole business
of “climbing up to the next rung of social existence.”?’ At this
point we can connect these concepts with the status and hopes of
the Einstein family, asking what young Einstein’s place was
within the cultural-social order of the time.

The Einsteins could trace their origins in southern Germany to
the seventeenth century.?® On the male side of the family, they
had largely come from the small town of Buchau, in Swabia,
which in midcentury had some two thousand inhabitants, of
whom a few hundred were Jews. On the maternal side, the
origins were chiefly in the similarly small Swabian town of
Jebenhausen. Einstein’s maternal grandfather Julius Koch left
Jebenhausen for Cannstadt near Stuttgart and became quite wealthy
through the grain trade. Einstein’s mother, Pauline, thus be-
longed to the bourgeoisie chiefly by virtue of capital. His father
Hermann’s preparation in technical school and technical trade—
like that of his brother and business partner, the engineer Jakob—
also did not quite qualify them as part of Bildungsbiirgertum,
and certainly not as Kulturtrdger, though one may doubt that
Hermann ever gave any thought to that. But at last the family
tree had sprouted, in the form of Albert Einstein, a promise to
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grow into that higher social region—if only the bright lad would
behave as he should!

We can now reformulate the paradoxical tension of Einstein’s
tendency toward social-political rebelliousness and his adher-
ence to the products of Kultur. Was he just one of these rootless,
rebellious intellectuals, reneging on his mission as a Kulturtriger,
or did his sympathies lie with the true carriers and pillars of
national culture? To make the question more graphic, imagine a
scene in which Einstein first stands accused of being a free-
floating intellectual intent on undermining authority, and then is
defended from that charge. The testimonials offered by either
side will aid in understanding better the motivations behind
Einstein’s behavior—and his science.

CHRONOLOGY OF A CURIOUS REBELLION

A prosecuting attorney would find it easy to establish, both by
chronology as well as psychosociological profile, a portrait of
Einstein as a rebellious individual throughout his life. I have no
competence or deep interest in searching for the possible causes;
but as to the documentable facts, many details are well known,
and the pattern they form is persuasive. Einstein made his obsti-
nacy known almost from birth, refusing to speak until about age
two and a half, or, as Erik Erikson remarked, until he could
begin to speak sensibly in whole sentences.’! When Albert reached
school age, his penchant for defiance took a different form. In
her memoir, his sister Maja reported that in opposition to his
thoroughly secular home environment, young Albert decided to
become a religious Jew and accordingly “obeyed in all particu-
lars the religious commands,” including the dietary ones.>? But
after he had advanced to the Munich Luitpold Gymnasium and
encountered the state-prescribed, compulsory courses on Jewish
religion there, Albert’s interest in Judaism came to an abrupt
end. His reading in scientific books led him, as he put it in his
autobiography, to the conviction that organized religious educa-
tion left him “with the impression that youth is intentionally
being deceived by the state through lies.” He now turned to a
“positively fanatic {orgy of]| free thinking,” having formed a
“suspicion against every kind of authority”; he found solace in
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what he later called his “holy little book of Geometry,” which
was given to him as a present for self-study—a first hint of
where his destiny would lead him.??

But as one would expect, he found school life too regimented
for his taste, and he dropped out of the Gymmnasium at fifteen
and a half, surely much to the relief of some of his teachers.
About a year later, he renounced his citizenship as well. When
he moved for his final year of high school to Aarau, Switzerland,
he arrived as a thoroughly alienated youth, having left his school,
his country, and his family; he even failed in his first attempt to
enroll at the Swiss Polytechnic Institute. Once Albert got into the
Polytechnic he continued his “in your face” rebelliousness, to the
point that when speaking to his main professor, Heinrich Friedrich
Weber—on whom his career might well depend—he refused to
use the obligatory title and obstinately called him just “Herr
Weber.” In turn, Weber did nothing to help him in his job search
later.

Einstein’s lifestyle at the time was distinctly bohemian.’* He
lived on the margins of bourgeois society economically, socially,
and (by the standards of the day and the place) morally; he lived
together with his fellow student Mileva Marié, who bore their
first child before they were married in 1903. To be sure, they
passionately loved each other, and as their letters show, they
were of one mind in railing against the “philistine” life and
conventions they saw all around them.

Even in Einstein’s great paper of 1905 on relativity, one can
find many touches of that self-confident defiance and seeming
arrogance, not only with respect to accepted ideas in science, but
also to accepted style and practice. Thus the paper contained
none of the expected footnote references or credits, only a men-
tion of his friend Michele Besso, a person who of course would
be unknown among research physicists.

We shall come back to that magical first period of Einstein’s
brilliance. Einstein, who often characterized himself as a gypsy,
at first found only temporary teaching jobs, and those tended to
end abruptly and noisily; finally, after the intercession of the
father of his friend Marcel Grossmann, he found refuge at the
Patent Office. By 1909, he began to be sought after by universi-
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ties and in 1914 accepted a call to the University in Berlin and
the Prussian Academy, chiefly to gain freedom from teaching
and other obligations. In fact, he managed to avoid turning out
more than a single Ph.D. of his own during his lifetime.>* As
director of the Institute for Physics, his record shows that his
model of leadership was to pay minimal attention to his directo-
rial duties, even to the recruitment of new members or to draw-
ing up regulations.** “Red tape,” he explained, “encases the
spirit like the bands of a mummy.” When he first met John D.
Rockefeller, Jr., the two men compared notes on how to get
things done. “I put my faith in organization,” Rockefeller said;
“I put my faith in intuition,” came Einstein’s reply.’’

When war broke out in August of 1914, ninety-three of the
chief intellectuals of Germany published a manifesto with the
significant title “Appeal to the World of Culture,” supporting
the military. Einstein, for his part, supported a pacifist
counterdeclaration entitled “Appeal to the Europeans”; how-
ever, it was never published, having attracted a grand total of
only four signatures. But throughout the war Einstein never
made a secret of his pacifist and cosmopolitan attitude, and in
an increasingly hostile Germany he took care to express publicly
his support for the founding of a Jewish state in Palestine. He
also made it plain that he regarded himself again as a Jew and
indeed as a religious person; of course, as shown in several
essays in his book Ideas and Opinions, his idea of religion was
contrary to any religious establishment. It was a Spinozistic
pantheism that he called “cosmic religion,” and he put his posi-
tion simply and seriously in one of his letters: “I am a deeply
religious unbeliever.”3® v

After his move to America when World War II broke out, the
authorities kept Einstein uninformed about nuclear research. On
the contrary, he was carefully monitored by the military and the
FBI, which considered him a security risk. The FBI files on
Einstein are voluminous; J. Edgar Hoover apparently was per-
sonally convinced that Einstein had to be watched—the physicist’s
whole history showed that here was a really dangerous rebel.
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THE SELECTIVE REVERENCE FOR TRADITION

One could add even more weight to the side of the balance that
measures Einstein’s iconoclastic nature. But if now the defense
attorney for the accused is given some moments for rebuttal, a
counterargument might be introduced by noting that Einstein’s
rebelliousness was only half the story; the other half was his
selective reverence for tradition. Indeed, the counsel for the
defense might well urge us to consider it a hallmark of genius to
tolerate and perhaps even relish what seems to us such apparent
contradiction.

For there were significant limits to the offenses cited. For
example, one might be more lenient about Einstein’s leaving his
Gymnasium early, since he preferred reading classics of science
and literature on his own. After all, the school system was by no
means beloved by all its pupils—not least because it devoted
itself not only to educational goals but also to political indoctri-
nation. Although there were variations among school systems in
different parts of Germany, an official Prussian publication was
typical in setting forth the plan and aims for the upper schools
of 1892, when Einstein was a Gymmnasiast. It announced,
“Instruction in German is, next to that in religion and history,
ethically the most significant in the organism of our higher
schools. The task to be accomplished here is extraordinarily
difficult and can be properly met only by those teachers who
warm up the impressionable hearts of our youths for the Ger-
man language, for the destiny of the German people, and the
German spiritual greatness. And such teachers must be able to
rely on their deeper understanding of our language and its his-
tory, while also being borne up by enthusiasm for the treasures
of our literature, and being filled with patriotic spirit.”?** Clearly,
Bildung and Kultur were here instrumentalized in the service of
the state. To young Einstein, it smelled of militarism.

Moreover, when the public and his fellow scientists later hailed
him as the great scientific revolutionary, Einstein always took
pains to deny this label. He emphasized over and over again that
his work was firmly embedded in the tradition of physics and
had to be considered an evolution of it, rather than a revolution.
He would have been appalled to know that a few years after his
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death a philosopher would assert that a wall of incommensura-
bility existed between the world of Newton and the world of
Einstein.

But points such as these pale in comparison to a central one:
Einstein’s lifelong interest in and devotion to the European liter-
ary and philosophical cultural tradition, and especially to Ger-
man literary and philosophical Kultur. That allegiance, in which
his science was clearly embedded, had been fostered early in his
childhood. While the classics of music were offered in their
home by his mother, Einstein’s father would assemble the family
in the evening around the lamplight to read aloud from works by
such writers as Friedrich Schiller or Heinrich Heine.* The fam-
ily perceived itself as participating in the movement of general
Bildung in this way, the uplifting of mind, character, and spirit
that characterized the rising portion of the Biirgertum. This was
especially true for its Jewish segments. Kultur advocated and
legitimized emancipation, and also provided a vehicle of social
assimilation.

After all, during his scientifically most creative and intense
period in Bern, Einstein formed with two young friends an
“academy” for the self-study of scientific, philosophical, and
literary classics. We have the list of the books they read and
discussed at their meetings, which sometimes convened several
times a week: Spinoza, Hume, Mach, Avenarius, Karl Pearson,
Ampére, Helmholtz, Riemann, Dedekind, Clifford, Poincaré, John
Stuart Mill, and Kirchhoff, as well as Sophocles and Racine,
Cervantes and Dickens.” They would not have wanted to be
ignorant of the cultural milieu, even if they did not necessarily
agree with all they read.

To illuminate the point with but a single example: We know
that Albert at the tender age of thirteen was introduced to
Immanuel Kant’s philosophy, starting with the Critique of Pure
Reason, through his contacts with a regular guest at the Einstein
home, Max Talmey.** He reread Kant’s book at the age of
sixteen and enrolled in a lecture course on Kant while at the
Technical Institute in Zurich.* He wrote a lengthy book review
of a philosopher’s analysis of Kant, and at the Institute in Princeton
his favorite topic of discussion with his friend Kurt Gédel was,
again, Kant.* Einstein surely knew of the overwhelming influ-
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ence of Kant on, for example, the late-nineteenth-century phi-
losophers arguing against materialism.

All this, typically, did not make Einstein a Kantian at all.
While sympathizing with Kantian categories—and very likely to
remember that Kant had listed “Unity” as the first of his catego-
ries*—Finstein objected to the central point of Kant’s transcen-
dental idealism by denying the existence of the synthetic a priori,
arguing: “[W]e do not conceive of the ‘categories’ as unalterable
(conditioned by the nature of the understanding) [as Kant did],
but as (in the logical sense) free conventions. They appear to be
a priori only insofar as thinking without the positing of catego-
ries and of concepts in general would be as impossible as is
breathing in a vacuum.”* The essential point for him was,
again, freedom, the “free play” of the individual imagination,
within the empirical boundaries the world has set for us.

Thus Einstein’s reverence was carefully selective, even while
his outreach into the traditional cultural environment was enor-
mous. He loved books, and they were his constant companions.
A list of only those books found in the Einstein household that
had been published up to 1910 includes the works of Aristophanes,
Boltzmann, Ludwig Biichner, Cervantes, William Clifford, Dante,
Richard Dedekind, Dickens, Dostoyevski, Frederick Hebbel, the
collected works of Heine (two editions), Helmholtz, Homer,
Alexander von Humboldt (both the collected works and his
Cosmos), many books of Kant, Lessing, Mach, Nietzsche,
Schopenhauer, Sophocles, Spinoza, and, for good measure, Mark
Twain.*” But what looms largest are the collected works of
Johann Wolfgang von Goethe: a thirty-six-volume edition and
another of twelve volumes, plus two volumes on his optics, one
on the exchange of letters between Goethe and Schiller, and also
a separate volume of the tragedy Faust, which will become a
significant part of our story.

Some of those books have such early dates of publication that
they may have been heirlooms; others must have been lost in the
turmoil of the various migrations and separations. But this list,
though only a part of the total library, indicates roughly what an
aspiring member of the culture-carrying class would want to
know about. And their schooling had prepared them, willing or



20 Gerald Holton

not, to take such exemplars of higher culture seriously, not least
as preparation for school examinations.

Einstein’s required courses in high school were mentioned
earlier; at the Polytechnic Institute, where Einstein was training
to be a high-school physics teacher, he took all the obvious
required science courses, including differential equations, ana-
lytical geometry, and mechanics—although what he most wanted
to learn about, Maxwell’s electromagnetism, he had to study on
his own. In his first year, he enrolled in two additional optional
courses, one on the philosophy of Kant, as noted earlier, and one
entitled “Goethe, Werke and Weltanschauung.” No doubt—he
had been captured.

I think we now have at least an outline of the gestalt of young
Einstein’s complex intellectual-cultural inner life and an idea of
his perception of his quite individualistic place among the
Kulturtrdger—to which his whole education, both through com-
pulsory or private reading, had carried him and where in fact he
found a satisfying spiritual home.

TOWARD A VERDICT

The opposing evidences—Einstein’s rebelliousness and his atten-
tion to tradition—having now been presented, is not the obvious
conclusion that in Einstein we are dealing with a sort of split
personality? The answer is no; we have seen two different per-
spectives of one coherent mental structure that uses the appar-
ently conflicting parts to support each other.

The bonds between the apparent opposites are of three kinds.
The first lies in the presence of an alternative subcurrent in the
Kultur itself. As 1 have hinted, Kultur carried within itself a
strain that we may call a “tradition of rebellion,” which made it
in fact potentially unstable and volatile. The anti-Enlightenment
Sturm und Drang and Romantic products of the earlier period
had become canonized and remained part of the tradition-bound,
late nineteenth-century Kultur; the ideal of the active, creative,
unbounded individual continued to be championed. Employing
the evocative phrase Max Weber had used in a different context,
such a person had to accept the plain and simple duty “to find
and obey the demon that holds the fibers of one’s very life”—to
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strive for authenticity and intensity of feeling, even heroism and
sacrifice.*® The purest expression of individuality was embodied
in the genius, who led an often marginal, tormented, and, by
conventional standards, failing or even demonic existence but
who nonetheless saw and created things far beyond the reach of
comfortable philistines.*” Those philistines were the enemies for
the Sturm und Drang authors, as they were for Einstein.

These two strains in Kultur, the rebellious and the traditional,
often occurred in a complementary manner. Those formed by
this Kultur were prepared to flout convention, while at the same
time revering the outstanding cultural figures of all times. Though
willing to dissent, they also understood themselves as loyal mem-
bers of a supratemporal community of exceptional minds that
existed in a universe parallel to that of the philistine masses.
This mixture was not considered contradictory, although note
must be taken here of what history was to record later in blood-
stained letters: When these elements of rebelliousness later broke
away from their stabilizing counterparts in culture, they flamed
up for a time in twentieth-century Germany into the transforma-
tion and destruction of Kultur itself—as Einstein and so many
others were to experience. But during his formative years, this
complementary nature of Kultur still functioned, and it was
precisely what Einstein needed for his work and life.

The second of the three bonds connecting those seem-
ingly contradictory aspects of Einstein lies, unsurprisingly,
in his approach to physics, both in his manner of radically
clearing obstacles and in how he achieved his insights with
the aid of tools from the traditional culture. Looking at his
papers and letters, one can almost watch the seemingly
centrifugal tendencies of Einstein’s spirit being used and
tamed to his service. I found the first hint in the letter he
wrote in the spring of 1905 to his friend Carl Habicht.’° In
a single paragraph, Einstein poured out an accounting of
major works he was then completing. First on his list is
what is now known as the discovery of the quantum nature
of light, as evidenced in the photoelectric effect. Another
was his prediction and detailed explanation of a random,
zigzag movement of small bodies in suspension that are
large enough to be seen through a microscope, in which he
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traced the cause in exact detail to the bombardment of
these visible bodies by the invisible submicroscopic chaos
of molecules. (The existence of such motion, referred to as
Brownian movement, was known.) And the last of the
papers-in-progress he referred to was what became the
original presentation of Einstein’s relativity, identifying that
work to Habicht only as an evolutionary act, a “modifica-
tion of the teachings of space and time.” To achieve that,
in the published paper he casually discarded the ether,
which had been preoccupying the lives of a large number of
prominent physicists for more than a century, with the
nonchalant remark that it was “superfluous”; dismissed
the ideas of the absolutes of space, time, and simultaneity;
showed that the basic differences between the two great
warring camps, the electromagnetic and mechanistic
worldviews, were easily dissolved into a new, relativistic
one; and finally, as an afterthought, derived E=mc2.

Each of these papers, completed in 19035, is a dazzling
achievement, and, what is more, they always have seemed
to be in three completely different fields. But I could not
rid myself of the thought that behind their obvious differ-
ences something common was motivating these articles,
published rapidly, one right after the other. Something was
missing in that exuberant letter to Habicht.

An important lead was found at last in an unpublished
letter Einstein had written to Max von Laue in January
1952, which indicates the hidden connection.’ To put it
very briefly, Einstein’s study of Maxwell’s theory, which
had led him to the theory of relativity, had also convinced
him that radiation has an atomistic (that is to say, quan-

_tum) structure, exhibiting fluctuation phenomena in the
radiation pressure, and that these fluctuation should show
up in the Brownian movement of a tiny suspended mirror.
Thus the three separate fireworks—relativity, the quan-
tum, and Brownian movement—had originated in a com-
mon cartridge.

Moreover, once this is understood, Einstein’s approach
to the problem in each of these diverse papers could be
recognized as having essentially the same style and com-
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ponents. Unlike most other physicists of the time, Einstein
did not start with a review of puzzling new experimental
facts, the latest news from the laboratory, but rather by
stating his dissatisfaction with what seemed to him asym-
metries or other incongruities that others would dismiss
as being merely aesthetic in nature. He then proposed a
principle of great generality, analogous to the axioms
Euclid had placed at the head of that “holy” geometry
book. Then Einstein showed in each case how to remove,
as one of the deduced consequences, his original dissatis-
faction; at the end, briefly and in a seemingly offhand
way, he proposed a few experiments that would bear out
the predictions following from his theory. Once more
there was only one Einstein, not three.

Most significant, the fundamental motivation behind
each paper was really the very same one he had announced
five years earlier in the letter to Marcel Grossmann in
which he revealed what would become his chief preoccu-
pation in science for the rest of his life: “To recognize the
unity of a complex of appearances which . ..seem to be
separate things.” Thus, the paper on the quantum nature
of light begins with a typical sentence: “There is a deep
formal difference between the theoretical understanding
which physicists have about gases and other ponderable
bodies, and Maxwell’s theory of electromagnetic processes
in the so-called vacuum.”%? That is to say, energy of pal-
pable bodies is concentrated, and not infinitely divisible;
but as a light wave spreads out, its energy at a given point
constantly decreases.

Why should atomicity not apply to both matter and
light energy? The Brownian movement article declared
that if there is chaotic motion, spontaneous fluctuation
in the microcosm of classical thermodynamics, it must
also show up in the macrocosm of visible bodies. And
the relativity paper in effect removed the old barriers
between space and time, energy and mass, electromag-
netic and mechanistic worldviews. In the end, all these
papers endeavored to bring together and unify apparent
opposites, removing the illusory barriers between them.
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THEMATIC PRESUPPOSITIONS

The longer I studied the papers and correspondence of this
scientist, the more impressed 1 became by his courage to
place his confidence, often against all available evidence, in
a few fundamental guiding ideas or presuppositions, which
he called “categories” in a non-Kantian sense, i.e., freely
chosen. In studying other major scientists, [ have repeat-
edly found the same courageous tendency to place one’s
bets early on a few nontestable but highly motivating pre-
suppositions, which I refer to as themata. In Einstein’s
case, an example of themata would be simplicity, harking
back to Newton’s first rule of philosophy: “Nature is pleased
with simplicity, and affects not the pomp of superfluous
causes.”’3 Einstein wrote veritable hymns to the concept of
simplicity as a guide in science, and he exemplified it in his
own lifestyle.’*

Another of his thematic presuppositions was symmetry,
a concept he introduced into physics in 1905, considering
it basic—when most of his readers surely wrote it off as an
aesthetic, optional choice. It has since become one of the
fundamental ideas in modern physics. Yet another thema
was his belief in strict Newtonian causality and complete-
ness in the description of natural phenomena, which ex-
plains why Einstein could not accept as final Niels Bohr’s
essentially probabilistic, dice-playing universe. Einstein’s
utter belief in the continuum was another such thema, as in
the field concepts that enchanted him from the moment he
saw his first magnet compass in boyhood.

There are a few more themata to which he also clung
obstinately. But beyond that, we must ask a key question:
Because the themata are not a priori or innate but choosable,
are those that are selected chosen at random from some
infinite set of possible themata? That I do not believe. Or
are the themata so confidently held because they are rein-
forced by, and in resonance with, the scientist’s cultural
milieu? That was the initial question here, but now it can
be tested in a real case.
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For that purpose, one thema that was the most impor-
tant to Einstein—that of unity, unification, wholeness—
will serve as the prototypical example to answer the ques-
tion whether themata in science may be reinforced by the
cultural milieu.”® Einstein’s dedication to the presupposi-
tion of finding unities in Nature at work is evidenced in the
motivation for his three great papers of 1905. As he put it
in a letter of 1916 to the astronomer Willem de Sitter, he
felt always driven by “my need to generalize” (mein
Verallgemeinerungsbediirfnis).’® That need continued unin-
terrupted from his first paper on capillarity to his last ones
on finding a general unified field theory that would join
gravity and electromagnetism, and even provide a new in-
terpretation of quantum phenomena—as may yet happen,
although along a path different from his.’” In between, that
preoccupation had led him from the special theory to what
he at first called typically the verallgemeinerte, the general-
ized theory of relativity.

That self-imposed, unquenchable desire to find unifying
theories had possessed many other scientists (for example,
Alexander von Humboldt, who celebrated in 1828 the “deep
feeling for a unity of Nature”); however, this presupposi-
tion sometimes led Einstein astray, as had Galileo’s analo-
gous obsession with the primacy of circular motion. To be
sure, some splendid science is done by researchers who
seem to have no need of thematic presuppositions, as I
have found in other case studies. Nor do I want to paint all
German scientists as having been caught up in the dream of
unity; for example, as Pauline Mazumdar’s study of Ger-
man immunologists showed, there were “Pluralists” among
them to oppose the “Unitarians.”38

But my subject is Einstein, and it is clear that his the-
matic acceptance of unity or wholeness was one of the
demons that had got hold of the central fiber of his soul.
He even lent his name—along with thirty-two other schol-
ars from a great variety of fields, ranging from David Hil-
bert and Ernst Mach to Jacques Loeb, Sigmund Freud,
Felix Klein, and Ferdinand Ténnies—to the publication, as
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Aufruf!

Eine umiassende Weltanschauung -auf Grund des Tatsachenstoifes vorzu~
bereiten, den die Einzelwissenschaften aufgehauft haben, und die Ansatze dazu zu-
néachst unter den Forschern selbst zu verbreiten, ist ein immer dringenderes Bedurints
vor allem fdr di¢ Wissenschaft geworden, dann aber auch fir unsere Zeit Gber~
haupt, die dadurch erst erwerben wird, was wir besitzen.

Doch nur durch gemeinsame Arbeit vieler kann das erreicht werden, Darum
rufen wir alle philosophisch interessierten Forscher, auf welchen wissenschaftlichen
Gebieten sie auch betatigt sein mdgen, und alle Philosophen im engeren Sinne, die
2u haltbaren Lehren nur durch eindringzndes Studium der Tatsachen der Erfahrung
selbst zu gelangen hoffen, zum Beitritt zu einer Gesellschaft fur positivistische
Fhilosophie auf. Sie soll der Zwech haben, alle Wissenschaften untereinander in
lebendige Verbindung zu setzen, Gberall die vereinheitlichenden Begriffe zu ent-
wickeln und so zu einer widerspruchsirzien Gesamtauffassung vorzudringen.

Um nahere Auskunit*wende man sich an den mitunterzeichneten Herm
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Figure 2: Appeal for the formation of the Gesellschaft fiir positivistische Philosophie.
(Courtesy of Wilhelm-Ostwald-Archiv, Deutsche Akademie der Wissen-schaften
zu Berlin.)

early as 1912, of a public manifesto (Aufruf, figure 2)
calling for the establishment of a new society aiming to
develop, across all branches of scholarship, one set of uni-
fying ideas and unitary conceptions. As the Aufruf put it in
its second paragraph, the new Society’s aim would be “to join
all fields of learning [alle Wissenschaften] together in an organic
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association, to develop everywhere the unifying ideas, and thus
to advance to a non-contradictory comprehensive conception.”*?

Yet if it was allegiance to a few themata that supported
Einstein in launching into uncharted territory, often with the
barest encouragement from the phenomena, what provided the
courage to adopt these themata, and to stick with them through
thick and thin? This is where the various strands we have pur-
sued will converge, where we make closest contact with the
“cultural soil” that helped to feed his scientific imagination, for
one can show the resonance between Einstein’s thematic belief in
unity in science and the belief in the primacy of unity contained
in certain literary works to which he had allegiance. While here
I can demonstrate the case for only one of his themata, and for
one set of major literary works, the case made is more general
and applies not only to this particular scientist.

THE CULTURAL ROOTS OF UNITY—A POET POINTS THE WAY

So far, we have noted that Einstein drew on the work of other
scientists, on the tools of his trade that he assembled during his
education—so joyfully by himself, less so in his schooling. We
have discussed his personal attitude as a gebildete individual,
who refused to be a mere functionary of the state and kept his
freedom of imagination and destiny. Other useful suggestions
for pieces of the puzzle have also been proposed, for example,
the interesting point made by Robert Schulmann and Jiirgen
Renn that Einstein’s reading in popular scientific books as a boy
consisted largely of ones that did not dwell on details but instead
provided an overview of science as a coherent corpus of under-
standing, and that this experience predisposed him early to fas-
ten upon the big questions rather than the small pieces.®°

All this was necessary; but it was not enough. His wide read-
ing in humanistic works beyond science—where the Bildung
during his formative years was to lead to continued self-refine-
ment through study of the “best works,” analogous to Matthew
Arnold’s concept of culture—hinted at what else was needed to
understand his particular genius.®! From the list of icons of high
culture at the time who greatly impressed Einstein, I must focus
on just one author, indeed one who, with Friedrich Schiller, was
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among the most universally revered: Johann Wolfgang von
Goethe.%? Since Goethe is today certainly not on everyone’s
mind, I will attempt to convey in a few words his unimaginable
influence at the time, not merely on educated Germans in gen-
eral, but on German scientists in particular.®

There are two major parts to that influence. One was the fact
that Goethe was arguably Germany’s most accomplished and
productive poet. He began his long and fruitful career when, as
we noted, Germany was not a modern state. Indeed, in many
ways it was backward compared with Britain and France; it was
politically impotent, a motley assembly of about three hundred
fragments, large and small, within the dying Holy Roman Em-
pire. In 1775, when the twenty-six-year-old Goethe arrived in
Weimar, it was still an impoverished duchy, and his own youth-
ful presence there was possibly one of its biggest assets. His skill,
intelligence, and humanity had begun to show itself even in his
first, fiery works that were still linked to the Sturm und Drang
tradition, for example, the irreverent revolutionary drama Gétz
von Berlichingen, written at age twenty-four, and the romantic
novel The Sorrows of Young Werter, written one year later. The
Gotz drama was based on a legendary early sixteenth-century
German knight, a bold and impudent adventurer who made it
known to all, in strong language, that he was beholden to no one
but God, Kaiser Maximilian, and his own independent self. (I
find it delightful that during Einstein’s final Matura examina-
tion, his essay in the subject of German was on Gét#z, the very
embodiment of the independent individual spirit.®*)

Goethe, too, was a complex of apparent opposites. In his early
works he had established himself as the foremost German spokes-
man for the Sturm und Drang movement, the forerunner of the
Romantic revolt, while still adhering to Enlightenment ideas
(one of those contradictions when viewed from our level below).
And he was still in his twenties when he began work on the first
part of his Faust, the tragedy into which he poured his superb
poetic skills and all the varied and mutually antagonistic aspects
of his maturing soul. It was, like much of his writings, part of a
“great confession,” but it had an especially strong grip on the
German imagination, on the upward-striving bourgeoisie as well
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as the elite; the nearest analog that comes to mind is the indelible
impression of Dante’s epic on intellectuals in Italy. As G. H.
Lewes remarked, the Faust tragedy “has every element: wit,
pathos, wisdom, farce, mystery, melody, reverence, doubt, magic,
and irony.”®

In his early period, Goethe himself, like his Faust, accepted the
dictum “To live, not to learn.” But this rebellion took a special
form as he matured, similar to Einstein’s own. Goethe’s “central
tenet” was the belief in individuality or individualism: one was
a free person, defying some of the social conventions but at the
same time revering the geniuses of history and legend, which for
him (according to Goethe’s biographers) included the original
Dr. Johann Faustus of the sixteenth century, Prometheus, Spinoza,
Mohammed, Caesar, and the original knight Go6tz von
Berlichingen.®® Like Spinoza, Goethe saw God and Nature as
two aspects of the same basic reality, and in that belief, too, he
shared the spirit of Einstein and other scientists. Among German
Kulturtriger, Goethe became a fascinating and inexhaustible
part of their imaginative lives.®’

I will return to that point in a moment. But it must be noted
that a second aspect of Goethe’s power was his position as a
serious and productive scientist on certain topics, such as the
investigation of the subjective impression of color; the discovery,
in his first scientific paper, of the presence of an intermaxilliary
bone in man; his early version of what Ernst Haeckel later called
an evolutionary mechanism; his concept of the metamorphosis
of plants, and other such matters. Thus Goethe has an honored
place even in the modern Dictionary of Scientific Biography, and
despite the huge controversy about others of his contributions,
especially on the theory of colors (the Zur Farbenlebre of 1810),
his scientific activities—totaling fourteen volumes of the Weimar
edition of his collected works—added to his standing as a figure
representing the best of culture in all its dimensions.

To be sure, Goethe’s science was chiefly that of the poet-
philosopher. For example, one early “scientific” essay, entitled
“Study after Spinoza,” begins with the sentence “The concept of
being and of completeness is one and the same”; from this,
Goethe goes on to ponder the meaning of the infinite.%® But
significantly, the main point of that work was to argue for the
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primacy of unity in scientific thinking, and for the wholeness “in
every living being.” The sorry and misguided war he waged for
over four decades against Newton’s ideas, especially on color
theory, must be understood in terms of Goethe’s philosophical
and poetic beliefs. For example, the quantification and subdivi-
sion of natural phenomena, he thought, missed the whole point
of the organic unity of man and nature in the explanation of
phenomena, particularly for what he regarded as qualities, such
as colors. This is a prominent aspect of much of Goethe’s whole
corpus: the theme of unity, wholeness, the interconnection of all
parts of nature. Those are main conceptions that informed both
his science and his epics. As one of his commentators has men-
tioned, “The nature of the entire cycle [is this]: unity in dual-
ity.”® It pervaded even his belief in the existence of an original,
archetypal plant (Urpflanze), an archetypal man, and so on—all
part of what has been called the Ionian Fallacy, looking for one
overarching explanation of the diversity of phenomena.”® Even
at age eighty-one, two years before his death, he was immensely
excited by news that in France, the biologist St. Hilaire had
associated himself with the concept of unity at the base of
biology, and he exclaimed:

What is all intercourse with Nature, if we merely occupy our-
selves with individual material parts, and do not feel the breath
of the spirit which prescribes to every part its direction, and
orders or sanctions every deviation by means of an inherent law!
I have exerted myself in this great question for fifty years. At first
I was alone, then I found support, and now at last, to my great
joy, I am surpassed by congenial minds.”

Much has been written about the interest among scientists in various
aspects of Goethe’s work, and not only in Germany. A list of such
scientists would contain names such as Johann Bernhard Stallo, Wilhelm
Ostwald, the physiologist Arnold Adolphe Berthold, the neurophysiolo-
gists Rudolf Magnus and Emile du Bois-Reymond, the botanist Gottlieb
Haberlandt, the physical chemist Gustav Tammann, the bacteriologist
Robert Koch, the psychologist Georg Elias Miiller, and the English
scientist William Henry Fox Talbot. A curious case is that of Nicola Tesla,
who, although not German by descent, was so caught up in the German
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style of Bildung that he claimed, and sometimes demonstrated, that he
knew the whole of Goethe’s Faust by heart—all 12,110 lines.”

Of course not everyone shared Tesla’s enthusiasm. Many a
scientist had to give lip service to Goethe’s dominance while
actually fighting for a down-to-earth, pragmatic, properly ex-
perimental style of thought. But wherever these readers turned,
from their school days on, they, like Einstein, were likely to
encounter Goethe and so were liable to absorb and sympathize
with that central point in Goethe’s work, the longing for unity,
for wholeness, for the interconnectivity of all parts of nature. As
Walter Moore put it in his biography of Erwin Schrodinger, “All
German-speaking youth [were] imbued with the spirit of
Goethe. . .. They have absorbed in their youth Goethe’s feeling
for the unity of Nature.””® Fragments of Goethe’s poetry could
be encountered routinely, not only in the popular lectures of
other Kulturtriger or in the exhortations of politicians, but even
in the lectures and textbooks on science itself, in the writings of
physicists such as Hermann von Helmholtz, Erwin Schrédinger,
Wilhelm Wien, and Max Born. Thus Arnold Sommerfeld, in the
third volume of his Lectures on Theoretical Physics, sends his
readers on the general relativity theory off with a quotation
from Faust, part 11.7#

My favorite example of that ubiquity occurs on two pages of
a textbook by one of Einstein’s own scientific predecessors, one
whom in 1900 he had called “quite magnificent.””s Ludwig
Boltzmann’s Vorlesungen iiber Maxwells Theorie der Elektricitat
und des Lichtes was published in two parts (1891 and 1893),
each preceded by a short epigraph. Boltzmann could count on
every German reader to recognize the origin of the lines he
quoted there, for they referred to the early pages of Goethe’s
Faust tragedy. My free translation of the first passage is: “That
I may no longer, with sour labor, have to teach others that
which I do not know myself”; Boltzmann does not even have to
add the next, most celebrated and programmatic lines of Faust:
“and that I may perceive what holds the world together in its
innermost.”

Boltzmann’s second epigraph refers to the passage given in
italics below where Faust has just opened the book of Nostradamus,
seeking even there a guide to the force that holds the world
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together; he gazes at the wondrous “Sign of the Macrocosm”
and exclaims:

Ha! as I gaze what rapture suddenly
begins to flow through all my senses! ...
Did some god inscribe these signs

that quell my inner turmoil,

fill my poor beart with joy,

and with mysterious force unveil

the natural powers all about meé

Am I a god? I see so clearly now!

In these lines’ perfection I behold
creative nature spread out before my soul. . ..
How all things interweave as one

and work and live each in the other.”

By referring to the God-like signs Boltzmann meant of course to
indicate Maxwell’s equations, the summary of Maxwell’s syn-
thesis of electricity, magnetism, and optics. The equations relat-
ing the electric and magnetic field terms are indeed stunningly
beautiful in their simplicity, scope, and symmetry, particularly
when written in modern form:”’

curlE= -L 3B 4vE=0
c Ot

crlB= LOE  4iyB=0
c Ot

But back to the enchanted Boltzmann. It is quite significant
that in both epigraphs Boltzmann’s version of Goethe’s lines are
in fact just a bit wrong.”® He too was no doubt quoting from
memory, going back to school days. Used constantly, such verses
tend to be taken for granted and get fuzzy at the edges. Boltzmann’s
errors are really one sign that Goethe’s lines have become part of
common culture.

But never mind. We must dig a bit deeper to see why such
literary allusions were so meaningful to the scientific reader.
Consider the context of those lines, near the beginning of the
first part of the Faust tragedy. Having painfully worked his way
through every major specialty, Faust’s thirst for knowledge at its
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Figure 3: Rembrandt’s etching, called “Dr. Faustus” (detail). From L. Minz, ed.,
Rembrandt’s Etchings (London: Phaidon Press, 1972).

deepest level had not been satisfied by these separate (let us say,
reductionist) studies—any more than were the signers of the
1912 Appeal for unity throughout all sciences and scholarship.
Even if he has to turn to the realm of the magical, Faust must
discover the secret of the world’s coherence. Nostradamus’s
book offers him the blinding revelation in terms of the Sign of
the Macrocosmos, that ancient symbol of the connection be-
tween the part and the whole, man and nature (figure 4). This is
why Boltzmann connects the passage to Maxwell’s equations,
which express the synthesis of large parts of physics.”

The main point here is the strong resonance between the
Goethean or Faustian drive toward a unified fundamental un-



34 Gerald Holton

derstanding of nature, symbolized by the Sign of the Macrocosmos,
and that of the analogous ambition of Boltzmannian scientists
and their pupils: the search for one single, totally coherent
worldpicture, a Weltbild encompassing all phenomena. Physical
science, too, yearned to progress by the discovery of ever fewer,
ever more encompassing fundamental concepts and laws, so that
one might achieve at last what Max Planck called, in the title of
his 1908 essay, “Die Einheit des physikalischen Weltbildes.”8
Indeed, some physical scientists still work toward the day when
one single equation, one world equation, will be found that will
subsume all the diversity of physical phenomena. Then the Sign
of the Macrocosmos will indeed stand before our gaze.

Einstein, starting with his very first publication in 1901 on capil-
larity, was committed to an early stage of such a Faustian plan. In
that paper he tried to remove a duality between Newtonian gravita-
tion, which directs the motion of macroscopic objects downward,
and capillary action, which drives the molecules of the submicro-
scopic world of the liquid upward. In its way this was also a search
for the commonality between the macrocosm of observable gravita-
tion and the microcosm of molecular motions. Here was a case
where, he thought, apparently opposite phenomena could be brought
into a common vision. Even though Einstein later dismissed the
physics he had used in that first paper as juvenilia, he never turned
his back on the inherent goal.

Perhaps its most eloquent expression appears in his address of
1918, “Principles of Research,” given in honor of Max Planck.®
There he solemnly states that into the shaping of a coherent
worldview every serious artist, philosopher, or scientist, each in
his own way, “places the center of gravity of his emotional life.”
Einstein called that search for a worldpicture “the supreme
task” of the physicist—the task “to arrive at those universal
elementary laws from which the cosmos can be built up....”

The intensity of the impulse toward a unified Weltbild, so
typical for many German scientists of the time—even while
specialization was rising all around them—was not confined to
them. David Cassidy has noted that

the “unifying spirit,” as it was called, pervaded much of central
European thought at the turn of the century. German idealism,
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neo-Romanticism, and historicism, stretching from Immanuel Kant
and Georg Wilhelm Hegel to Benedetto Croce and Wilhelm Dilthey,
each pointed to some sort of transcendent higher unity, the exist-
ence of permanent ideas or forces that supersede or underlie the
transient, ephemeral world of natural phenomena, practical ap-
plications, and the daily struggle of human existence. The scholar,
the artist, the poet, the theoretical physicist all strove to grasp
that higher reality, a reality that because of its permanence and
transcendence must reveal ultimate “truth” and, hence, serve as a
unifying basis for comprehending, for reacting to, the broader
world of existence in its many manifestations.®

I can only add in closing that movements as different as turn-
of-the-century Monism, and later the “Unity of Science” move-
ment, were closely related to this set of aims and ideas. And as
Anne Harrington has shown in her recent book, the “‘holistic’
biological impulse” in early nineteenth-century Germany later
flourished with the assistance of our poet. As she put it, “Goethe’s
resulting aesthetic-teleological vision of living nature would sub-
sequently function as one of the later generations’ recurrent
answers to the question of what it ‘meant’ to be a holistic
scientist in the grand German style.”?3

At this end of Einstein’s century, many excellent scientists and
some philosophers are ready to settle for a hierarchical or “dis-
united” science rather than participate in the pursuit of over-
arching unities.®* To them, the self-imposed task of those earlier
culture-carriers in search of grand unifications appears perhaps
overreaching, and even discussing it as a historic fact may be
written off as nostalgia. Moreover, Ernst Mayr and E. O. Wil-
son have long insisted that for modern evolutionary biologists
and naturalists the chief guiding concept should be diversity
rather than unity. Perhaps Henry Adams was right when he
wrote that after the nineteenth century the course of all history
will be away from unity, and toward multiplicity and fragmen-
tation.*

Yet the fundamental motivation of Einstein’s program has
helped to keep alive the modern idea of a search for a physical
theory that will encompass all phenomena, from gravitation
through nuclear science (a path that Einstein had not explored).
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The ascent to that Mt. Everest is now taking various forms
among different camps, along different routes. The physics jour-
nals and even the daily papers are witnesses; and the Interna-
tional School of Physics has announced a physics seminar at
Lake Como with the title, in part, “A Probe of Nature’s Grand
Design.” 1 have little doubt that hovering there above the audi-
ence will be a throng of kindred ghosts, including Kant, Max-
well, Boltzmann, and Einstein, and of course, among the poets,
Goethe, with Faust himself next to him; and, way in back, the
Greek philosopher Thales of Miletus in Tonia, who twenty-six
hundred years ago had launched that Ionian dream, the thema
that all things are made of one essence. All of those forebears
had tilled and seeded the cultural soil of their time and, in turn,
in their different ways, had been nourished and reinforced by it.

ASHES INTO THE WINDS

When death approached to claim Einstein in April of 1955, his last
acts were still fully in character. He remained strong-willed to the
end, obstinately adhering to his ways. He had recently signed a
manifesto with Bertrand Russell and others, intending to bring
together the international community of scientists as a unifying
counterweight against the divisive, national ambitions then ram-
pant during the arms race. For seven years, Einstein had known
that a growing intestinal aneurysm of his aorta might rupture at
any time, but he had refused any major operation when it still
might have averted the threat. He explained his uncomplaining
state of mind to his stepdaughter Margot by saying simply, “I have
done my thing here.” At about one o’clock in the morning, as the
aneurysm burst, he suddenly spoke once more, but the night nurse
did not understand German.

Einstein’s requests concerning his last rest also bore all the
marks of his lifelong struggle for simplicity and against ordinary
convention. There was to be no funeral—only a few family
members and friends gathering at the crematorium. No speeches,
no flowers, not even music. No gravestone. But as Einstein’s
ashes were dispersed into the winds, an old friend and fellow
émigré felt moved to recite a few verses of poetry, ending with
these lines:
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He gleams like some departing meteor bright,
Combining, with his own, eternal light.

As it happened, the poem had been written a century and a half
earlier, by the grief-stricken Goethe on the occasion of the death
of his friend Friedrich Schiller. A great circle had closed. Sym-
bolically, Einstein’s lifelong comrades had helped him, once
more, to move across those illusory divisions between space,
time, and cultures.
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Peter Galison

The Americanization of Unity

T WAS LATE 1946. RETURNING FROM MOBILIZATION, scientists
around Cambridge—as elsewhere in the United States—
were streaming back to the university. Philipp Frank, who
had helped usher in the scientific philosophy of the Vienna
Circle and was now a lecturer in the Harvard department of
physics, set out a plan for Warren Weaver at the Rockefeller
Foundation entitled “The Institute for the Unity of Science: Its
Background and Purpose.” It is immensely tempting and indeed
historically useful to read this manuscript backwards, to see in it
the tree whose seed had been planted in late-night discussions at
the Arkadenkaffee, to track its manifold roots back to the early
1920s in Berlin and Vienna. On such a reading, the revised, now
American, Unity of Science movement would chiefly be a revivi-
fication of the older Viennese one. Surely there were common
concerns: both movements sought to rid philosophy of “super-
fluous” metaphysics and replace it with a clarity, precision, and
empiricism for which science provided the template. Indeed,
both in the prewar and postwar Unity of Science efforts, modern
science, and not only physics, loomed large. There was near-
unanimity that Boltzmann, Mach, Einstein, and Bohr had done
much more than rewrite the rules for physics; they had set a new
agenda for philosophy. Observability, causality, and probability
now reigned where Geist und Volk once had.
This essay, however, will take up the new Institute for the
Unity of Science that emerged in postwar America, not exclu-
sively through its distant root-ends, but in its immediate envi-
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ronment. It will not focus so much on the scientist-philosophers
of the interwar German-speaking world of modernism and
Marburg neo-Kantianism, but rather on the squadrons of American
scientists returning in 1945 from war research that had given
science both a new form of work and a novel place for physics,
chemistry, engineering, psychology, and sociology in the world.
The objective, in short, is to elicit a double vision: a picture of
postwar unity that is both the extension of the Vienna Circle
and, at the same time, a philosophical outlook squarely located
in the scientific concerns of an age of computers and nuclear
power.!

Gerald Holton, a participant from early on, has recalled that
the assembly of the American Unity of Science movement at
Harvard began with Philipp Frank’s organization of an “Inter-
Scientific Discussion Group” in 1944. The group rapidly ex-
panded, with such speakers as the polymathematician Norbert
Wiener, biophysicist John Edsall, and sociologist Talcott Par-
sons coming to talk about a wide range of topics from biophys-
ics and computers to the psychoanalysis of social systems.? Even
before the war was over, Frank and his colleagues began dream-
ing of a new Institute for the Unity of Science.

Beginning with the familiar lament that science had grown
ever more specialized, Frank gestured in his December 1946
report toward those who argued that every attempt at integra-
tion would descend into superficiality. True, there were those,
including Harvard President James Conant, who were concerned
about the political consequences of an education insufficiently
wide to undergird liberal democracy. But Frank was worried:
with quack prescriptions for unity lurking on one side, and
popular science and Hollywood movies calling from the other,
good scientists understandably wondered where to turn. Work-
ing against this fragmentation, Frank contended, was another,
deeper tendency. In the world of the late twentieth century,
“cross connections” were growing, not shrinking: “The domains
of facts which can be derived from one and the same set of
principles have not become smaller but larger.” As the cross-
connected scientists pulled fields together, domains of the special
sciences “merged.” Chemistry and physics provided an example.
Fifty years earlier, no physicist could truly understand chemis-
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try; now, physical chemistry and chemical physics had entered
the scene: “Today general chemistry is just a part of nuclear
physics. The physicist has an easy road into the very heart of
chemistry.” So it was in geometry, where general relativity guided
the physicist into the heart of mathematics. And just as math-
ematical biophysics had joined biology and physics, behaviorism
had sealed the union between psychology and biology. Throw in
E. S. C. Northrop’s unification of political and religious ideolo-
gies and their links with the physical sciences, Frank contended,
and one was on the way to a universal pass-partout at the
physicists’ disposal.?

As Frank represented the problem, one difficulty was that of
language. While the various special fields of science held much
in common, the bridges between them were blocked by gross
and fine differences in meaning that were unfortunately con-
tused with differences over matters of fact. “The situation re-
minds [us of] the Biblical story of the tower of Babel. Because of
the confusion in human language the tower of science cannot
grow into ... heaven.” Logical positivism, now given a less
Viennese and more cosmopolitan pedigree, was advanced in
America by J. B. Stallo and Charles Sanders Peirce, William
James, and John Dewey, and on the Continent by such luminar-
ies as Henri Poincaré and Ernst Mach; now the whole (according
to Frank) had been cast into a more “modern” formulation in
work on both sides of the Atlantic. Percy Bridgman introduced
operationalism, and Charles Morris bound the Americans to the
core of the Vienna Circle that included Otto Neurath, Rudolf
Carnap, Ludwig Wittgenstein, and Moritz Schlick.* In the clas-
sical (1930s) formulation of the unification project, Frank and
his allies had been after a semantical goal, above all: to show
that the special sciences could all be put into a language of
everyday life. This continued in some versions of Frank’s post-
war philosophy.” Now, in this 1946 program, Frank wanted
more—a “socio-psychological analysis” or “pragmatic” approach
to supplement the logico-empirical one that previously had been
the exclusive goal. As Frank put it:

By adapting these approaches a vast field of research is opened
up. “Hybrid fields” like “mathematical biophysics” or “math-
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ematical economics” are no longer isolated cells where some
awkward professors may enjoy their strange fancies but by the
application of logico-empirical and socio-psychological analysis
these “cross-connections” become the roots of new developments
leading towards the integration of human knowledge and human
behavior. These queer cross-connections become the avanguards
[sic] of the science of the future.®

Only by such bonds could the investigation establish the con-
nection between “contemporary physics on one side and contem-
porary religion and politics on the other side with contemporary
philosophy being the intermediate link.”” In another document
from the same time, Frank listed some of the goals of a sociology
of science—it would include the conditions under which discov-
eries were made, but also “intervention of the government in
science,” and “contemporary merging of science and technique.”®

Warren Weaver had thrown the weight of the Rockefeller
Foundation (along with some modest resources) behind the pre-
war Unity of Science movement run by Neurath, Carnap, and
Morris. In the much-changed postwar world, Weaver heard
Frank out and recorded in his diary on December 13, 1946 that
“the Unity of Science Movement has been in a somewhat chaotic
state since the death of Otto Neurath [late in the war], this being
the more true since N[eurath] ran all of the business of the
organization in a very individualistic and indeed almost dictato-
rial way.”® To the old commitments of the Unity of Science
movement (an encyclopedia, a journal, a bibliography, and con-
ferences on unified science) Frank now wanted to add the role it
might play in “modern American movements in general educa-
tion.” Writing to Weaver in January of 1947, Frank explained
that his course aimed to show just what the “principle of relativ-
ity” sanctioned in the wider world of culture, ethics and truth—
and what it did not. Only through such a critical examination
could the scientist know whether the theory of quanta justified
the belief in “freedom of the will” or advanced the reconciliation
of science and religion. So girded against misinterpretation, the
student of science could venture out against the raft of
pseudoscientific or the pseudoreligious interpretations of sci-
ence. When coupled with an understanding of the historical
situatedness of science, such as the Copernican Revolution and
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“similar conflicts,” Frank contended that the science student
would have an “inner track” in grasping current relations be-
tween science, religion, and government.!°

At stake, Frank argued, was the fate of the world. Ideolo-
gies—combinations of philosophical with political creeds—un-
derpinned both the right wing with its organismic metaphysics
and the left wing with its dialectical materialism. Prominent
“cardinals of the church” espoused their Thomism (so Frank
continued), while political leaders including Lenin plunged his
followers into dialectical materialism. Only the student with
logico-empirical analysis in one hand and socio-psychological
analysis in the other could navigate these waters, for only with
a deep understanding of the scientific process in context could
the student grasp the idea that a chemical formula like H,SO,
was not an isolated fragment of knowledge but rather a “flam-
ing manifesto to mankind.”!

Weaver bought the manifesto. Recorded among the foundation’s
deliberations are the considerations that moved them. Above all,
the Board cited the ever-expanding “cross- and inter-connec-
tions” between pairs of disciplines that now seized “more and
more common ground”: physics and chemistry, astronomy and
physics, biology and psychology, among others. These, the panel
judged, were “domains of experience . .. explainable from one
and the same set of basic principles.” Accordingly, in December
1947, the Rockefeller Foundation designated some $9,000 for
the Unity of Science movement covering three years of support
(though it was not, for technical reasons, delivered until July of
1949).12 Led by directors Rudolf Carnap, Charles Morris, Philipp
Frank, Milton Konvitz (a lawyer from Cornell), and Hans
Reichenbach (then at the University of California, Los Angeles),
the group took every opportunity to proclaim their limitless
ambition—they would re-establish ties with Europe, train a gen-
eration of politically astute scientists, link the working scientific
disciplines together, and reform philosophy.

Could this unification take place? If so, would it reflect a
unified nature or a unified science? A confidential Rockefeller
Foundation report to the trustees (dated March 1949) meditated
on this metaphysical dilemma. “We have physical experiments,
chemical experiments, biological experiments, and other special-
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ized techniques, but it is important to remember that classifica-
tion into these categories is man’s invention. Whether it is also
nature’s, we don’t know.” One school of scientists, the report
continued, supposed such metaphysical unity did obtain: “a
universe of matter and energy whose interactions under certain
conditions produce motion, radiation, and the other effects which
we label physical, and under different conditions produce the
nightingale’s singing and other behavior which we call biologi-
cal.” From Alfred North Whitehead to George Sarton, this
metaphysical commitment to the unity of nature became an oft-
repeated creed.

Not everyone agreed, as the foundation’s 1949 report made
clear. Herbert Dingle, for one, argued that this sort of reduction-
istic metaphysical unity could not be guaranteed. The Rockefeller
trustees would have read in the report that the metaphysical
unity of nature was not a sure thing, according to Dingle:

We aim at it; we hope we shall achieve it; but we must recognize
the possibility that nature may be essentially dual, or even
multiple. . . . We do not ignore the organic unity of nature when
we consider laws of motion apart from those of economics, let us
say. We simply avail ourselves of the fact that we can make
progress by admitting that, at present, motion and economics are
disconnected subjects of study. We hope that we shall unify them,
but to let our thinking be influenced by the assumption that they
are essentially one seems indefensible.'

That said, the report went on to laud Maxwell’s unification of
electricity and optics, along with Einstein’s of mathematics and
physics (through general relativity). But the list did not stop
there. Of crucial import were biophysics, biochemistry, psycho-
physics, psycho-physiology, and social psychology; moreover,
the report noted, “other borderland sciences are fields that seem
likely to contribute new data for a unitary picture of nature.” In
the process of this joining together of “borderland” disciplines
in pairwise links, concepts that were superfluous would drop by
the wayside. Einstein’s geometrical dynamics made “gravita-
tional force” a dead letter; the quantum theory of the chemical
bond rendered “chemical force” obsolete; and Maxwellian elec-
trodynamics left fundamental optical hypotheses as nothing but
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a fifth wheel.’® Would this piecewise integration extend all the
way from mathematics to sociology? If it did, would the knowl-
edge pyramid reflect a “natural” order of things? Steering a
midcourse between metaphysical dualism and metaphysical unity,
Herbert Feigl argued for establishing such connections “without
premature attempts at complete unification.”?’

Partial connections (such as that afforded by chemical physics)
would take place through the “master key” of semantics, “the
study of the meaning of words and other symbols.” Just as
disposing of “chemical force” was a conceptual advance, so too
would be a clarification of the myriad of often obsolete terms
plaguing biology—“entelechy,” “vital force,” “mechanism,” “ho-
lism,” and “entity”—not to speak of similar vestiges of an ear-
lier physics, including “absolute space,” “absolute time,” “si-
multaneity.” Only a rigorous operationalism could effect this
purge of the superfluous. Quoting Feigl approvingly, the report
continues, “The possibility of a reconstruction of all factual
sciences on the basis of a common set of root terms enables us
to speak of the reducibility of all sciences to a common, unitary,
interscientific language.”?

In an attempt to deliver just such a “basic operational dictio-
nary,” Frank and MIT’s Karl W. Deutsch began a composition
in the fall of 1952." Containing nineteen different categories,
with three hundred terms, the sweep of the project is stunning.

M «

» <

Table 1. Frank and Deutsch, Basic Operational Dictionary (Outline)

1. Basic Notions XI. Physiological Concepts
II. Sets, Groups, Order, Structure XII. Organism

. Constructs (of physics) XIII. Mechanism

IV. Prediction XIV. Learning

V. Logic and Semantics XV. Biology

VI. Psychology XVL Ethics

VII. Communications Engineering and Theory XVII. Religion

VIII. Sociology and Anthropology XVIIL Chemistry

IX. Economics XIX. Aesthetics

X. Political Science

Source: Frank, “Report on the Dictionary of Operational Definitions” (September
1952, RG 1.1, 100 Unity of Science, 1952-56, Box 35, folder 285, Rockefeller Foun-
dation Archives).
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In all, there would be three hundred “basic concepts.” These
would include not only standard physics notions like mass,
matter, energy, space, time, and field but also (picture Carnap’s
horror) such hard-to-imagine-operationalized concepts as love
(under psychology) or God, belief (faith), soul, and damnation
(under religion). (I cannot help but wonder here whether salva-
tion is excluded deliberately or whether it is operationalized
under a negative disposition of damnation.)

In those cases where the operational definitions were clear
from usage, they would be drawn from “scientific writing.” If
not, then views would be drawn from writers with an appropri-
ate “operational viewpoint.” If both were absent, then experts
would provide “paper and pencil operations”; if even these were
not possible, then “hypothetical operations,” analogous to pro-
cedures that could be performed, would be utilized. By example:
“real” might refer to that which is “familiar from repetitive,
gross, bodily experience.” Alternatively (Frank wrote), “we mean
by ‘real’ things from which we can continue to learn, overriding
past symbols and traditions.” “Reality” is signaled by “struc-
tural coincidence” between sensations and impersonal records.
“Sensations” track back to “traces” within the nervous system
and are therefore impermanent and not easily verifiable, whereas
“instrument records” are external, more easily verifiable, and
forever.?°

One could study these three hundred greatest hits in the con-
cept parade almost mechanically, finding here and there the bits
and pieces of prewar Vienna Circle concerns. Starting with “sets,
groups, order, and structure,” one could discern the elements of
the new formal logic and set theory of Frege and Russell that so
impressed the group back in the 1920s: class, universals, group,
model, order, congruence make their appearance here. Under
“prediction” we could track back many of Reichenbach’s or
Carnap’s concerns in their extensive writings on probability:
“equipossibility,” “limit of relative frequencies,” “degree of as-
sent,” or Frank’s own youthful dissection of the causality notion
that had so impressed Einstein. Here, too, we find vestiges of the
old Vienna Circle’s fascination with Freudian psychology (the
list includes id and ego) and the frequently discussed gestalt
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concept that arose in discussions among Carnap, Neurath,
Wittgenstein, and Schlick; we also see elements of economic
theory (utility, market, profit, labor, capital, efficiency) that
engaged many among the left wing of ‘the Circle. Religious
concerns, anathema to Carnap, could no doubt be laid (in part)
at Charles Morris’s door, as his “Paths of Life” drew him ever
more into contemplation of the great world religious leaders and
their thought.”!

Then, too, we are not surprised to find on a list drawn up by
Frank, the positivistic biographer of Einstein, the terms “mass,”
“matter,” “energy,” “space,” or “time,” under “constructs (of
physics).” These Einstein-revised notions were read by the Vienna
Circle as prototypical positivistic moves. Space was defined through
the laying out of rigid measuring rods, and time by the readings
of identically calibrated clocks; notions of mass and energy were
correspondingly revised. As we now know, Einstein demurred
when presented with Frank’s positivistic rendition of his work;
as far as I can tell these protestations were to no avail.??

But there is more on Frank’s list than its vaulting ambition,
more even than the sum of prewar interests. In particular, sev-
eral of the categories are not ones we would have found even
among Neurath’s wildest hopes. “Communications engineering
and theory” had no role in the world of Schlick, Carnap, Neurath,
or Frank years before. This category breaks down as shown in
Table 2.

&

Table 2. Communications Engineering and Theory

Message
Information
Signal
Channel
Circuit
Network
Recognition
Noise

PN AL

Source: Frank, “Communications Engineering and Theory” (1952, RG 1.1, 100 Unity
of Science, 1952-56, Box 35, folder 285, Rockefeller Foundation Archives).
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While pieces of this list were discussed together in various
sectors of the radio-technical or telephonic industries before the
war, their pride of place in the basic concepts of the world is
altogether new. And for just cause—these are some of the start-
ing points of the new sciences loosely grouped under cybernetics,
informatics, and the burgeoning wartime radar laboratories. By
the time Frank composed this list in September of 1952, cyber-
netics had already become one of the central issues preoccupying
the meetings of the Institute for the Unity of Science. On January
19, 1951, Wiener and Rosenblith launched the Institute’s “Cy-
bernetics and Communications” study group with two meetings
devoted to a “systematic examination of fundamental concepts,”
beginning with feedback, noise, entropy, and information.?® Just
to give a few examples of the scope of the study group’s con-
cerns, consider the sessions organized around the linguist Morris
Halle on the “Entropy of Language,” building on the formal ties
Claude Shannon and Wiener had established between entropy in
statistical mechanics as k log Q and information defined as
negative entropy. (Wiener himself had published directly on the
links between cybernetics and these other fields in his “Speech,
Language, and Learning.”?*) Two further meetings of the Insti-
tute also fit squarely into the Wienerean framework: R. D. Luce
spoke on “Communication and Learning in Small Task-Ori-
ented Groups,” and M. Rogers addressed “Some Applications of
Information Theory to Psychology.” Indeed, the cybernetic track
remained one of the most active topics at the Institute for several
years. Many of these gatherings took place in the department of
electrical engineering at MIT.? Why, the reader may wonder,
would anyone be discussing small-group learning, language, and
psychology in MIT’s E.E. department? In a sense, the answer to
that question lies at the bottom of a fundamental change in the
meaning of “unity” in the Institute’s conception of “Unity of
Science.” But to get there we need to step back, both philosophi-
cally and historically.

The central point here is that the Central European prewar
notions of unity differ strikingly from the ideas of unity that



The Americanization of Unity 55

emerged from American collaborative war work. Before the war
the slogan “unity of science” carried various meanings, as we
know from the careful work of Nancy Cartwright, Jordi Cat,
Richard Creath, Michael Friedman, Lola Fleck, Thomas Uebel,
and others.?® Carnap, for example, had at least two senses of the
notion of unity. In his early work there is a kind of
autopsychological foundationalism, the search for an Aufbau
built upon the “bedrock” certainty of one’s sense impressions
here and now, and encompassing pyramidically the whole of
human knowledge, including psychology. In a sometimes uneasy
tension with this notion of a whole structure for science lies
another in which the “basis” is not the autopsychological but
rather the heteropsychological, the commonly shared experi-
ence. Upon this, too, Carnap could erect the whole edifice of the
sciences. Finally, as Friedman has so interestingly shown, Carnap
seems—at least by the time he wrote Logical Syntax of Lan-
guage (1934) and perhaps the Aufbau itself—to have a full-
blown conventionalism that allows him to make it a matter of
indifference how the Aufbau is grounded: the whole point is to
secure objectivity by way of the relations between its elements,
and to avoid any reliance upon private experience.?’

Neurath’s notion of unity is not the same as any of these. It is
not a “building up” (Aufbau) on rock-bottom autopsychological
foundations, it is not an Aufbau on heteropsychological founda-
tions, and it is not a conventional or “structural” Aufbau either.
As Cartwright, Cat, Fleck, and Uebel note, Neurath’s most
distinct notion of unity aimed not at the expression of all science
in the language of physics, but at the creation of a heterogeneous
jargon capturing pieces of social science, ordinary language, and
physics.?® Metaphorically, he did not want a pyramid of knowl-
edge but a coordinated encyclopedia. The hierarchy of a Comtian
picture of science would be replaced by the orchestration of
different instruments, each distinct but brought together to ac-
complish something bigger than any could do individually.?
Famously, Neurath invoked the image of a forest fire to illus-
trate how necessary it was to organize the various sciences into
an effective unit. Surely, Neurath insisted, one would need to
know about climatological and chemical laws to understand the
pattern of a mass conflagration. But without the coordination of
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these physical laws with sociological ones, there could be no
prediction. Presumably, the “orchestrated” effort would survey
human behavior to find out the circumstances in which humans
tended to cause fires. Only then, chemical and climatological
knowledge in hand, would the coordinated science be able to
predict how the fire spread.®

The sciences of World War II were worried about massive
fires, all right, but they were in the business of causing them—
not reckoning their probability of accidental occurrence. More
importantly, American scientific war work was characteristi-
cally not merely aggregative (chemical knowledge + climatologi-
cal information + sociological aspects of behavior = knowledge
of fire propagation) but instead involved the formulation of
entirely new combinations of disciplines. Take Norbert Wiener,
who participated in many of the Institute’s meetings and whose
work (as we have seen) launched the Institute’s central and
sustained inquiry into the new science of cybernetics. Long be-
fore World War II, Wiener had been a precocious and nearly
omnicompetent scholar who moved easily between his home
field of mathematics and the adjacent ones of Birkhoff’s ergodic
theorem, Kolmogorov’s axiomatization of probability theory,
and a variety of philosophical inquiries. The German air assault
on Britain changed that. More than a year before Pearl Harbor,
Wiener threw himself completely into the problem of antiair-
craft fire—control; suddenly he was neck-deep in engineering and
vacuum tube work. Looking for a collaborator in March of
1941, he saw no need for a pure mathematician—he required
someone already immersed in computing, communication engi-
neering, and vacuum tube work. Anyone without a feel for
engineering, without at least competence in putting together
radio sets, ought not apply: “There is nothing in abstract algebra
or topology . .. which would prepare one in any way to cooper-
ate in engineering design.”3! And this (according to Wiener) was -
not only true for his project; it was equally so for just about
every piece of crucial war work, from ballistics to cryptography.
Already—almost a year before America’s war had begun—Wiener
insisted that science had to remake itself, realigning old subjects
and creating new ones.
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Swerving erratically through the sky as they skirted flak, Nazi
bombers were hard to hit; a shot from the ground took ten or
fifteen seconds to reach altitude, and by then the bomber was
headed somewhere else. Responding to this difficulty, Wiener
launched what became a new science, one devoted to the electro-
mechanical replication of the human capacity to predict: “Since
our understanding of the mechanical elements of gun pointing
appeared to us to be far ahead of our psychological understand-
ing, we chose to try to find a mechanical analogue of the gun
pointer and the airplane pilot.”32 With electronics, Wiener radi-
cally reorganized the way gun laying was done by putting to-
gether a “predictor,” a device that would take the measure of the
pilot’s last moves, calculate the statistical likelihood of his future
actions, and launch a shell to destroy him where he would be. In
a sense that rapidly became altogether explicit for Wiener, the
antiaircraft predictor precisely duplicated the intention of the
pilot in the flow of electrons. Psychology was not being superadded
to electromechanism; psychological notions were supplanted by
the circuitry. Immediately, Wiener began considering what this
picture of psychology would mean.

Edwin Boring, the Harvard psychologist (and an early mem-
ber of the Inter-Scientific Discussion Group) took note. On
November 13, 1944, he wrote to Wiener that he planned a
“pretty complete list of psychological functions” that he hoped
Wiener could duplicate by means of electrical systems. “Sym-
bolic process” would, in electrical input/output terms, come
down to “a delayed, adequately differential reaction”; “intro-
spection” on the electronic breadboard ultimately became a re-
action to a reaction. Boring laid down the challenge: could
Wiener translate each of these stimulus-response pairs into his
own “black-box” of electrical relations? “Generalization”? “Ab-
straction”? Each term that Boring put into behaviorist form
would, he hoped, then find its expression in circuitry. “I do not
know that you can [do it], but I should be betting on you.”*

With lightning speed Wiener generalized his predictor’s sup-
planting of intention. Even before the war was over, he had
begun to make fundamental and broad use of terms previously
confined to specialized aspects of telephonic engineering: signal,
noise, feedback, and control flew far ahead of antiaircraft fire.
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The physiological model was rife with feedback systems—a cir-
cumstance brought home to him by his medical collaborators.
There was, for example, the clinically well-known purpose tremor
in which a voluntary act such as reaching for a pencil launches
an uncontrollable oscillation of overshoot and undershoot. As
reformulated by Wiener, the purpose tremor became a particu-
larly salient instance of the more general functioning of the
brain—in this case a disordering of the normal feedback cycle
between brain, muscle, effector organ, outside world, receptor
organ and back to the brain.** This work linked him crucially to
a variety of medical personnel, including Walter Cannon at the
Harvard Medical School, an active member of the Institute for
the Unity of Science. At the same time, Wiener became increas-
ingly interested in the role such feedback circuitry might play in
electronic computing. With John von Neumann, Wiener orga-
nized early and important meetings that helped usher in plans
for computers being formulated toward the end of the war.

These discussions were pivotal for von Neumann. In 1945 and
1946, von Neumann did his fundamental work on the digital
computer, abstracting from the particular form of electronic
realization of the system and putting together a brainlike com-
posite of “organs,” leading to the stored-program computer.
Wiener, von Neumann, and their associates moved back and
forth between the language of logic, the language of electronics,
the language of neurophysiology, and the abstracted language of
computer functions. Much of this—including von Neumann and
Goldstine’s first lecture on flow diagrams—came together in
January of 1947 at the Harvard Symposium on Large-Scale
Digital Calculating Machinery. H. H. Aiken, builder of the
electromechanical Mark 1 and one of the leading experts on the
computer, brought the results a few days later to the Inter-
Scientific Discussion Group.*® Here were the new “borderland”
sciences in action.

This working out of a conjoint picture of behaviorist psychol-
ogy and the feedback-predictive circuitry explored by Wiener,
neurological studies, and electronic computation became an en-
during concern for the Unity of Science group. The same day
that Boring penned his fourteen-concept challenge to Wiener,
Boring reported in another letter that he and Wiener had both
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just been present at the Inter-Scientific Discussion Group.*® Wiener
himself was an active member of the group, speaking at one of
the very first gatherings in December of 1944 on Birkhoff’s
ergodic theorem and again on February 14, 1945, on “The Brain
and Computing Machine”: it was not accidental that the Insti-
tute had elevated cybernetics into one of its central topics.>” The
discipline of “cybernetics” (named after the war by Wiener) set
out and emphasized certain concepts such as feedback and con-
trol, gave it a more developed formal presentation, and linked
the whole to information theory and computational strategies.
With enormous, perhaps overwrought enthusiasm, physiologists,
sociologists, anthropologists, computer designers, and philoso-
phers leapt on the cyberwagon. Even the anthropologists Marga-
ret Mead and Gregory Bateson rewrote the framework of their
work in light of the new concepts.? Recalling Frank and Deutsch’s
1952 list of basic concepts in communication theory (message,
information, signal, channel, circuit, network, recognition, and
noise), we now perceive in it the elements of shared starting
concepts. We see precisely the kind of piecewise unification and
cross-connections proclaimed by the Institute for Unified Science.
At the close of the war, Frank had only to look around the
corridors of Cruft Laboratory in his own physics department to
find his colleagues, fresh from the war effort, brimming with
enthusiasm about the new interdisciplines to be explored. Frank
himself had spent part of the war preparing Navy officers in
physics for their work with radar—along with E. C. Kemble, L.
Bernard Cohen, Gerald Holton, Roy Glauber, and Frederic de
Hofmann. In the latter part of the war, Frank moved to Colum-
bia University where he did classified applied mathematics work.
Among Frank’s other physics department colleagues, each had
his own stories, his own witnessing of disciplinary recombina-
tion. Indeed, their interdisciplinary duties were typically several.
The acoustician F. V. Hunt ran the multimillion-dollar Harvard
Underwater Sound Laboratory, drawing together electronics,
oceanography, physics, ship operation, and much else.** Wendell
Furry had codirected a research project on the thermal diffusion
of gases subject to molecular force laws, work executed on the
differential analyzer at MIT and eventually put to application on
the Manhattan project.** E. C. Kemble had been on the Alsos
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mission to determine how far the Nazis were in their quest for
the bomb; his conclusion was that the ability of American scien-
tists to retrain themselves into engineers had been the key to a
narrow victory over the Germans. It was the Allies’ great for-
tune, Kemble concluded, that the Nazis had remained rigidly
hierarchical and protective of their division of the pure and
applied disciplines.” (Both Kemble and Alsos leader Samuel
Goudsmit attended the early Inter-Scientific meetings.) Kenneth
Bainbridge was returning from the Manhattan Project, out of
which the new field of “nucleonics” was to combine nuclear
physics, engineering applications, and a myriad of electronic,
chemical, metallurgical, mathematical, calculational, and even
medical techniques. Now many of these physicists joined forces
with colleagues from such fields as metallurgy, chemistry, and
engineering to run Harvard’s interdisciplinary Committee on
Nuclear Sciences.

In the Manhattan Project itself, physicists had learned how to
think about matter very differently. There was no way to avoid
seeking simultaneously to understand the metallurgy, shock wave
behavior, and nuclear physics of imploding plutonium. It is
against this background that we must read Frank’s 1946 plea
cited at the beginning of this paper: “Today general chemistry is
just part of nuclear physics. The physicist has an easy road into
the very heart of chemistry.” In 1928 the specialty “nuclear
physics” did not exist as such; the utterance would have been
meaningless.

Physicists Edward Purcell, Wendell Furry, Curry Street, and
Julian Schwinger spent their war years based further down
Massachusetts Avenue at the MIT Radiation Laboratory, where
quantum mechanicians had made common cause with radio
engineers and industrialists to produce the new field of micro-
wave physics. Once physicists had held themselves aloof from
the grubby details of engineering; now a new generation of
American physicists learned from radio engineers how to think
about black boxes, input/output analysis, effective circuits, bread-
boards, signal-to-noise ratios, and mass production. Fueled first
by the war, from Stanford to MIT microwave physics burgeoned
where before the war no such field had existed. Whether one
looked up to radioastronomy or down to particle accelerators,
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whether one turned to the practical features of solid-state phys-
ics or to the moments probed by nuclear magnetic resonance, the
new techniques of war-inspired short-wavelength physics were
reformulating how people went about their scientific business
and with whom they spoke. So when Purcell came to his first
Inter-Scientific Discussion Group in March of 1946, interscientific
coordination would have been more than a programmatic ges-
ture; it had been his main work for the bulk of a still-young
scientific career.*?

And the list goes on: Harvard physicist John Van Vleck (also
a member of the Institute for the Unity of Science) spent the
years of conflict working on radar countermeasures to foil Ger-
man air defense in Harvard’s Radio Research Laboratory, far
from his usual specialty and in concert with engineers. L. I. Rabi,
a leader of the overall radar effort, also became a member of the
Unity of Science movement. The high-pressure experimentalist
Percy Bridgman, inventor of operationalism and one of the stron-
gest American prewar boosters of the Unity of Science move-
ment (having also served on the Inter-Scientific Discussion Group
steering committee), spent his war years at the ORDC Ordnance
section, where he worked with the Watertown Arsenal on the
pressure effects of projectiles on steel, on polymers of new plas-
tics for possible use inside internal combustion engines, and on
the physics and chemistry of explosions and incendiary explo-
sives.> Nor was war-driven interdisciplinary coordination re-
stricted to physicists, chemists, and biologists. For his part,
philosopher W. V. Quine, another powerful supporter of the
prewar Unity of Science movement, joined other philosophers,
engineers, and mathematicians to decipher intercepted messages
and pinpoint the location of the German submarine wolfpacks.**
And astronomer Harlow Shapley, who ran a substantial re-
search effort on complex new lenses for aerial photography,
went on to become a member of the board of trustees for the
Institute for the Unity of Science. Indeed, one only has to look at
the roster of the Inter-Scientific Discussion Group to find Cam-
bridge addresses that had not existed before, addresses that
joined fields as well as people: the Electro-Acoustic Laboratory,
the Systems Research Laboratory, the MIT Radiation Labora-
tory, the Psycho-Acoustic laboratory, the Underwater Sound
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Laboratory, the Fatigue Laboratory. Looking back at the list of
participants in the Inter-Scientific Discussion Group and the
Institute for the Unity of Science in this context, suddenly it
reads differently.

Take Stanley S. Stevens, the Harvard psychologist, active in
the Inter-Scientific Discussion Group and then on the board of
trustees of the Institute for Unified Science and on its program
committee.® Stevens had worked in and with a variety of inter-
disciplinary wartime laboratories; it is worth pausing to review
what they were and how they worked. Back in late 1940, when
the War Department was first gathering project titles for imme-
diate research, it turned certain problems over to the National
Defense Research Committee. One issue raised by officers at
Wright Field was the effect of noise and vibration on aviators.
Information had come back that the noise and vibrations of
airplanes so exhausted the pilots on their deep-penetration bombing
missions over Germany that they crashed on landing back in
East Anglia. Leo Beranek, an acoustician, got the job of develop-
ing measures to address the airplane noise problem, first by
deciding how quiet airplanes needed to be and then by develop-
ing or finding lightweight materials to do the job. It is perhaps
illustrative of the times that when Beranek proposed a budget of
$3,000 per year, the request was denied—as Beranek recalled in
April of 1945, the military indicated that if “we would multiply
the figure by ten, [they] would talk business.”*¢ Forty thousand
dollars were set aside for the first seven months. In addition to
Stevens (from psychology) and Beranek, F. V. Hunt represented
the Harvard physics department and the acoustician P. M. Morse
came from MIT. It was a complex problem, involving the analy-
sis of the principles of sound absorption and then its develop-
ment into a workable product—fiberglass AA, produced by Owens-
Corning Fiberglass company. Next the group began a systematic
analysis of how to predict noise levels from the blueprints of
planes, so that engineers could intervene early enough to mini-
mize the problem. By April of 1941, the sound team had also
begun to explore communication in airplanes, a task at once
electrical (analysis of amplifiers and microphones), acoustical
(insulation of headsets) and psychological (determination of which
sounds were intelligible, development of codified patterns of
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speech). Two laboratories, both interdisciplinary, collaborated
extensively in this effort: the Electro-Acoustical Laboratory (di-
rected by Beranek) and the Psycho-Acoustic Laboratory (headed
by Stanley Stevens).*” These labs did not always find the coordi-
nation of different fields easy; as one wartime report put it, “The
bringing together of men of different experience, different train-
ing and different interests presented a sizable problem of integra-
tion.”*® That “integration” was hard won over the next year and
a half. But by 1944, interscientific collaboration had become
part of everyday life for Stevens and his associates.

Problems addressed by the psycho- and electro-acoustic labs
included designing earphones, headphones, and microphones in
oxygen masks that would allow radio communication while not
impeding visibility or oxygen flow; positioning a microphone for
best communication in a noisy environment (not, it turned out,
near the throat as the Army Air Forces were doing—even the
hand-held microphone worked better). While the majority of the
electro-acousticians scrambled to ensure quiet in the cockpit and
on the bridge, Gerald Holton, secretary of the Inter-Scientific
Discussion Group, spent his war days teaching radar while mix-
ing acoustics, chemistry, and physiology in designing gas masks
that wouldn’t silence a sergeant’s barked orders.*” Physiology as
well as psychology entered the picture when the electro-acoustic
and psycho-acoustic labs began to address the problem of com-
munication at high altitude; as the bombing levels rose in 1942,
it became apparent that inter-crew communication was failing
above 25,000 feet. Electronics experts, radio wizards, and doc-
tors joined together to solve the problem. Volunteer conscien-
tious objectors were (virtually) lofted in depressurization cham-
bers to examine the effects of rarified atmosphere on the human
voice. The results of these experiments showed that the problem
lay in neither the equipment nor the faculty of hearing; instead,
it was learned that the human voice drops to a mere 1/60th of its
sea-level intensity when the speaker reaches 35,000 feet. Com-
bined with new instruments and a new, codified set of manda-
tory speech protocols, interphone talk soon became considerably
clearer. By the time Stevens began attending the Inter-Scientific
Discussion Group on December 18, 1945, he would have recog-
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nized interdisciplinary (systems) coordination as both essential
and effective.

Building on L. J. Henderson’s and Elton Mayo’s prewar fa-
tigue laboratory, the war years saw an extension of studies to a
wider domain of scientific fields and a broader spectrum of
military applications. In 1943, an interdisciplinary team con-
structed a “fatigue chamber” at the Harvard Business School
and began to make operational the myriad of physio-psychologi-
cal effects associated with noise, all the while working to alter
airplane and communication-gear design. How, precisely and
repeatably, did the noise in a cockpit or on the bridge of a
battleship impede response time, the execution of multiple tasks,
or attentiveness to spoken orders? Addressing questions of this
last sort fell to another laboratory, the Systems Research Labo-
ratory, tasked with simulating a ship’s combat information cen-
ter in the heat of battle. Again, the task was irreducibly interdis-
ciplinary as time and motion experts had to learn to work with
radio engineers, physicists, psychologists, and radar-display per-
sonnel. Out of the chaos of a ship under attack, the team created
a new order: they moved instruments, altered display panels,
choreographed physical movements, and rewrote patterns of
speech. This was a “systems” laboratory, where “systems” meant
for participants a focus not on isolated pieces of equipment but
on people operating equipment “as an integral part of an orga-
nization.” These researchers were not aiming to discover how a
particular radar component handled frequency, pulse width, rep-
etition rate, and lobe pattern; they were after answers to other
questions: When operated by typical personnel, how many tar-
get fixes can the radar handle per minute? What is the normal
degree of error in these fixes? How much time lag is there
between the appearance of the pip on the scope and the dissemi-
nation of range and bearing by the operator? What are the
details—such as the location and size of controls, and the types of
cursors—that delay getting each fix?°

Conjoint questions like these forced a specific form of unity
among the various disciplines, a unity predicated on assembling
diverse methods, professions, and patterns of work into the
production of pragmatic solutions to immediate problems. Again
and again, these interscientific laboratories rendered “opera-
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tional” their solutions to applied wartime problems, at every
step comingling psychological categories, physical principles,
and engineering practicalities.

Put before your mind’s eye two very different pictures. First,
evoke the Vienna Circle in full bloom. Its adherents saw them-
selves as opposing the forces of irrationality and joining hands
with the modern in architecture, city planning, and, at times,
Austro-Marxist politics.’! Never politically powerful or even
institutionally secure, as time went on their voices were increas-
ingly drowned out by the array of nationalistic forces pitted
against them. The drive to a “Unity of Science Movement” was, for
Neurath, Carnap, and their allies, part and parcel of a struggle
to bring together a rationality and objectivity that would halt
racial and nationalistic assaults from dominating the world.
Their opponents were Austrian clericalism, entrenched tradi-
tional philosophy, and, later, Nazism. Just the title of a typical
philosophy paper in the mid-1930s shows just how much meta-
physics the “old” philosophy could cram into a single article:
“Godliness and the Character of the ‘Volk.”” Whether through
an Aufbau of Carnap’s sort or through a physicalist thing lan-
guage, the Vienna Circle’s goal was to squeeze out of the world
of the meaningful all that counted as metaphysics. And meta-
physics was for them not some limited concept, but the alive,
well, and dangerous movements for Godliness, Volk, mysticism,
and Deutschtum. Even the philosophy of Heidegger, they be-
lieved, was infected by metaphysics.*?

On the side of rationality was, above all, the new science and
logic. And among the sciences, none served better and more
epigrammatically than Einstein’s 1905 paper on the electrody-
namics of moving bodies. Indeed, if I had to choose one moment
in the history of science that the Vienna Circle would have
emblazoned on their banner, it would no doubt have been that
most famous of all lines penned by that twenty-six-year-old
patent clerk: “The introduction of a ‘light-aether’ will prove to
be superfluous. . ..” That unapologetic stripping down, not un-
like the Bauhaus architects’ removal of ornamentation in their
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Dessau headquarters, was for the Vienna Circle a move towards
victory over everything they detested in philosophy, in politics,
and in culture. Modern physics could ground itself in the speci-
fiable, measurable world of function—and so, the left wing of
the Vienna Circle believed, could the rest of the social and
human sciences. Theirs was, as they often insisted, more than a
philosophical movement; it was the search for a new
Lebensgestaltung.

The unity in the prewar “unity of science” movement had to
be papered over to a certain extent. Carnap’s conception of his
unifying scheme changed over time. Protocol statements, often
deployed as essential in securing unity, were understood differ-
ently by Carnap and Neurath, with Neurath always insisting
that he only meant that these statements were the last to be given
up. Even when unity was to be a purely linguistic exercise—
unity as expressibility in terms of objects describable in space
and time—there were differences of understanding. Sometimes
this language appears as the language of physics, sometimes
(especially in Neurath) it refers to a mixed jargon, drawing,
without possibility of reduction, from many different sciences
(including the social sciences). But variously as the programs for
scientific unity were construed, there was a shared sense that the
project of Erkenntniswissenschaft would find a new and better
formulation. Philosophy would aid the other disciplines in cut-
ting the unnecessary or destructive and identifying the modern
strategy of epistemic austerity.

Now move your mental image ahead to 1947, from Vienna
and Berlin to Cambridge, Massachusetts. The scientific banner
flying overhead is not that of relativity and quantum mechan-
ics—though these might occasionally be invoked by Frank. In-
stead, the banner announces the riveting new, war-boosted
interdisciplines: cybernetics, computation, neutronics, operations
research, psycho-acoustics, game theory, biophysics, electro-acous-
tics. The old enemies of interwar Vienna are gone or vanquished:
Austrian clericalism and the hollow vestiges of the Habsburg
empire do not figure very large in Cambridge, and fascism has
been slain, in no small measure (in their scientists’ eyes, at least)
because of scientists’ intervention. Now these same tools that
had won the war promised the world. Cybernetics, with its
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nonlinear feedback, was celebrated as offering a way to rewrite
the social sciences as well as the sciences; the computer’s logic
was thought to be universal and capable of doing everything
from weather forecasting to nuclear-weapons design, from the
resolution of longstanding problems in number theory to model-
ing the human mind.

The unification these scientists had in mind was a unification
through localized sets of common concepts, not through a global
metaphysical reductionism. Were the mathematical and techni-
cal features of feedback, control, black boxes, flow diagrams, or
extensive forms of a game “reducible” to nuclear physics? Hardly.
Even posing that question about the kinds of problems facing the
Institute seems hopelessly inappropriate. With the kind of power
these scientists felt they had at war’s end, fretting about onto-
logical reductionism must have seemed almost beside the point.
As the chemist E. Bright Wilson wrote to Holton, the Institute
secretary, in 1950: “The phase of the Institute’s work in which
[ am particularly interested is that which deals with scientific
method in its most practical and least philosophical senses.”*?
The Americanization of unity just after World War II was not
sited around an isotypic picture language, a physical language,
an Aufbau, or an orchestration. It was planted around the new
sciences of Los Alamos, the MIT Radiation Laboratory, the
stored-program computer of the Institute for Advanced Study in
Princeton; this was to be a science unified in pieces, grounded in
common widely applicable concepts, and promising a power
beyond dreams.

One last contrast: When the Vienna Circle faced off against
theology in their manifesto, they saw mystic obscurantism as a
rising threat; however misunderstood or powerless they were,
the Vienna Circle aimed to cast millenia of such speculation to
the winds. When the organizers of the Institute for the Unity of
Science sent out its first flyers, they made “Science and Faith”
and “Science and Values” early and longstanding objects of study.

In one of the first meetings of the Institute for the Unity of
Science, a prominent participant probably spoke for many in
observing that the public now saw scientists as authorities com-
parable to the high priests of ancient cults. But the truly stagger-
ing feature is not the prominent positive role accorded truth and
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values; it is that in these first months of the pax Americana, this
group of scientists, humanists, and philosophers could take on
God and Morality as problems—and fully expect to solve them.
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Lorraine Daston

Fear and Loathing of the
Imagination in Science

ECENTLY A READER RESPONDED with dismay to a New

Yorker article by historian Daniel J. Kevles about the

charge of scientific fraud brought by Margot O’Toole
against Thereza Imanishi-Kari. What distressed this reader was
not so much the issue of fraud itself as Kevles’s argument that
the exercise of judgment and imagination in science was essen-
tial and should not be conflated with fraud:

... I am troubled by Kevles’s acceptance of a need for scientists
to be imaginative in analyzing research results. What might the
public’s realization that this practice exists do to its confidence in
the hard sciences? Will we next be expected to believe that ac-
countants require imagination in their work?!

Such expressions of uneasiness about the role of the imagination
in science are not new. When the physicist John Tyndall deliv-
ered a “Discourse on the Scientific Use of the Imagination” to
the British Association for the Advancement of Science in 1870,
he too drew shocked reactions from the press. The London
Times was severe:

The glory of a Natural Philosopher appears to depend less on the
power of his imagination to explore minute recesses or immeasur-
able space than on the skill and patience with which, by observa-
tion and experiment, he assures us of the certainty of these invis-
ible operations. . . . [Tyndall] confesses that Mr. Darwin “has drawn
heavily upon time and adventurously upon matter.” We ask our-
selves whether we are listening to one experimental philosopher
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describing the achievement of another experimental philosopher.
We had been under the impression that Natural Philosophers
drew no bills.?

The echo of fiscal analogies reverberates over the space of more
than a century: scientists should be as methodical (and as plod-
ding) as accountants (“Natural Philosophers draw no bills”). To
permit the imagination to infiltrate science is to tamper with the
books, to betray a public trust.

My aim here is not to show that first-rate science requires
imagination; others have already pleaded this point with vigor
and eloquence.? Rather, I would like to explore how and why
large portions of the educated public—and many working scien-
tists—came to think otherwise, systematically opposing imagi-
nation to science. I shall argue that the critical period was the
mid-nineteenth century, when new ideals and practices of scien-
tific objectivity transformed the persona of the scientist and the
sources of scientific authority. More specifically, I shall focus on
the apparent paradox, also first framed in the early decades of
the nineteenth century, that the more scientists insisted upon the
obduracy and intransigence of facts, the more they feared the
power of their own imaginations to subvert those facts. Why
would scientists convinced of the power of ugly facts to murder
beautiful theories, as Thomas Henry Huxley famously put it,
nonetheless take heroic precautions to protect those burly facts
from gossamer-spun imagination?

The key to this paradox lies buried within the histories of the
scientific fact, on the one hand, and of the faculty of the imagi-
nation, on the other. In order to dramatize the novelty of the
mid-nineteenth-century developments, I shall begin with a brief
account of how eighteenth-century natural philosophers and natural
historians understood the relationship between scientific facts
and the scientific imagination. The pivot of my story is the
polarization of the personae of artist and scientist, and the
migration of imagination to the artistic pole. At roughly the
same time that artists working in a romanticist vein emphasized
creativity over mimesis, scientists troubled by the overthrow of
one time-honored theory after another in quick succession sought
more durable achievements. This early nineteenth-century con-
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frontation of individualistic, brashly subjective art with collec-
tive, staunchly objective science was not simply the collision of
some timeless faith in the imagination with an equally timeless
faith in facts. Rather, it signaled a mutation in the meanings
both of imagination and of facts that still shapes the moral
economy of science.

FRAGILE FACTS, NECESSARY IMAGINATION

Experience we have always had with us, but facts as a way of
parsing experience in natural history and natural philosophy are
of seventeenth-century coinage. Aristotelian experience had been
woven of smooth-textured universals about “what happens al-
ways or most of the time”; early modern facts were historical
particulars about an observation or an experiment performed at
a specific time and place by named persons.* What made the
new-style facts granular was not only their specificity but also
their alleged detachment from inference and conjecture. Ideally,
at. least, “matters of fact” were nuggets of pure experience,
strictly segregated from any interpretation or hypothesis that
might enlist them as evidence. Some seventeenth-century phi-
losophers were as skeptical as their twentieth-century successors
about the bare existence of what we now (redundantly) call
theory-free facts. René Descartes, for example, trusted only those
experiments performed under his own supervision, because those
reported by others distorted the results to “conform to their
principles.” Even the most vigorous promoters of “matters of
fact” acknowledged that these nuggets of pure experience were
hard won: Francis Bacon thought only the strict discipline of
method could counteract the inborn tendency of the human
understanding to infuse observation with theory.® The 1699
Histoire of the Paris Académie Royale des Sciences confessed
that the “detached pieces” of experience the academicians of-
fered in lieu of coherent theories or systems had been wrenched
apart by a “kind of violence.”” Chiseling out “matters of fact”
from the matrix of interpretation and conjecture was hard work.

But it was the hard work of smelting and purifying, not that
of building and constructing. One of the most striking features
of the new-style scientific facts of the seventeenth century is how
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swiftly and radically they broke with the etymology that con-
nected them to words like “factory” and other sites of making
and doing. In Latin and the major European vernaculars the
word “fact” and its cognates derives from the verb “to do” or
“to make,” and originally referred to a deed or action, especially
one remarkable for either valor or malevolence: facere/factum,
faire/fait, fareffatto, tun/Tatsache.® English still bears traces of
this earlier usage in words like “feat” and, especially, in legal
phrases like “after the fact.” When the word “fact” acquired
something like its familiar sense in the early seventeenth century
as “a particular truth known by actual observation or authentic
testimony, as opposed to what is merely inferred, or to a conjec-
ture or fiction,” to quote from its entry in the Oxford English
Dictionary, it snapped the philological bonds that had tied it to
words like “factitious” and “manufacture.” Conversely, by the
mid-eighteenth century, once-neutral words like “fabricate” (origi-
nally, to form or construct anything requiring skill) or “fabulist”
(teller of legends or fables) had acquired an evil odor of forgery
and deception in addition to their root senses of construction.
For most Enlightenment thinkers, facts par excellence were those
given by nature, not made by human art. “Facts” and “artifacts”
had become antonyms, in defiance of their common etymology.

In keeping with the opposition of natural facts to human
artifacts, the errors that most terrified Enlightenment savants in
theory and practice were the errors of construction, of a world
not reflected in sensation but made up by the imagination. Sen-
sory infirmities worried Enlightenment epistemologists of sci-
ence relatively little, prejudices and misconceptions instilled by
bad education rather more so, the distortions wrought by strong
passions still more, and the unruly creations of the imagination
most of all. These latter seemed so pervasive as to make the
simplest factual narrative a triumph of vigilance, discipline, and
civilization in the minds of some Enlightenment writers. Bernard
de Fontenelle, Perpetual Secretary of the Académie Royale des
Sciences in Paris, thought the inclination to embellish the facts of
the matter in any retelling so irresistable that “one needs a
particular kind of effort and attention in order to say only the
exact truth.” It took centuries before society advanced to the
point of being able to “preserve in memory the facts just as they
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happened,” before which time “the facts kept in [collective]
memory were no more than visions and reveries.””

The chronic inability to hold fast to fact, to keep the inventive
imagination in check, was a midpoint along a continuum to
madness. Scientists were as much at risk as poets from the
diseases of the imagination. In Samuel Johnson’s allegorical
novel The History of Rasselas Prince of Abissinia, the philoso-
pher Imlac meets a learned astronomer “who has spent forty
years in unwearied attention to the motions and appearances of
the celestial bodies, and has drawn out his soul in endless calcu-
lations.” Upon further acquaintance the astronomer proves as
virtuous as he is learned, “sublime without haughtiness, courte-
ous without formality, and communicative without ostentation.”
Surely the astronomer is the long-sought-after happy man, con-
tent in his science and virtue? Alas, no; the astronomer is stark
raving mad. He discloses to Imlac his delusion that he alone can
control the world’s weather and that he therefore bears the
crushing responsibility for the welfare of the world’s population
on his shoulders. Imlac reflects that no one is immune from the
depredations of the imagination: “There is no man whose imagi-
nation does not sometimes predominate over his reason, . .. All
power of fancy over reason is a degree of insanity;. .. By de-
grees the reign of fancy is confirmed; she grows first imperious,
and in time despotic. Then fictions begin to operate as realities,
false opinions fasten upon the mind, and life passes in dreams of
rapture or anguish.”’

It was not only novelists and philosophers who worried about
“fictions [that] begin to operate as realities,” about the fragility
of facts in the face of overweening imagination. Practicing natu-
ralists also fretted openly. In his monumental Mémoires pour
servir a ’histoire des insectes (1734-42) the French naturalist
and experimental physicist René Antoine Réaumur warned that
“although facts were assuredly the solid and true foundations of
all parts of physics,” including natural history, not all reported
facts in science could be trusted. It was not simply a matter of
weeding out hearsay or dubious sources; even sincere, well-
trained naturalists could adulterate observations with imaginings.
Citing the example of Godaert’s observation that some insects
could spawn insects of a different species, Réaumur preached
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caution: “Too often the observer has the disposition to see
objects quite otherwise than they [actually] are. The extravagant
love of the marvelous, a too strong attachment to a system
fascinates his eyes.”!! An errant imagination was also Georges
Cuvier’s diagnosis of how Jean-Baptiste Lamarck had gone astray
in natural history: for all of his scientific gifts, Lamarck was one
of those minds that “cannot prevent themselves from mixing
[true discoveries, découverts véritables] with fantastic
conceptions. . . .[TThey laboriously construct vast edifices on
imaginary bases, similar to the enchanted palaces in our old
romances which disappear when the talisman upon which their
existence depends is broken.”!?

Cuvier’s opposition of “true discoveries” to “romances,” of
fact to fiction, was at least as old as Bacon and was echoed
countless times before, during, and after the Enlightenment.
Equally banal and enduring was the parallel opposition of the
faculties of reason and imagination. What was striking about
eighteenth-century views of the imagination in light of later
developments is their firm insistence that the imagination, de-
spite its perils, was as essential to philosophy and science—the
pursuits of reason—as to the arts. Moreover, both art and sci-
ence drew on the same kind of healthy imagination—and both
were at risk from the same pathologies of the imagination. Both
science and art were, in the view of most of their eighteenth-
century practitioners, dedicated to revealing the truths of nature;
imagination enlisted to this aim was a sound, sane one, that is to
say, an imagination subject to rules. Even the most inventive
genius should, Enlightenment critics insisted, bow to the author-
ity of nature and its rules. John Dryden, for example, wondered
whether Shakespeare might not have gone too far in creating the
monstrous character of Caliban in The Tempest, “a person which
was not in Nature,” and Goya explained the famous epigram of
his Caprichos—*“The sleep of reason produces monsters”—as a
call to the union of reason and imagination: “Imagination de-
serted by reason produces impossible monsters. United with
reason, imagination is the mother of the arts and the source of
their wonders.”"?

Images of the monstrous pervaded Enlightenment accounts of
the diseased imagination in the arts and sciences. Voltaire distin-
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guished between the “active imagination,” which inspired the
finest works of mechanics, mathematics, poetry, and the fine
arts, and the “passive imagination,” which caused violent pas-
sions, fanaticism, delusions, and monsters both figurative and
literal. The passive imagination in the arts and sciences welded
together “incompatible objects” into chimeras; in the womb of a
pregnant woman it could impress the soft embryo with the form
of some hideous perception—for example, of a convicted crimi-
nal broken on the wheel—received by the mother.!* The French
critic Jean-Francgois Marmontel acknowledged that fiction was
no servile imitation of nature, but even fiction that perfected
nature still kept the imagination on a short leash. What was
variously called the “marvelous,” “monstrous,” or “fantastic”
imagination in the arts led to the “debauchery of genius.”!s
Poets and artists were instead directed to obey the cardinal rule
of verisimilitude: “A verisimilar fact is a fact possible in the
circumstances where one lays the scene. Fictions without verisi-
militude, and events prodigious to excess, disgust readers whose
judgment is formed.”!® Enlightenment good taste demanded that
even fictions be decked out as possible facts and that art as well
as science follow nature. Both art and science required imagina-
tion, but in neither should the imagination be allowed to invent
at will.

Or rather, against will, for in the view of Enlightenment
writers like Voltaire and Marmontel the pathological imagina-
tion overthrew the reasonable sovereignty of the will. Whereas
the healthy, active imagination always partakes of judgment and
“raises all of its edifices with order,” the diseased, passive imagi-
nation acts imperiously, so that its victims are no longer “mas-
ter” of themselves.!” Here the distinction between the healthy
and the diseased imagination took on moral as well as epistemo-
logical (and aesthetic) undertones. The consequences of submit-
ting weakly to the domineering imagination could be dramatic,
as the members of the French scientific commission formed in
1784 to investigate alleged phenomena of animal magnetism
emphasized. After observing the remarkable convulsions and
cures displayed by mesmerized patients, the commission—which
included the astronomer Jean-Sylvain Bailly, the chemist Antoine
Lavoisier, and the electrician Benjamin Franklin—decided to
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undergo animal magnetism themselves. Seated in the great mes-
meric tubs, under the magnetizer’s wand, the commissioners
contrasted their own calm impassivity with the spectacular cri-
ses of the convulsionnaires:

The Commissioners could not help but be struck by the difference
between the public treatment and their own particular treatment
in the tubs. The calm and silence of the one, the motion and
agitation of the other; there, the multiple effects of violent crises,
the habitual state of mind and body interrupted and troubled,
nature exalted; here, the body without pain, the mind untroubled,
nature preserving both its equilibrium and its ordinary course, in
a word the absence of all effects.®

Tranquil and self-controlled savants versus shaking and shriek-
ing patients: for the commissioners there could be no clearer
contrast between the sound and the diseased imaginations. They
concluded that the cures wrought by animal magnetism were
often genuine, and the convulsions mostly sincere, but that all
were the work of the imagination, “that active and terrible
power that produces the great effects that one observes with
astonishment at the public treatment.”"” Although gender and
class played some role in how the commissioners gauged degrees
of susceptibility to the imagination, the ultimate defense against
“that active and terrible power” was enlightenment (lumiéres), a
combination of intelligence and self-mastery. Despite their pal-
pable disapproval of such excesses of the imagination, the sa-
vants of the Royal Commission paid tribute to its extraordinary
power over mind and body. No romantic poet was ever more
firmly convinced of the force of the unfettered imagination than
the Parisian savants.

HARD FACTS, WILD IMAGINATION

In Enlightenment art and science, the imagination was Janus-
faced: on the one hand, it was essential to creative work in both
realms; but on the other, it could betray the natural and the
verisimilar by breeding monsters. Its power verged on the super-
natural. Tt could drive brilliant artists and scientists mad, it
could trigger violent seizures, it could cure the hopelessly ill, it
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could distort and obliterate facts. So long as art and science
shared a common goal of truth to nature, they also shared a code
of aesthetic, epistemological, and moral values that praised one
face of the imagination and deplored the other. Genius—be it in
poetry, sculpture, or natural philosophy—was the expression of
heightened imagination. Whether the genius in question was
Milton or Leibniz, Michelangelo or Descartes, the natural en-
dowment that made their achievements possible was in essence
the same: a soaring imagination that “produces more than it
discovers . . . [that] hatches brilliant systems or discovers great
truths.”?® Imagination was not yet immiscible with science, and
it was arguably more robust than facts.

Between about 1780 and 1820 this configuration changed
dramatically. Put in the briefest terms, facts hardened, the imagi-
nation ran riot, and art and science diverged in their aims and
their collective personae. Within the narrow confines of this
essay, it is only possible to offer emblematic episodes to illus-
trate the nature and extent of these major transformations in the
self-images of artists and scientists. Immanuel Kant’s account of
genius in his Kritik der Urteilskraft heralded things to come.
Kant took it for granted that originality was the sine qua non of
genius and that “[e]veryone is agreed on the point of the com-
plete opposition between genius and the spirit of imitation.” But
that which can be learned, reasoned Kant, can also be in a sense
imitated. Hence even the greatest triumphs of the natural sci-
ences could no longer count as true works of genius:

So all that Newton has set forth in his immortal work on the
Principles of Natural Philosophy may well be learned, however
great a mind it took to find it all out, but we cannot learn to
write in a true poetic vein, no matter how complete all the
precepts of the poetic art may be, or however excellent its models.
The reason is that all the steps that Newton had to take from the
first elements of geometry to his greatest and most profound
discoveries were such as he could make intuitively evident and
plain to follow, not only for himself but for every one else.?!

Kant was second to none in his admiration for Newton and the
revelations of the natural sciences, but he nonetheless denied
even Newton the title of genius. For Kant, the very transparency
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and communicability of mathematics and the natural sciences
removed them from the realm of profound, ineffable originality
inhabited by Homer or even Christoph Wieland. Kant’s empha-
sis on communicability linked the natural sciences to an emer-
gent opposition between objectivity and subjectivity that Kant
himself pioneered. Kant employed these terms in several distinct
senses in his critical philosophy; I wish to draw attention here
only to the sense that resonated most loudly for nineteenth-
century scientists and that meshed most tightly with Kant’s
rejection of the bare possibility of scientific genius. In the closing
pages of the Kritik der reinen Vernunft, Kant offered a rough-
and-ready test for distinguishing objectively valid convictions
from merely subjectively valid persuasions:

If the judgment is valid for everyone, provided only he is in
possession of reason, its ground is objectively sufficient [objektiv
giiltig], and the holding of it to be true is entitled conviction. If it
has its ground only in the special character of the subject, it is
entitled persuasion. . . . The touchstone whereby we decide whether
our holding a thing to be true is conviction or mere persuasion is
therefore external, namely, the possibility of communicating it
and of finding it to be valid for all human reason.?

In the middle decades of the nineteenth century this ideal of
objectivity as communicability, shorn of every idiosyncracy and
particular perspective, was realized in the emergence of interna-
tional, long-term scientific collaborations like the Internationale
Gradmessung or the Carte du Ciel, which committed partici-
pants around the globe and across generations to instruments,
procedures, and research agendas standardized in the name of
commensurability and solidarity. Charles Sanders Peirce, who
himself participated in some of these far-flung collaborations as
an experimental physicist, drew the philosophical moral that
scientific objectivity depended on the existence of a vast scien-
tific community, extended over time and space, “beyond this
geological epoch, beyond all bounds.”?* Or as the experimental
physiologist Claude Bernard put it with lapidary concision: “L’art
c’est moi, la science c’est nous.”?*

But if science—and with it, objectivity—had come to be iden-
tified with the communal and the communicable, how did art
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wander to the pole of solitude and the individual? Within the
Enlightenment framework, both savants and artists, especially
those touched by genius, were often idealized as solitary seekers
of deep truths on the model of hermetic saints, whatever the bio-
graphical realities might have been.?® One might therefore argue
that there is nothing to be explained on the side of art: artists, at
least in their idealized personae, simply remained lonely geniuses
while their scientific brethren became clubby, and thereby ungenial.
So simple a conclusion would, however, overlook the impact of
far-reaching changes in aesthetics and in views of the artistic
imagination that occurred in the early decades of the nineteenth
century. Again, I can offer only a small sampling over the many
possible examples to make my point vivid.

The ramifications of post-Kantian theories of the imagination
fan out into a broad and branching tree, from Johann Gottlieb
Fichte to Friedrich Schelling to Samuel Taylor Coleridge to Jules
Michelet and beyond.?¢ There is probably no generalization that
holds for all of these developments, but tendencies can be dis-
cerned. For my purposes, the most significant are, first, the
heavy emphasis upon the almost mystical orginality of the imagi-
nation, independent or even in defiance of reason and will; and,
second, the allied cult of individual subjectivity, what the art
historian Rudolf Wittkower once called the “egomania” of ro-
manticism. Each element had distinguished antecedents—Plato’s
poetic furor or the Renaissance master as Deus artifex—but the
combination of the two was novel to the early nineteenth cen-
tury. Quasi-divine inspiration overwhelming will and judgment
had not been traditionally paired with towering individualism:
for example, the pythian priestesses through whom the godhead
spoke at the oracle of Delphi were inspired but interchangeable.
The intertwining of these two elements—originality and subjec-
tivity—effectively rehabilitated what Enlightenment theorists had
regarded as the pathological imagination. For the romantics, it
was the unbidden, darkling force of the so-called passive imagi-
nation that was the wellspring of genial creativity, not the well-
regulated active imagination subservient to will and reason. As
William Blake retorted to Sir Joshua Reynolds,“What has Rea-
soning to do with the Art of Painting? ... One power alone
makes a poet; Imagination, the Divine Vision.”?” Hence the
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strong association in nineteenth-century psychological studies of
genius—which restricted their subjects almost exclusively to art-
ists and poets—between extraordinary creativity and the uncon-
scious, Or even insanity.?

In conjunction with the elevation of the passive imagination
aesthetic norms shifted away from verisimilitude. A genuinely
productive, as opposed to reproductive, imagination could be
bound neither by the rules of decorum nor those of the natural
order. Strict mimesis had never been the avowed ideal of En-
lightenment critics, but they had subscribed to a standard of
truth to nature, if not truth to fact. Romantic poets and artists
attacked this aesthetic openly, under the twin banners of origi-
nality and individual subjectivity. Charles Baudelaire parodied
what he called the credo of nature—*“I believe in nature, and
only in nature”—and called for art infused with imagination, for
landscapes in which “human egotism replaces nature,” for works
to which the artist or poet “adds his soul.” It was idolatry for
art to prostrate itself before nature; any photograph could sur-
pass the most faithful artistic replica in “absolute material exac-
titude.” Deploring the public infatuation with photographic land-
scapes and portraits, Baudelaire insisted that ideals of truth and
beauty not only did not coincide, they were inalterably opposed
to one another: “With us the natural painter, like the natural
poet, is almost a monster. The exclusive taste for the True (noble
though it may be when limited to its true applications) here
oppresses and suffocates the taste for the Beautiful.” For Baudelaire,
imitation of nature shaded imperceptibly into imitation of other
artists: “The artist, the true artist, the true poet...must be
really faithful to his own nature. He must avoid like death
borrowing the eyes and the sentiments of another man, however
great,” just as he must avoid depicting “the universe without
man,” without the intervention of the imagination.”

It is customary to classify such views as “romantic,” a term
Baudelaire himself occasionally used. However, this label covers
over fault lines that opened up within romanticism between
subjective art and objective science, between the acolytes of
beauty and those of truth. Although early nineteenth-century
science had its own avowed romantics, such as Johann Wolfgang
Goethe, Johann Ritter, Sir Humphrey Davy, or Alexander von
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Humboldt, they were notably wary of the exalted imagination
and individualism of the new aesthetics. The experimental physi-
cist Ritter, who discovered ultraviolet radiation in his search for
polarities in nature and who was given to utterances such as
“Light is the external intuition of gravity, love the internal,”
nevertheless balked at allowing the imagination free rein in
science: “The most beautiful thoughts are often no more than
soap bubbles: filled with the hydrogen of our fantasy they rise
quickly, and one does not realize that all the delightful play of
their colors is nothing more than the reflection of their deceptive
interiors.”? Goethe warned the experimentalist against “the
imagination |[Einbildungskraft], which raises him to heights on
its wings while he still believes his feet to be firmly planted on
the ground”;*! Alexander von Humboldt scrupulously divided
his monumental survey of nature into a first part containing “the
main results of observation, which, stripped of all the extrane-
ous charms of fancy, belong to the purely objective domain of a
scientific delineation of nature,” and a second part on “impres-
sions reflected by the external senses on the feelings, and on the
poetic imagination of mankind.”** The wild imagination and
individualism now held to be the birthright of true artists fright-
ened even romantic scientists.

The point is that the newly erected divide between the objec-
tive and the subjective—the very words first enter dictionaries as
a pair in German, French, and English in the 1820s and 1830s%*—
ran deeper than any opposition between neoclassicism and ro-
manticism. My claim is not that there ceased to be fastidious
realists among artists or daring speculators among scientists.
Baudelaire found plenty of nature-worshipers to criticize among
the paintings on display at the Paris Salon of 1859; Tyndall did
not want for examples of scientists guided by their sense of
beauty. But the new polarity of the objective and subjective
structured how such boundary-straddling was perceived. When
the novelist Gustav Flaubert attempted in Madame Bovary (1856)
to depict a provincial adultery with clinical, impartial accuracy,
both he and his critics seized upon the word “objective” to
describe a style in which “subjects are seen as God sees them, in
their true essence.”* When embryologist Wilhelm His described
the advantages of scientific drawings, he called the result “sub-
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jective.”? Successful art could and did emulate scientific stan-
dards of truth to nature, and successful science could emulate
artistic standards of imaginative beauty. But whereas in the
eighteenth century both artists and scientists had seen no conflict
in embracing both standards simultaneously, the chasm that had
opened up between the categories of objectivity and subjectivity
in the middle decades of the nineteenth century—words that, as
Thomas De Quincey wrote in 1856, had once sounded pedantic
and yet had so quickly become “indispensable to accurate think-
ing and to wide thinking”**—forced an either/or choice.

Hence a figure like Goethe, who combined artistic and scien-
tific interests, became an uncomfortable paradox, especially for
German scientists who could hardly escape the long shadow cast
by the official national genius. The obligatory addresses deliv-
ered by leading German scientists on Goethe’s scientific work
provide a sensitive indicator of how entrenched the divide be-
tween objective and subjective had become. The physicist Hermann
von Helmholtz gave two such addresses, in 1853 and 1862, and
both turned on what Helmholtz took to be the opposition be-
tween scientific and artistic ways of thinking. Goethe’s regret-
table (in Helmholtz’s view) attack on Newtonian optics could be
explained, if not excused, by the impossibility of mingling the
ineffable, almost divinatory intuitions of the artist with the
crystalline concepts of the scientist. As in Kant’s touchstone for
distinguishing the objective from the subjective, communicabil-
ity was central to Helmholtz’s analysis of the distinction be-
tween artistic and scientific thinking: “Since artistic intuitions
are not found by way of conceptual thinking, they cannot be
defined in words. ...”%

At the crossroads of the choice between objective and subjec-
tive modes stood the imagination. Very few nineteenth-century
writers went so far as to deny scientists any imagination.
Baudelaire, for example, acknowledged that imagination was as
essential to the great scientist—or for that matter, the great
diplomat or soldier—as to the artist. But in the next breath he
relegated photography, whose exact rendering of what is seen he
took to be diametrically opposed to the artistic imagination, to
the sphere of science, where it might serve without corrupting.®®
By the last quarter of the nineteenth century, psychologists who
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investigated creativity routinely distinguished between different
species of imagination, including the artistic and the scientific. In
what was perhaps the most exhaustive treatment of the subject,
the French psychologist Théodore Ribot defended science against
the charges that it “sometimes extinguished the imagination”
but nonetheless insisted that the “plastic imagination” of artists
and poets and the “scientific” imagination belonged to different
species (and further distinguished varieties within each species).
Whereas the plastic imagination was free to invent and to grant
its inventions a degree of emotional reality, the scientific imagi-
nation was constrained by “rational necessities that regulate the
development of the creative faculty; it cannot wander aimlessly;
in each case its end is determined, and, in order to exist, that is
to say, in order to be accepted, the invention must be subjected
to predetermined conditions.”® For all his insistence on the
existence and fecundity of the scientific imagination, Ribot could
not free himself from a certain suspicion that imagination was
linked to scientific error: the “false sciences” of astrology, al-
chemy, and magic represented for Ribot “the golden age of the
creative imagination” in the history of science. In its 1902 sur-
vey of the psychology of creative mathematicians, the journal
Enseignement Mathématique asked respondents, inter alia, whether
“artistic, literary, musical, or, in particular, poetic occupations
or relaxations seem to you of a nature to hinder mathematical
invention, or to favor it, by the momentary rest they offer the
mind?” It was apparently inconceivable that the exercise of the
artistic imagination could promote the work of the mathemati-
cal imagination, except as a distraction in the same category as
“physical exercises” and “vacations.”*

CONCLUSION: ENDURING ART, EPHEMERAL SCIENCE

It is against this historical background that we must read dis-
trust of the imagination in science. The power of the imagina-
tion had long awakened fear among scientists—and theologians,
poets, artists, and doctors, to boot—Dbecause it could make up a
world of its own that was livelier, lovelier, or more logical than
the real world. In extreme cases the imagination could conquer
the body as well as the mind, leading not only to madness but
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also to violent somatic crises. But Enlightenment theorists of the
imagination had been confident in the right and competence of
reason to discipline the imagination. Geniuses of art and science
exercised the same brand of controlled imagination, in contrast
to the wild imaginations that tyrannized pregnant women, reli-
gious fanatics, or mesmerized convulsionnaires. Only in the early
nineteenth century was fear of the imagination in science com-
pounded with loathing. The causes lay in new views of the
artistic imagination as freed from all constraints of reason and
nature, and in a new polarity between objectivity and subjectiv-
ity. Wild, ineffable imagination became the driving force of
creativity in art—and the bogey of objectivity in science. In their
ideals, practices, and personae both art and science had mutated,
and drifted apart.

What kind of objectivity bans the imagination from science? I
have mentioned one moment of objectivity, the communitarian
impulse that urges scientists to standardize their instruments,
clarify their concepts, and depersonalize their writing styles to
achieve communicability and commensurability across continents
and centuries, perhaps even across planets. Max Planck spoke in
the name of this form of communitarian objectivity when he
yearned for a physics that would be accessible “to physicists in all
places, all times, all peoples, all cultures. Yes, the system of theo-
retical physics lays claim to validity not merely for the inhabitants
of this earth, but also for the inhabitants of other heavenly bod-
ies.”" Communitarian objectivity could not coexist with the
artistic cultivation of individualism, which enshrined personal
perspectives and identified the ineffable with originality.

There was, however, a second moment of scientific objectivity
that emerged alongside communitarian objectivity in the mid-
nineteenth century. In an earlier article, Peter Galison and I have
called this second moment “mechanical objectivity;” it replaces
judgment with data-reduction techniques, observers with self-
registering instruments, hand-drawn illustrations with photo-
graphs.*> Mechanical objectivity strives to eliminate human in-
tervention in the phenomena, to “let nature speak for itself.”
The free imagination celebrated by Baudelaire and other roman-
tics threatened mechanical objectivity by projecting its own cre-
ations onto the facts of nature. Yet the facts envisioned by
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nineteenth-century scientists were not the fragile, pliable facts so
carefully protected by their eighteenth-century predecessors from
the distortions of system-builders. It was a byword that facts
were angular, even truculent entities, sturdily resisting all at-
tempts to ignore them or bend them to fit the Procrustean bed of
theory. Huxley insisted that “a world of facts lies outside and
beyond the world of words.”* In part, this change in scientific
perception corresponded to a very concrete change in scientific
practice: in the last quarter of the eighteenth century a new
generation of instruments and measuring techniques made it
possible to stabilize and replicate results with a success un-
dreamed of fifty years earlier.** In some real sense, scientific
facts had become more robust. Why, then, were the automated
ideals and practices of mechanical objectivity necessary at all?
Why couldn’t hard facts defend themselves against wild imagi-
nation?

The answer lies in a very different kind of fear that began to
haunt scientists in the 1830s—the fear of vertiginous, open-
ended progress. When Kant denied scientists genius, he had
consoled them with progress: “The talent for science is formed
for the continued advances of greater perfection in knowledge,
with all its dependent practical advantages, as also for imparting
the same to others. Hence scientists can boast a ground of
considerable superiority over those who merit the honor of being
called gentuses, since genius reaches a point at which art makes
a halt, as there is a limit imposed upon it which it cannot
transcend.”® In the late eighteenth century, the sciences did
indeed seem destined for smooth, steady, unlimited progress.
Between 1750 and 1840, a stream of histories of various sciences
poured from the press, all purporting to demonstrate the exist-
ence and extent of progress in those disciplines.*® But the progress
envisioned in these optimistic histories was of change without
transformation. Once the foundations for the new science had
been laid in the seventeenth century, as the standard story went,
the edifice could be expanded but not remodeled. In the 1830s
this placid view of scientific progress received a rude shock when
the wave theory unseated the Newtonian emission theory of
light, most notably as a result of the research of French physicist
Augustin Fresnel.¥” How could a tested theory of impeccable
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scientific credentials, its luster burnished by the name of New-
ton, be so thoroughly routed—not merely generalized or simpli-
tied? Was scientific progress so inexorable, so durable after all?

The response of scientists was to retreat to the level of the
description of facts, in order to salvage a stable core of knowl-
edge from the ebb and flow of theories. As Ernst Mach put it in
1872, history of science taught the Heraclitean lesson of panta
rhei, for revolutions in science had become perpetual: “The
attempts to hold fast to the beautiful moment through textbooks
have always been futile. One gradually accustoms oneself [to the
fact] that science is incomplete, mutable.”*® Mach held up Jo-
seph Fourier’s heat theory as a “model theory” in science be-
cause it wasn’t really a theory at all, being founded only on
“observable fact.”* The expectations for scientific progress voiced
by Kant and others had not been disappointed; rather, they had
been fulfilled with a vengeance. Never before had science bustled
and flourished as it did in the latter half of the nineteenth
century. Scientists multiplied in number, and with them, new
theories, observations, and experiments. With these efforts, how-
ever, science not only grew; it also changed, and changed at a
rate that could be measured in months rather than generations.
No theory was safe from this breakneck progress, not even
Newtonian celestial mechanics. By the 1890s Henri Poincaré
was calling for ever more precise techniques of approximation in
order to test whether Newton’s law alone could explain all
observed astronomical phenomena.*°

Within this maelstrom of change, only facts seemed to hold
out the hope of definitive achievement in science. Like dia-
monds, scientific facts not only hardened but grew more pre-
cious to scientists in the nineteenth century—hence the fervor of
proponents of mechanical objectivity in fending off all possible
adulterations and distortions of facts by judgment or, especially,
imagination. Eighteenth-century savants had revered facts but
had believed them to be the alpha, not the omega, of scientific
achievement. (It should be noted that in eighteenth-century clas-
sifications of knowledge the custodians of fact were not natural
scientists, per se, but rather civil and natural historians.) More-
over, they were confident that facts mangled by the esprit de
systéme or an errant imagination would ultimately be corrected
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by theory. Their nineteenth-century successors, caught up in the
gallop of progress, had lost this innocent trust in the corrective
power of theories that came and went like mayflies. Pure facts,
severed from theory and sheltered from the imagination, were
the last, best hope for permanence in scientific achievement. As
anthropologists teach us, loathing stems from some breach of
purity, some sacred boundary transgressed. The wild imagina-
tion potentially contaminated the purity of facts, and this is why
it came not only to be feared but also loathed.

There is a rusting irony in the reversed fortunes of art and
science, already visible in the mid-nineteenth-century writings of
scientists. Alexander von Humboldt sadly reflected in 1844 on
the contrast between ephemeral science and enduring literature,
saying, “It has often been a discouraging consideration, that
while purely literary products of the mind are rooted in the
depth of feelings and creative imagination, all that is connected
with empiricism and with fathoming of phenomena and physical
law takes on a new aspect in a few decades, . . . so that, as one
commonly says, outdated scientific writings fall into oblivion as
[no longer] readable.” ! By 1917 Max Weber could regard the
opposition of transitory science to stable art to be a platitude,
one that made it difficult to understand what sense it made to
pursue science as a career. Near the end of World War I, ad-
dressing an audience of Munich students who desperately wanted
him to explain how science illuminated the meaning of life,
Weber flatly asserted that science provided no such answers;
science could hardly answer the question of what the meaning of
a scientific career was. Why should one devote a lifetime of
labor to producing a result that “in 10, 20, 50 years is out-
dated”? Subjective art endured, but objective science evaporated.
Weber’s own answer crowned this irony with yet one more. The
spiritual motivation and reward for a lifetime devoted to science
was exactly the same as for a lifetime devoted to art: science for
science’s sake, art for art’s sake, the immolation of the person-
ality in the service of “the pure object alone.”’? Having dis-
avowed the artistic imagination and having lost the permanence
of artistic achievement, science nonetheless aspired to the ascetic
single-mindedness of art.
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Misconceptions:
Female Imaginations and Male
Fantasies in Parental Imprinting

INTRODUCTION: SEND IN THE CLONES

.

EOPLE USED TO JOKE that if a child was born with certain

characteristics, it was because the mother, when pregnant,

had been frightened by someone or something that had
those characteristics. Some still cosset pregnant women to incul-
cate happy thoughts in them and to protect them from shocking
or unpleasant thoughts; our reference to “strawberry marks” is
probably an atavism of the belief that such marks reflect the
pregnant woman’s frustrated desire for strawberries. The folk
view that was the prevalent view of the premodern world is still
a part of the unofficial postmodern worldview, submerged in
our unexamined habits of speech and custom. The man’s desire
to control the woman’s desire, as it might affect his offspring,
strongly colors our emotional reactions to abortion, the extreme
case of a woman’s desire to assert her agency over not merely
the form but indeed the very life of the embryo.

A surprisingly large number of people, in different cultures
over many centuries, have believed that a woman who imagines
or sees someone other than her sexual partner at the moment of
conception may imprint that image upon her child—thus prede-

Wendy Doniger is the Mircea Eliade Distinguished Service Professor of the History of
Religions at the University of Chicago.

Gregory Spinner is Visiting Assistant Professor at Tulane University.

97



98 Wendy Doniger and Gregory Spinner

termining its appearance, aspects of its character, or both. This
essay will consider a number of stories about the workings of
maternal imagination, impression, or imprinting, terms that are
often conflated. We will argue for a clear distinction between
impression (the mental reception, and transmission to the em-
bryo, of a visual image that is physically present) and imagina-
tion (a fantasy about something or someone who may not be
physically present); together, we will refer to them as imprint-
ing. And, since we will also consider the far less common (but
equally relevant) instances of paternal imprinting, and since
maternal imprinting itself only became problematic as it threat-
ened the assumed paternal imprinting, it might be better to
address the problem as parental imprinting.

Variants on the stories of parental imprinting may assume
more or less the same mechanism of human embryology yet
draw very different conclusions in different cultural contexts.
The problem of the resemblance of a child to its parent(s)
evoked the aesthetic question of the relationship between the
original and the replicating image, as well as the theological
question of the relationship between the activity of the Creator
and the act of human procreation. By tracking the different
stories and taking note of their distinctive features, we may
reconstruct the lines of transmission within the traditions, sug-
gest borrowings between traditions, and interrogate the shared
premise.

The unexpressed assumption underlying most of these stories,
and still a part of our own expectations, is that a male child
should resemble his father (“chip off the old block”) and, to
some extent, his mother. The emphasis upon the male child
reflects the androcentric concerns that drive most of our texts;
the fact that some children do not resemble their parents excites
anxieties about paternity and inheritance. As Thomas Laqueur
remarks, “It is empirically true, and known to be so by almost
all cultures, that the male is necessary for conception. It does
not of course follow that the male contribution is thereby the
more powerful one, and an immense amount of effort and
anxiety had to go into ‘proving’ that this was the case.”® The
theory of parental imprinting was one way of accounting for
divergences from the expected norm without admitting the like-
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lihood of actual impregnation by an alienating male. This sort of
mythological embryology involves a kind of pre-scientific clon-
ing: it investigates ways of producing copies of desired stock.
But, we must ask, desired by whom? One factor that seems to
pervade all variants is the male desire to control female desire.

THE HEBREW BIBLE: ]ACOB’S PHALLIC RODS

Let us begin with a story from the Hebrew Scriptures. The
patriarch Jacob promises to work for his father-in-law Laban,
asking for his wages only the colored lambs and mottled kids
from among the flock. This episode is recounted in Genesis,
first in 30:25-43 and then in 31:1-12. In Genesis 31 the out-
come of Jacob’s wager with Laban is determined by God, as an
angel reveals to Jacob in a dream; but the naturalistic explana-
tion in Genesis 30 credits the clever use of ancient breeding
techniques. Knowing that the specified mottling is unusual, Laban
assumes that he will prosper from the deal, but this is not to be
the case. Jacob takes fresh rods from almond, plane, and poplar
trees and peels off strips and patches of their bark; he then places
these variegated staves in front of the watering troughs. As the
animals come to drink, they breed, and while they are breeding,
the females stare at the rods. In this way, the patterns Jacob
made by exposing the white of the wood are imprinted on the
offspring; stripes, spots, and patches produce streaked, speckled,
and brindled animals, respectively.?

The trick that Jacob played on Laban repaid Laban’s trick on
Jacob; as Laban had substituted Leah for Rachel (the object of
desire) on the wedding night (Genesis 28:15-24), Jacob substi-
tuted variegated rods (phallic rods? ram-rods? the objects of
desire) for the solid-colored rams within the field of vision of the
ewes. The speckled ewes double for Rachel, whose name in
Akkadian means “ewe”—a pun that plays a role in the scene in
which Jacob meets, and desires, both Rachel and the sheep
(Genesis 29:9-11; this is a conflation to which we will return in
our consideration of later rabbinic texts). The biblical episode of
the rods of Jacob became a paradigm often cited by later au-
thors; by the process of prooftexting, and with the unsurpassed
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authority of Scripture, “the rods of Jacob” became a shorthand
notation for the idea of maternal impression.

GREEK AND LATIN SOURCES: ARISTOTLE, EMPEDOCLES,
SORAN, OPPIAN, HELIODORUS, AND JEROME

Aristotle remarked that the offspring of other animals resemble
their parents more than human offspring do. He suggested that
this might be because while animals are primarily concerned
with the coupling, a human is not entirely filled with this desire
but instead may be concerned with various things at the time of
coupling, and the offspring become different from one another
(poikilletai, “embroidered in different colors”) in response to the
concerns of the mother and the father.* A lost and probably
apocryphal text attributed to Empedocles, a pre-Socratic poet
(fl. fifth century B.C.E.) with whom Aristotle disagreed,* is quoted
by Aetius: “How do offspring come to resemble others rather
than their parents? [Empedocles says that] fetuses are shaped by
the imagination of the woman around the time of conception.
For often women have fallen in love with statues of men and
with images and have produced offspring which resemble them.”?
The action begins with the mind, but the mental process quickly
shifts to the eye, which passively receives the imprint of the
artistic form (here, specifically an anthropomorphic form) and
then, turning active, imprints that image upon the embryo. In
keeping with the purely visual nature of the second stage of this
replication, the child takes only external qualities from the mother’s
imagination. As with Jacob’s ewes, the eye is the immediate
organ of desire. But unlike Jacob, the husband in Empedocles’s
text plays no active role in supplying these artistic images; they
may have been accidentally present or (dare one suggest?) ac-
tively procured by the wife. This is, as we shall see, a crucial
difference.

The animal husbandry model in which the husband eugeni-
cally initiates the fantasy prevails in later Greek texts on this
subject. In the Gynecology of Soran, an authority on obstetrics
who lived at the turn of the second century c.E. in Rome and
Alexandria, the husband plays the dual role of Jacob (master-
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minding the visual impressions) and the ram (impregnating the
female):

Some women, seeing monkeys during intercourse, have borne
children resembling monkeys. The tyrant of the Cyprians, who
was misshapen, compelled his wife to look at beautiful statues
during intercourse and became the father of well-shaped chil-
dren; and horse-breeders, during covering, place noble horses in
front of the mares. Thus, in order that the offspring may not be
rendered misshapen, women must be sober during coitus because
in drunkenness the soul becomes the victim of strange fantasies;
this furthermore, because the offspring bears some resemblance
to the mother as well, not only in body but in soul. Therefore it
is good that the offspring be made to resemble the soul when it
is stable and not deranged by drunkenness.

Soran assumes a correlation between human procreation and
animal husbandry, comparing the tyrant who placed statues in
front of his wife with horse-breeders who place handsome stal-
lions (real ones, not images) in front of mares. He seems to have
taken the folk wisdom recorded by Empedocles, that women do
fall in love with statues, and connected it with the folk wisdom
of animal husbandry recorded in Genesis (and elsewhere), that
females can be made to desire obstetrically, as it were, the
images that the husband desires eugenically; in the process, he
has moved from the herd animals favored in the Bible (sheep
and goats) to horses, the favorite animals of the Greeks. The
result is an active attempt by the husband to treat his wife like
a mare (or a ewe): he shows her images of what he wants her to
give birth to. Soran pries into the psychology of a man who
would do this: such a man might be ashamed of his own
distorted form, and his fear that the child will not resemble the
father (and will thus be illegitimate) is outweighed by his desire
for a handsome heir.

The (human) males are in control in both halves of Soran’s
central episode, but it is framed by two others in which human
men have no control at all. The stark, mindless physicality of
the husbandry model has already been undercut by the first
animals that Soran imagines the wife seeing—monkeys, far closer
to the human than horses are and not so closely manipulated by
humans in their breeding. This may account for the unusual
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(though still both limited and pejorative) agency granted to the
woman’s soul in the final episode, in which Soran considers
distortions that arise not only in the mother’s field of vision but
in the inner vision of her imagination (though still excited by an
external force, wine). He apparently assumes that both men and
women have in their souls the spiritual quality that animates
matter and makes parental imprinting possible. But even his
acknowledgment that the offspring resemble the mother leads
Soran quickly to emphasize the negative aspect of that maternal
influence, the fear that the soul of a woman out of control—
here not with lust, but with drunkenness—might, like the mis-
shapen form of the father, make the child misshapen.

Where horse breeding serves Soran merely as an illustration of
what he is really interested in, it is the central topic of the
Kynegetika, attributed to Oppian, a Syrian of the late second or
early third century c.e. Oppian veers from his line, horses and
hounds, just long enough to apply the principles of their breed-
ing to humans. First he describes subtle devices for “inscribing
the foal while yet in his mother’s womb”: when “the mating
impulse seizes the mare,” the stallion is adorned with “spots of
color” and brought to the mare like a bridegroom entering a
bridal chamber; then, “the mare conceives and bears a many-
patterned foal, having received in her womb the fertile seed of
her spouse, but in her eye his many-colored form.”” Then we
come to the human species. The Laconians, we are told, place
before their pregnant wives images of ancient demigods noted
for their beauty (Narcissus and Hyacinthus, Castor and
Polydeuces), as well as the gods Phoebus and Dionysus. The
women look at these beautiful forms and, excited by their beauty,
bear beautiful sons.

Again we have husbands—now normal men, not misshapen
tyrants—actively encouraging their wives (treated like mares, an
old Greek and Indian habit)® to give birth to children who do not
resemble their fathers. But something theological has been added,
which persists in later texts: the idea of the image of a celestial
being imprinted on a human child. Here the divine is the model
not of goodness or wisdom but simply of the external quality of
beauty, as befits the simply visual mechanism of reproduction in
this text.
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Oppian talks about changing the color of animals and the
beauty of human children, and later texts combined these ideas
to produce the agenda of changing the color of human children.
Halfway through the Ethiopica of Heliodorus, who lived in
Syria in the third or fourth century c.k., we learn that on the
armband worn by the heroine Charikleia there is an inscription
from her mother, Persinna, queen of the Ethiopians, explaining
why she had abandoned her child. The part of the inscription
that concerns us reads:

Our line descends from the Sun and Dionysos among gods and
from Perseus and Andromeda and from Memnon too among
heroes. Those who in the course of time came to build the royal
palace . . . made use of the romance of Perseus and Andromeda to
adorn the bedchambers. It was there one day that your father and
I happened to be taking a siesta in the drowsy heat of summer. . . . Your
father made love to me, swearing that he was commanded to do
so in a dream, and I knew instantly that the act of love had made
me pregnant. . . . But you, the child I bore, had a skin of gleaming
white, something quite foreign to Ethiopians. I knew the reason:
during your father’s intimacy with me the painting had presented
me with the image of Andromeda, who was depicted stark naked,
for Perseus was in the very act of releasing her from the rocks,
and had unfortunately shaped the embryo to her exact likeness. I
was convinced that your color would lead to my being accused of
adultery, for what had happened was so fantastic that no one
would believe my explanation. ...’

Andromeda was the daughter of the king of Ethiopia, but
Greek artistic convention generally represented her with white
skin.’® In the seventeenth century, Fortunio Liceti objected to
this aspect of the story: “To a natural philosopher’s eyes, since
Andromeda was born to Cepheus and Cassiopeia, the king and
queen of Ethiopia, she was black.”!! But this is precisely why
Andromeda is invoked here: though she was regarded as ra-
cially black, she was conventionally represented as white. She is
thus the ideal liminal creature to lure Persinna across the line.
And so Charikleia, whose lack of resemblance to her own
parents is problematic, resembles her ancestor Andromeda in
three ways: she is the daughter of an Ethiopian king, she has a
romance with the hero Theagenes (like Andromeda with Per-
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seus), and she has white skin. By emphasizing the color rather
than the form or beauty of the child, Heliodorus is drawing
upon the literature of animal husbandry, which emphasizes
unusual color. But now this color is associated with a race of
people, the Ethiopians; hence it is a racial, if not necessarily
racist, story.!? Certainly it provoked racist reactions in Europe;
the editors of the French edition of Soran compared his Cyprian
tyrant with Heliodorus’s Ethiopian queen and blithely remarked,
“One must not forget that, for a young black woman like the
princess of the Ethiopica, the most beautiful baby in the world
is a white baby.”!3

Heliodorus, like Soran, tells of a woman who sees an image
that her husband has not actively intended her to see. As a
result, the wife is afraid that she might be accused of adultery;
but since she knows she is innocent, she deduces the cause of
the lack of resemblance and preempts any accusation by aban-
doning the baby. In fact, her fears prove well justified; when
Charikleia, years later, claims her heritage, her father, King
Hydaspes, insists that she cannot be his child: “Your skin has a
radiant whiteness quite foreign to Ethiopian women. ... How
could we, Ethiopians both, produce, contrary to all probability,
a white daughter?”* For proof, the painting of Andromeda is
brought out of the bedroom, and Charikleia stands beside it:
“The exactitude of the likeness struck them with delighted as-
tonishment.” But the final proof of her identity, in addition to
the cultural ring that her mother had left her (the ring that
Hydaspes had given her at their wedding), is a natural ring, her
birthmark, “like a ring of ebony staining the ivory of her arm!”
Thus she is black after all, at least in that mark from her mother
that answers to the ring of patriarchy.

Persinna calls this sort of maternal impression unbelievable,
but many people were ready to believe it. Indeed, this very story
of the black queen with the white daughter was retold on
countless occasions. Jerome, one of the church fathers, writing
between 386 and 390 c.k., regards it as “not astonishing” and
uses it to gloss the story of Jacob and the rods. Then he remarks:

Now it is not astonishing that this is the nature of female crea-
tures in the act of conception: the offspring they produce are of
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such a kind as the things they observe or perceive in their minds
in the most intense heat of sexual pleasure. For this very thing is
reported by the Spaniards to happen even among herds of horses;
and Quintilian, in that lawsuit in which a married woman was
accused of having given birth to an Ethiopian, brought as evi-
dence in her defense that what we have been describing above is
a natural process in the conception of offspring.!’

Jerome, like the Greek writers, then moves from sheep to horses
and goes on to cite a lost controversia (a legal fiction or hypo-
thetical case) by Quintilian, from the first century c.E., involving
Ethiopians. Though Jerome does not tell us the significance of
the Ethiopian child of presumably non-Ethiopian parents, we
might assume that, linked as it is with Jacob’s rods, it has
something to do with color.

Quintilian’s colors—a white woman giving birth to a black
child—represent a more logical choice of a meaningful problem
for a white author, racist or not. However, it was Heliodorus’s
version (the black woman giving birth to a white child), not
Quintilian’s, that was more often cited in later Jewish and Greek
literature.'* No matter which way the colors flow, the underly-
ing assumption remains the same: what a woman looks at when
she is pregnant or at the moment of conception influences the
physical nature, including the color, of the child.

The idea of maternal impression through artistic influence
remained a part of the medical tradition in medieval Europe.
Maimonides, the celebrated Jewish physician and philosopher,
writing in Arabic at the end of the twelfth century c.k., took the
theme of the imitation of a painting from the Greek medical
tradition:

I heard from the ancient physicians that he who wishes to give
rise to a handsome son should request a very famous painter to
prepare a portrait having the likeness of a beautiful child. He
should then request of his wife that, during intercourse, she look
at the portrait without winking and not move her eyes right or
left. And so it happened that she gave birth to a beautiful child
who resembled the portrait of the painter and did not resemble
his father at all.’”

Here, as in Soran and Oppian, the woman is given the image by
her husband. Yet now it is an image of the desired child, not a
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handsome man who might perhaps incite the husband’s jeal-
ousy; and the woman must stare without blinking or glancing
aside, a daunting prospect in even the most abbreviated act of
intercourse, but also an extreme form of the emphasis on the
physical process of vision.

LATER JUDAISM:
VARIOUS MIDRASHIM, THE HOLY EPISTLE, AND THE ZOHAR

The child of a different color than its parents is a leitmotif of
later texts that continue to transfer the embryological principle
from animal husbandry to human eugenics. One of the oldest
compilations of Jewish commentaries, roughly contemporaneous
with Heliodorus, presents several glosses on the verse, “And
Jacob took the rods” (Genesis 30:37). The first two glosses, like
Genesis 31, explain the episode of Jacob and Laban’s flock by
miracles; the water in the troughs miraculously turned to semen,
says one, while the other suggests that angels came down to help
Jacob. But the third gloss, like Jerome, connects this text with
the Ethiopian tale—though it uses Heliodorus’s version of the
colors, not Quintilian’s:

It so happened that a Kushite [Ethiopian] man married a Kushite
woman who bore him a white son. The king seized the son and
went to Rabbi. He said to him, “Consider whether he is my son
or not.” The other responded, “Are there pictures in your house?”
“Yes.” “Black or white?” “White.” “Because of this, you have a
white son.”'®

This version reads like a Cliffs Notes version of the story of
Persinna giving birth to Charikleia.!” Unlike Persinna, however,
the Kushite woman does not realize that she will be accused of
adultery, nor does she understand why she has a white child;
she is robbed of the agency that she had in the Greek text. This
Hebrew text, like many others, shifts its perspective from the
mother to the reaction of the father, who is alarmed to have a
white son; the unexpected change in skin color raises the suspi-
cion of adultery. It would be hard to hazard a guess as to who
(Quintilian, Jerome, Heliodorus, or the rabbis) got the story
from whom (one from another, or all from another source). But
it is possible that the rabbis found Heliodorus’s story so apt an
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illustration of the idea of maternal impression, already present
in Genesis 30, that they appropriated the episode, reworking it
to their own ends.

The tale of the Ethiopian queen who gave birth to a white
baby reappears in the rabbinic discussions of the judicial ordeal
of the suspected adulteress:?°

Our rabbis said: When a woman is with her husband and is
engaged in intercourse with him, and at the same time her heart
is with another man whom she has seen on the road, there is no
greater adultery than this; for it is said, “The wife commits
adultery, taking strangers while under her husband” (Ezekiel
16:32). Can there be a woman who commits adultery while
under ber husband? 1t is this one, who has met another man and
set her eyes upon him, and while she carries on intercourse with
her husband, her heart is with him. The king of the Arabs put
this question to R. Akiba: “I am black and my wife is black, yet
she gave birth to a white son. Shall T kill her for having played
the harlot while lying with me?” Said the other, “Are the figures
in your house painted black or white?” “White,” he said. The
other assured him, “When you had intercourse with her, she
fixed her eyes upon the white figures and bore a child like them.
If you are surprised at such a possibility, study the case of our
father Jacob’s flock, which were influenced in their conception
by the rods, as it says, ‘And the flocks conceived at the sight of
the rods’” (Genesis 30:39). The king of the Arabs acknowledged
the justice of R. Akiba’s argument. In our case as well, Moses
hinted in the Torah at a similar situation by saying, “[If you have
gone astray, though you are]| under your husband, and if you be
defiled, and some man has lain with you besides your husband . . .”
(Numbers 5:20).%!

Now the parents are Arab, but the racial point is the same (the
version in Tanbuma says that the king of the Arabs told R.
Akiba that he and his wife were Kushite, i.e., Ethiopian, but
had a white child).?? As usual, the prooftext is from Genesis 30,
“the rods of Jacob,” but now one of the characters cites the rods
of Jacob to explain the Ethiopian problem, whereas the previous
midrash told that Ethiopian story to explain the Biblical story.
In fact, this text adduces both stories to explain the relationship
between maternal imprinting and adultery, the latter epitomized
in a verse from Ezekiel that is not about a human woman at all:



108 Wendy Doniger and Gregory Spinner

Jerusalem is personified as the unfaithful bride of the Lord. The
biblical verse about adultery is directly linked with maternal
imprinting by the midrashic process; Numbers 5:20 and Ezekiel
16:32 are intratextually correlated because the same phrase—
“under her husband” (tachath ishabh)—occurs in both verses.
This phrase in Numbers is not read conventionally, meaning
“under his control,”?* but literally, meaning “under him physi-
cally,” suggesting that the suspected adulteress is in fact embrac-
ing her husband while thinking of another man. The forceful
pronouncement that “there is no greater adultery than this”
indicates the high degree of anxiety aroused by the idea of
female fantasizing, an anxiety that would be reinforced by an
embryological principle empowering the maternal imagination
to shape the child, distorting paternal resemblance. Thus ques-
tions are raised: Is the child still his child? Who is the true
father?

Some fantastic considerations are taken up in the Babylonian
Talmud in its discussion of the proper conditions and manner
for conjugal intercourse, undertaken as a spiritual exercise. The
Talmud cites a tale about Imma Shalom, wife of R. Eliezer, who
was asked why her children were so beautiful; she credited her
husband’s pious conduct. More specifically, Imma Shalom had
asked her husband why they engaged in conjugal relations only
at midnight, and he had replied, “So that I do not set my eyes
on another woman, begetting sons who are as bastards.”?* Such
eugenic precaution assumes that in the middle of the night there
would be no woman out and about upon whom Rabbi Eliezer
might look and thus receive an image that he might then imprint
upon his own progeny. This is a relatively rare example of
paternal imprinting; Eliezer is concerned not that his wife will
hear or see someone other than him, but that he will see or hear
someone other than her. Moreover, it is a negative form of
paternal imprinting: Eliezer makes sure that he does not make a
false impression upon his unborn child.

Another story from the Babylonian Talmud, about Rabbi
Yohanan, a sage renowned for his beauty, seems to contradict
the story of Imma Shalom and Rabbi Eliezer:

R. Yohanan used to go and sit at the gates of the mikveb [ritual
bathhouse]. “When the daughters of Israel ascend from the bath,”
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he said, “let them gaze upon me, so that they bear sons as
beautiful and learned as 1.7

The mikveb is where Jewish women go to prepare themselves for
the sabbath, the last public place they would visit before return-
ing home. As it is customary to engage in intercourse on the
Sabbath eve, the beautiful image of R. Yohanan would still be
freshly impressed on their minds’ eyes when they made love with
their husbands. R. Yohanan was trying to do precisely what R.
Eliezer was trying to prevent: the women visually impregnated
by R. Yohanan, through a (not so) chance encounter on the
street, would give birth to near-bastards. Subsequent wordplay
on “the gaze” in this text suggests that many listeners or readers
would see it as a tongue-in-cheek parody of Greco-Roman eu-
genic techniques; but there may also be an underlying sense of
anxiety over the reproduction not of male children but of male
cultural values, notably Torah study.?® The faithful reproduction
of ideas, as well as children, requires a certain family resem-
blance; in recreating the sage’s teaching, one replicates his image.

A condensed version of the Ethiopian story appears in The
Holy Epistle (Iggeret HaKodesh), a thirteenth century Kabbalistic
sex manual that elaborates upon motifs in the Babylonian Tal-
mud. As usual, it cites the story of Jacob’s rods as a prooftext,
but it arranges the colors in the Quintilian fashion:

[A queen] had a black baby though the king and she were white
and extremely comely. The king wanted to kill her until a wise
man came and said, “Perhaps you thought of a black man at the
time of intercourse.” They examined the matter and found black
designs on the drapes in their conjugal room. She said that she
had looked at these black figures during intercourse and thought
of them. This is just like the sticks of Jacob.”

Of course, it isn’t “just like” the sticks (the translator’s terms for
what we have been calling the rods) of Jacob: the imprinting is
accidental, and problematic to the father, in part because the
passive, accidental visual impression is here combined with an
active, mental act on the part of the woman. But when the wife
falls in love with art, she is innocent; loving the art is not
adulterous.
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According to this text, the wife fantasizes about her husband,
who contemplates the archetypal sefirot (divine emanations con-
stituting the fullness and mystical shape of the Godhead) as a
cognitive template to stamp the child with the imago dei. The
mother’s impression here is negative, like Eliezer’s: her role is to
prevent adultery of thought, while the husband’s impression is
positive. Thus the paternity is twofold: the wife focuses her mind
on her husband, so that the child physically resembles his bio-
logical father, while her husband focuses his thoughts on the
supernal form, so that the child metaphysically resembles his
Father in heaven.?®

Theological considerations are at the heart of the Zohar’s
commentary on Jacob’s first child, Reuben, begotten upon Leah
apparently on the wedding night, when Leah was substituted for
Rachel:

On the night when he had intercourse with Leah he was thinking
of Rachel. He lay with Leah but thought of Rachel, and his semen
followed his thought, but it was not intentional, for he did not
know. . .. And because the Holy One, blessed be He, knew that it
was not intentional and that Jacob had truthful thoughts during his
desire, [Reuben] was not disqualified from being counted among
the holy tribes. Otherwise he would have been disqualified.?”

This is an instance of paternal rather than maternal imprinting,
and it is theologized by supplementing the power of the father’s
intentions with the power of the Father’s intentions. The trans-
lator explains that since Jacob had intercourse with Leah under
the genuine impression that she was Rachel, his sin of adultery
was not intentional; and since Reuben’s conception took place
when Jacob was thinking of Rachel, she was finally the channel
through which the birthright, bypassing Leah’s son Reuben,
was transmitted to her own later-born son, Joseph, and thence
to Joseph’s sons. The meditations on the true mother of Reuben,
Rachel or Leah, depend upon the fantasizing of Jacob and God.

Jacob’s imagination transformed not the form but the status
of his son, indeed of both of his sons, Joseph and Reuben. The
Babylonian Talmud enumerates ten kinds of children who are
like bastards but who are not legally recognized as such, includ-
ing the “children of substitution” (b’nei temurah), born when
either one of the parents was thinking of someone else.?® Simi-
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larly, in the Zohar, a man who makes love to his wife while he
is thinking about another woman is said to “sow false seed,” and
the child is considered a kind of changeling, particularly suscep-
tible to evil influences.>® While adultery of thought is legally
distinct from the corporeal act of adultery,* it nonetheless pro-
duces near-bastards and is considered morally reproachable:

If a man defiles himself by evil thoughts when he comes to have
intercourse with his wife, and sets his thoughts and desires upon
another woman, and emits semen with these evil thoughts, then
his thought effects changes in the world below [i.e., an exchange
of women in one’s thoughts]. ... The body of the child that he
begets is called “a changeling” [because the body was created
while the father “changed” his thoughts during procreation].*

This idea underlies the Zohar text that insists that Reuben was
not a “changeling,” because Jacob was thinking about the woman
he should have been in bed with, and thought he was in bed
with; this is why he had “truthful thoughts.” Had he known he
was in bed with Leah and still thought of Rachel, the child
would have been a changeling.

CHRISTIAN EUROPE:
PARACELSUS, GOETHE, HOFFMANN, AND SCHNITZLER

Christians, too, tended to fantasize that their wives were fanta-
sizing. That children usually resemble their parents remained
the standard European folk opinion, despite dissenting voices of
people such as Malebranche (and several authors before him),
who “suggested that no two faces in all the world are absolutely
identical, and that nature tolerates great diversity,”** and Jacques-
André Millot, who argued (in Paris, in 1800), that “resemblance
is uncanny. Contrary to the Aristotelian definition, he who does
not resemble his parents is not a monster but a normal child; the
monster is a rarity, the result of pure chance, he who does
perfectly resemble his parents.”3’

But children who did not resemble their parents were, pace
Malebranche and Millot, generally regarded as monstrosities
that had to be explained by the theory of parental imprinting,
which made an important distinction between external and in-
ternal objects of desire. Paracelsus, writing in Germany in the
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sixteenth century, argued that the man’s fantasy was the source
of his semen, and added, “Thus God has put semen into the
imagination of man.”* He granted that women’s imaginations,
too, could affect the embryo—yet in positive ways:

Through the power of the imagination, women in such moments
imagine a learned wise man, such as Plato or Aristotle, or a
warrior, Julius or Barbarossa, or a great artist, like the painter
Diirer. . .and so they will bear children like them. And there
must be not just lust and desire, but also experience of these arts
and wisdoms, in the same way as there is an experience when they
see a fish....Thus a woman hears an artist like a musician, or
even a learned man, and has a desire for that, and gives the
impression to the child: and even if she does not understand it,
and cannot, nevertheless the child will show the effect.>”

Paracelsus attributes to the woman’s imagination the same posi-
tive effect that other texts assign to the woman’s experience of
looking at a painting (which, presumably, her husband has
given her). What is unusual here is that mental qualities as well
as physical are seen as transmitted in this way; stories about
parental imprinting generally speak only of superficial resem-
blances. It is also unusual for the woman’s accidental encoun-
ters with other men, artists and musicians, let alone her imagi-
nation of other men, like Plato or Aristotle, to produce benefits
not planned but welcomed by her husband.

The positive eugenic benefits imagined by Paracelsus were,
however, generally outweighed by the fear of the negative re-
sults of women’s imaginations. Fortunio Liceti, in 1616, main-
tained that “though the father’s imagination can affect him
during the sexual act, the woman’s is always at work, after
copulation and during conception, when the fetus is formed.”3®
Ah, but what were those women thinking about? Their hus-
bands, Ambrose Paré had hopefully suggested in 1585: “One
more commonly sees children who resemble their father than
their mother because of the mother’s great ardor and imagina-
tion during carnal copulation! So much so that the child takes on
the form and the color of what she knows and imagines so
strongly in her mind.”* Now, the logic of this statement seems
to imply that the woman normally imagines her husband and
perhaps also looks at him, since the child normally resembles
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him. But two hundred years later, in 1788, Benjamin Bablot
argued from the same premise (that women are more passionate
and imaginative than men) to reach the opposite conclusion: “As
a child presents sometimes more his mother’s features than those
of his father, those attributing the cause to imagination say that
the mother’s thoughts were completely absorbed by her loving
passion during conception and were unable to focus on her
husband’s features.”*® And so, we may conclude, she focused on
her own image, or even—heaven forbid!—her own pleasure.
This line of reasoning had been made explicit in a medical case,
cited by the Chevalier Sir Kenelm Digby in 1678, of a woman
who kept gazing at her artificial beauty marks in a mirror and
who gave birth to a child with such marks: “Instead of thinking
about her husband, the mother has given in to ... a narcissistic
delight in her own image.”*! The possibility that she might have
been thinking about another man, however, inspired still more
devastating speculations.

Voltaire, writing in 1765, believed in the power of parental
imprinting, despite himself: “This passive imagination of easily
shaken brains often produces in children the visible marks of an
impression that the mother has received; there are innumerable
examples, and the present writer has seen such striking ones that
he would accuse his eyes of lying if he doubted them, and
although this influence of the imagination is inexplicable, no
other influence explains the matter any better.”** Montaigne did
not doubt what he had heard: “There was presented to Charles,
King of Bohemia and Emperor, a girl from near Pisa, all hairy
and bristly, who her mother said had been thus conceived be-
cause of a picture of Saint John the Baptist hanging by her
bed.”* This could happen because the woman misinterprets
what she sees, and her mistaken perception of what she has seen
imprints the child: “Thus, the furs covering John the Baptist are
‘translated’ into a hair-covered body.”* In the eighteenth cen-
tury, the Siamese twins Judith and Helena were thought to be
connected as they were “because early in her pregnancy their
mother had been foolish enough to watch dogs mating.”* We
may also see in these texts atavisms of the ancient connection
between maternal imprinting and animal husbandry. The theme
remained popular in European fiction;* in James Joyce’s A
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Portrait of the Artist as a Young Man (1916), Stephen Dedalus
imagines “the sleek lives of the patricians of Ireland” and won-
ders, “How could he hit their conscience or how cast his shadow
over the imagination of their daughters, before their squires
begat upon them, that they might breed a race less ignoble than
their own?”#” Like R. Yohanan, Stephen longs to lend his supe-
rior qualities to other men’s wives, using not his body but his
shadow—that is to say, his image, like the image in a painting.

The theme was particularly influential in Germany. In Goethe’s
novella Elective Affinities (Wablverwandtschaften, 1809), both
parents fantasize, and the child resembles a combination of the
two fantasized lovers. On what amounts to their wedding night,
Charlotte and Edward make love, but Charlotte is aware of the
ghostly presence in the bedroom of the Captain, whom she
really loves, and Edward, similarly seduced by the darkness and
his own imagination, feels that he holds Ottilie in his arms. As
a result, the son of Charlotte and Edward is the striking image
of their secret loves:

People saw in it a wonderful, indeed a miraculous child. ... What
surprised them more. .. [was] the double resemblance, which
became more and more conspicuous. In figure and in the features
of the face, it was like the Captain; the eyes every day it was less
easy to distinguish from the eyes of Ottilie.*®

The child—who thus reveals the effects of his parents’ imagina-
tions and betrays their moral adultery—dies in early childhood.

In E. T. A. Hoffmann’s “The Doubles” (“Die Doppelginger,”
1821), two babies born to two different women look exactly
alike; they completely resemble the man that only one of the
women made love with, though the other loved him too: “Even
if this could be chance or an illusion, the quite superior forma-
tion of the skull and a small moon-shaped mole on the left
temple affirmed the complete similarity.”*® The father of the
child that resembles the other man banishes mother and child.
His jealousy is justified not physically but spiritually; the woman
accuses herself of having committed adultery only in her mind
but regards this as an inexpiable sin, a mental infidelity suffi-
cient to cause the maternal imprinting. Her behavior outweighs
mere visual considerations, but that behavior is a clue to her all-
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important mental state, which is ambivalent. People who were
“closely acquainted” with her knew she could not have had an
illicit affair, despite the visual evidence to the contrary, because
she was so good; her husband, however, was swayed not by the
visual evidence but by his wife’s behavior—she hated her child.

The racial (or racist) aspects of maternal imprinting also
continued to be expressed in European literature. Ambrose
Paré, writing in the sixteenth century, retells the Heliodorus
version of the Ethiopian queen and then tells the Quintilian
version of the colors, for good measure:

Hippocrates saved a princess accused of adultery, because she had
given birth to a child as black as a Moor, her husband and she both
having white skin; which woman was absolved upon Hippocrates’
persuasion that it was [caused by] the portrait of a Moor, similar
to the child, which was customarily attached to her bed.”®

The story about Hippocrates was widely cited during the Re-
naissance.*!

Arthur Schnitzler mocked the theory of maternal imprinting
in his story, “Andreas Thameyer’s Last Letter” (1918), about a
suicide note written by a man unwilling to admit to himself that
his wife had betrayed him with a black man:

I've read the case described by Malebranche. And Martin Luther
himself—as one can read in his after-dinner speeches—knew, in
Wittenberg, a man who had a death-head because his mother had
been frightened by the sight of a corpse while she was pregnant
with him. [Here he cites Heliodorus’s tale of the Ethiopian queen,
and other cases noted by Hamberg, Weisenburg, Preuss, Limbock,
and others.] In 1737 in France a woman gave birth to a son when
her husband had been absent for four years, and she swore that
she had, during that period, dreamt of the passionate embrace of
her husband. The physicians and midwives of Montpellier de-
clared that this was quite possible, and the court at Havre de-
clared the child legitimate. . . .

And it happened to me, and to my wife, who was true to me,
as truly as I am living at this moment. Our child is now fourteen
days old. ... My wife has been true to me, and the child that she
bore to me is my child. She had a shock in her pregnancy, in
August, when she was at the zoo with her sister Fritzi, where
these foreign people had camped, these uncanny black people
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|diese unbeimlichen Schwarzen). ... Wednesday she and her sis-
ter Fritzi went to the zoo, where Negroes had camped. 1 myself
saw these people later, in September. . . . My wife was terrified, and
alone, for Fritzi had suddenly left her to go off with a married
man who has a rather bad reputation. .. . My wife waited for
Fritzi for two hours, and then the gates were shut, and she had to
go. She told me all this, with her arms around my neck as I sat on
her bed, and she trembled in fear, and 1T was afraid, too, though
I didn’t know then that she was already carrying our child.”

The argument turns upon the layered meanings of the phrase,
“Sie hat sich verseben,” which means, literally, “She mis-saw”
(on the analogy of verb6ren, “to mis-hear”), that is, “She made
an oversight, a mistake,” then, “She had a (visual) shock,” and
more particularly, said of pregnant women, “She had a (visual)
shock in her pregnancy,” that is, “She received a maternal
impression.” (Havelock Ellis refers to “the conception of a
‘maternal impression’ [the German versehen].”5%) So a pregnant
woman who sees something mistakenly has a shock which
imprints a mistake upon the embryo. In Schnitzler’s story, the
husband’s suspicions of his wife are projected onto the disrepu-
table married man with whom the wife’s sister has an affair and
are further inflamed by his racist attitude to the black people
who shocked his wife. These emotions keep breaking through
his insistence that this sort of thing can be explained by men of
science, and they finally drive him mad.

The Christian theories grow out of the father’s fear that his
child may not be his child, or, rather, that he can never be sure
that his child is his child—unless, of course, he trusts his wife.
Resemblance was the straw that men grasped in the storm of
their sexual paranoia. Montaigne cites Aristotle as saying that
“in a certain nation where the women were in common they
assigned children to their fathers by resemblance.”** The fear
that women might be, indeed, “in common,” is what underlies
this entire corpus, and various ideas about resemblance are
conjured up in the attempt to lay that fear to rest.

In premodern Europe, the mother’s imagination and desire
gave birth to a “false resemblance” and were defined as illegiti-
mate when they were not directed toward her husband.’ Thus,
as Marie-Hélene Huet has pointed out, nonresembling children
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served as “a public reminder that, short of relying on visible resem-
blance, paternity could never be proven.” The monster, the child
that did not resemble the father, unmasked what the theory of
resemblance concealed, the fear of adultery; it “erased paternity
and proclaimed the dangerous power of the female imagination.”’¢

As if this were not bad enough, the theory was turned on its
head to show that resemblance, too, could dissemble. Thus
Nicolas Venette, in 1687, agrees with the wise lawyers and
doctors who “claim that a woman who thinks strongly about
her husband in the midst of illicit pleasures can produce, through
the force of her imagination, a child that perfectly resembles him
who is not the father. ... Resemblance is not proof of filia-
tion. ...”"” Now, it is easy enough to imagine that a woman
might dream of her lover while in the embrace of her husband,
but why, one might ask, would she think of her husband while
in the embrace of her lover? One answer is that if she, too,
subscribes to the theory of maternal imprinting, she will think
about her husband when she is with her lover on purpose, in
order to conceal her adultery.’® Thus, Huet argues, the mother is
no longer regarded as a victim of her own passion or desire, but,
rather, in control of her own imagination to such a degree that
she can produce, through that imagination, “not a monster but
its exact opposite: a child who actually resembles the legitimate
spouse who did not father it.”%

The backlash from this development was very serious. For
where the theory of maternal imprinting doubtless saved the
necks of a number of adulteresses whose children did not re-
semble their fathers, the corollary (that an adulteress could im-
print her lover’s child with her husband’s features) cast suspi-
cion upon all women, indeed particularly upon faithful women,
whose children did resemble their legitimate fathers.®® Women
as a whole were portrayed as bodysnatchers, who could at will
replace a seemingly normal child with a monster conceived in
the pods of adulterous beds. This was truly a no-win situation;
women were damned if they did, and damned if they didn’t,
produce children who resembled their husbands. The cognitive
dissonance that resulted from this uncertainty drove men both
to attempt to control women’s sexuality and to project their
images upon their sons. Thus M. Boursicot (the French diplomat
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in the real-life affair that inspired David Henry Hwang’s
M. Butterfly) explained why he thought his (male) Chinese lover
was a woman who had borne him a son by saying of the child,
“He looked like me.”¢!

There are also counterinstances in which the woman’s revul-
sion from a man or his image, rather than her desire for him,
produces another sort of negative effect upon the embryo. Thus
Nicolas Andry de Vois-regard, dean of the faculty of medicine in
Paris in 1700, wrote: “If the pregnant woman’s passionate desire
[envie] for certain things she cannot obtain right away is some-
times capable of producing deformities in the child she is carry-
ing, the sight of an object that causes her revulsion and horror is
even more capable of doing so.”% This works simply enough in
cases where a woman is frightened by the sight of a deformed
man and brings forth a deformed child, or by the sight of a knife
and brings forth a child with a birthmark in the shape of a knife.
But what if that repulsive “object” is her husband? Jewish and
Christian texts do not seem to have devoted much attention to
this possibility, but it is much discussed topic in ancient Indian
texts, to which we now turn.

ANCIENT INDIA: VYASA AND VARUTHINI

The idea of parental imprinting is expressed in several Hindu
myths, the most famous of which is closely associated with the
Levirate, or niyoga—the duty of a dead man’s brother to beget
a son upon his brother’s widow. The child of such a Levirate is
regarded as the son of the dead man, whose widow presumably
imagines him when she is in the arms of his brother. In the great
Sanskrit epic the Mahabharata, composed over a period of sev-
eral centuries before and after the turn of the common era, the
sage Vyasa—a dirty old man who appears in the epic as a kind
of walking semen bank—is called in to beget sons upon Ambika
and Ambalika, the widows of his half-brother:

When queen Ambika looked at Vyasa she saw his tawny matted
hair and his blazing eyes and his red beard. “How ugly!” she
thought; she was so frightened that she could not look at him,
and in her terror she shut her eyes as tight as buds. Indeed, the
sage was ugly, a skinny man of a most peculiar color. [He said,]
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“Because of his mother’s deficiency in the quality of sight, [the
child] will be blind.” And after a while, Ambika gave birth to a
son who was blind, Dhritarashtra.

Ambalika sat on a splendid bed, deeply depressed, wondering,
“Who is it who will come?” Then the great sage came to Ambalika
in the same way. When she saw him, she too was so upset that she
turned pale, and Vyasa said, “Since you with your lovely face
turned pale when you saw how ugly I am, therefore this son of
yours will be pale, and his name will be Pale (Pandu).”*

The text seems to take seriously—far more seriously than the
texts that we have considered from other traditions—the woman’s
ability to imprint the child not with what she passively sees, or
even actively fantasizes, but with what she does in reaction to
what she sees; she closes her eyes (which we may see as simply
another aspect of the emphasis on vision) or becomes pale. In
fact, however, we may reformulate this as an instance of pater-
nal impression: the child is born looking like what the father
saw (and put into words in his curse)—a woman pale, or with
her eyes closed.

The women reject Vyasa because he is old and ugly, but also
because he is the wrong color (too dark? too light?), and this,
plus Ambalika’s temporary pallor, results in the birth of a child
who is the wrong color, Pandu the Pale. Is this another echo of
the racial aspect of color that haunts tales of maternal impres-
sion? Or is it an instance of the intersecting claims of maternal
and paternal influence—the child who is pale both because his
mother turned pale and because his father was the wrong color?
Precisely such a conflation of influences is manifest in one of the
few other ancient Indian stories of this genre, in a text composed
several centuries after the Mababharata. The woman in this
story, like the mother of Dhritarashtra, closes her eyes. She does
so not in conscious rejection of the man who forced himself
upon her, but in imagination of the man she would have pre-
ferred—and thinks she is in bed with. This time, therefore, the
child is born not blind but in the image of that other man:

Varuthini, a courtesan of the gods, fell in love with a Brahmin
named Pravara and begged him to stay with her, but he rejected
her and returned to his wife. Now, a demigod [gandharva] named
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Kali was in love with Varuthini and had been rejected by her. He
observed Varuthini now and reasoned, “She is in love with a
human. If I take on his form, she will suspect nothing and will
make love with me.” He approached her and said, “You must
not look at me during the time of our shared sexual enjoyment,
but close your eyes and unite with me.” She agreed, and when
they made love, and her eyes were tightly closed, she thought,
because of his hot semen, it was the form of [the Brahmin]
suffused with the sacrificial fire. Then, after a while, she con-
ceived an embryo, who came from the demigod’s semen and from
(her) thinking about the Brahmin’s form. The demigod went
away, still in the form of the Brahmin.*

The implication is that the demigod asks her to close her eyes
because he fears he will reveal his true form when he makes love.
But the text also implies that the child had the true form of the
man that Varuthini thought she was making love with, just as,
in the Zoharic midrash, Jacob’s heir is the son of the woman he
thinks he is in bed with when he begets his first son. The
Sanskrit phrase, “from his semen and from her thinking,” closely
parallels the Hebrew phrase, “his semen followed his thought”—
though with the essential difference that, here, his semen follows
ber thought.

A Telugu version of the story explains how the child could be
affected in this way:

Through that experience of deep delight
the flame that was burning

in Pravara’s body

became magically kindled

in the gandharva’s form

now held fast in her

unwavering mind.

Thus the child, a glowing fire,

was conceived and grew to ripeness
during nine months in her womb.®

Presumably the child then had not only Pravara’s form but
Pravara’s flame, his essence, indeed his soul.

One medical text, composed sometime after the ninth century
C.E., conflates external and internal influences: the child is said
to resemble not only whatever creature the mother might be
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thinking of at the time of conception, but whatever she might
look at during her fertile period, right after menstruation ends.®
Thus, a woman who wanted to bear a white child was encour-
aged to furnish her bedroom with white things and, morning
and evening, to look constantly at a big, white bull or a white
horse of noble breeding—a new twist on the combination of
animal husbandry, color coding, and visual imprinting.®’

But there is another party that outranks the father, let alone
the mother, in shaping the embryo: the embryo itself. For, ac-
cording to the karma theory, the nature of a child is determined
primarily not through the imaginations of his [sic, as usual]
mother or father, but through his own imaginations in previous
lives. Far more relevant than what the parent fantasizes in the
sexual act is what the embryo thought about (or, in some cases,
saw or even heard)®® when he was dying. In terms of the theory
of parental imprinting, the unborn embryo is his own parent,
and imprints what he imagines or sees upon his future self.

Hindu embryology also assumes that the male embryo (one is
not concerned about any other kind) is sentient within the womb,
which further limits the agency of the woman in whose womb he
sojourns for nine months. Medieval Hindu medical texts imag-
ine the musings of the child inside the womb,%® and several
Tibetan and Indian Buddhist texts maintain that the state of
mind of the unborn embryo (the transmigrating soul of someone
who has recently died), hovering voyeuristically over the bed of
the copulating parents-to-be, determines the nature (and, more
specifically, the gender) of the baby who is to be born: if the
embryo desires the woman and therefore hates the man, it be-
comes a male child; if the opposite, a female.” This proto-
Freudian plot leaves little room for the intervention of the mother’s
mind in forming the embryo. We might call it embryonic im-
printing.

CONCLUSION

There are clear historical links between the Jewish, Greek, and
Christian texts we have considered, which explains some of their
overlapping ideas. Some of these influences may have operated
in India as well, but by and large the Indian examples function
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in contrast, making us aware, on the one hand, of the arbitrari-
ness of much of what is shared in the other traditions and, on the
other hand, of possibilities that the other traditions never seem
to have considered.

Let us attempt to sort out a number of rather different conclu-
sions that have been derived from this shared assumption of
parental imprinting. First of all, the gender of the imprinter
varies: occasionally a man will exert a force of paternal impres-
sion on a child, but overwhelmingly it is women who participate
in this process. Second, there are differing views as to the mo-
ment at which imprinting takes place: the moment of concep-
tion, or any moment during pregnancy (or, in Hinduism, the
period after menstruation or the moment of death). Premodern
traditions favor the moment of conception. Third, the nature of
the resulting child is seen in varying ways: some traditions
regard it as monstrous, others as illegitimate but still human,
still others as preferable to children born without such influ-
ences. But this difference must be correlated with a fourth factor:
the causes of this veering from what is normal, primarily visual
imprinting and mental imagination.

Visual imprinting, which reacts to material objects physically
present at or before the time of conception, may take place
accidentally or it may be brought about by the father on pur-
pose, through the active manipulation of external stimuli and to
his liking. For the Greeks, at least, the intentional use of images
in a kind of pre-scientific planned-parenthood program over-
rode many anxieties about the failure of a child to resemble his
parents. Here we must distinguish between the images that the
husband offers to his wife in the hopes that she will desire a
child cast in that image (though only Maimonides, among the
sources cited here, took the logic one step further and suggested
that the image should be of a child, not of a man), and the
images that the wife may accidentally see that make her desire a
man, and produce a child cast in his image. It comes down to the
matter of who initiates the fantasy. Her fantasy is only accept-
able if it is, in fact, his fantasy, his idea of what she should be
seeing while he makes love to her; and it is certainly easier to
regulate external vision than internal vision.
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If imitation is the sincerest form of flattery, different tradi-
tions disagreed as to who should be flattered. Early Greek sources
(and Paracelsus) imagined fathers who wanted their sons to be
better than them, or at least more beautiful, and so resorted to
the techniques of animal husbandry and the manipulation of
works of art to influence the mind of the mother, encouraging
their wives to improve the stock by “flattering” other men—or,
preferably, gods. But Jews were in general aniconic as well as
anti-eugenic. What appears to have been a mostly satisfying
fiction in Hellenistic lore reappears in rabbinic literature as a
disturbing possibility, requiring censure; the midrashim reject
eugenics as bastardy. Most Christian sources similarly imagined
fathers who wanted their sons to be just like them, to resemble
no one else (except, sometimes, God). And Hindus, too, believed
in the negative effects of impressions from images not intention-
ally presented by the father. They also believed that the embryo
himself might exert mental influence, for ill or good, upon the
physical form of his future self.

But certain tropes transcend cultural barriers. Male authors
within all of the traditions we have touched upon feared the
woman who imagined a man of her own choice, instead of just
looking at a picture supplied by her husband. They insisted that
the woman’s gaze is passive; by seeing, she herself is imprinted,
and this visual passivity overrides the active role she takes in
handing this imprint on to her child, whereas a man would take
the initiative from the start in actively stamping him with the
paternal mark. By contrast, the imprinting that takes place en-
tirely within the mother’s mind, through her active imagination,
excites the father’s jealousy. Thomas Laqueur states the case
very well: “Since normal conception is, in a sense, the male
having an idea in the woman’s body, then abnormal conception,
the mola, is a conceit for her having an ill-gotten and inadequate
idea of her own.”” The eye was therefore an instrument of
eugenics, passively and externally receiving the images produced
by the father, while the mind (hidden inside the woman) was an
instrument of adultery.

The ancient tales of black women giving birth to white chil-
dren through the implicitly positive influence of works of art
(positive, in the view of these texts, both because art is superior
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to nature and because white is superior to black) yield, in later
cultures, to racist fantasies about white women cuckolding their
husbands with black lovers. These racist images are easily
conflated with the ancient mechanisms of animal husbandry, in
which color is an essential factor, through the implicit equation
of animals with people of other races.”” The emphasis on color
is a part of the general emphasis on physical (visual) resem-
blance, which usually made other factors such as behavior seem
irrelevant in establishing paternity. The best way, therefore, to
answer the question, “Whose child is it?” was to ask another
question: “Whose face does it have?”

What seems most astonishing in all of this is the extent to
which the seemingly most plausible explanation for the birth of
a child who does not resemble his father—namely, the fact that
some other man fathered him—is rejected by most of our sources
(with the notable exception of the Jewish sources) in favor of
fantasies about fantasies of a most extravagant nature. If your
wife gives a birth to a child who looks just like your best friend,
it needs no ghost come from the grave to explain the cause. Our
premodern sources knew this, too. Yet though Heliodorus (“What
had happened was so fantastic that no one would believe my
explanation™) and Voltaire (“This influence of the imagination
is inexplicable”) believed that the theory of maternal imprinting
was unbelievable, they believed it nonetheless.

Even the woman’s active imagination, far more threatening
than her response to an image prepared by her husband, was
not as threatening to her husband as a real man glimpsed in the
street or market, even if he subsequently made love to the woman
only in her fantasy and never in the flesh. The simpler idea
(adultery) does seem to have occurred to some. Thus in 1726 Dr.
James Blondel remarked of one of Malabranche’s cases that the
mother had lied and Malebranche was too naive to recognize
this—an argument that, as Marie-Héléne Huet remarks archly,
“had never been made by those disagreeing with Malebranche.””?
And Jean-Baptiste Demangeon wrote in 1807, “As for
dissemblances, it is not unreasonable to believe that, when they
are not prompted by adultery, they result from some disorder in
the functioning of the organs of nutrition.””* Yet this, too, is
puzzling. Since these men believed that women did in fact lie



Misconceptions: Parental Imprinting 125

(dissemble) and commit adultery all the time, why did they not
invoke that belief in the context of embryonic dissemblance? The
answer must lie in two rather different factors: their desperate
need for some sort of assurance of paternity, and their genuine
curiosity about what we would now call genetics, particularly
about the problem of nonresemblance—a curiosity that tran-
scended even the highly charged agenda of paternal insecurity.

The theory of maternal imprinting mutes the power of the real
other man, the obvious villain of the piece; the complex me-
chanical causations of imprinting obscure the affective di-
mension of wives falling in love with other men. There may have
been a real man, but she merely imagined him, through the
adultery of thought. This is then further distanced by the sug-
gestion that she merely imagined a man who does not in fact
exist (such as a character from fiction or mythology), then that
she imagined an artistic representation of a real or unreal man,
and then that the husband takes charge and deliberately places
a picture of another man in the bedroom for his wife to gaze
at—as a model for the desired child—while he makes love to
her. But the repressed knowledge of adultery is always there
and bursts out in various paranoid forms. To men who fanta-
sized that mental acts influenced the quality of their offspring,
the very survival of the species depended upon the sexual fan-
tasies of their women.
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Edward O. Wilson

Consilience Among the
Great Branches of Learning!

HE CENTRAL THEME OF THE ENLIGHTENMENT, enhanced across

three centuries by the natural sciences, is that all phe-

nomena tangible to the human mind can be rationally
explained by cause and effect. Thus humanity can—all on its
own—know; and by knowing, understand; and by understand-
ing, choose wisely.

The idea is amplified by what Gerald Holton has called the
Ionian Enchantment, the conviction that all tangible phenomena
share a common material base and are reducible to the same
general laws of nature.? The roots of the Enchantment reach to
the beginnings of Western science in the sixth century B.c., when
Thales of Miletus, in Ionia, considered by Aristotle to be the
founder of the physical sciences, proposed that all substances are
composed ultimately of water. Although the hypothesis was
spectacularly wrong, the ambition it expressed—to attain the
broadest possible generalization in cause-and-effect explanations—
was destined to become the driving force of Western science.

The success of the scientific revolution may make this perception
now appear trivially obvious. Surely, it will seem to many, coherent
cause-and-effect explanation is an inevitable consequence of logical
thought. But to see otherwise it is only necessary to examine the
history of Chinese science. From the first through the thirteenth
centuries, as Europe passed from late antiquity through the Dark
Ages, science in China flourished. It kept pace with Arab science,
even though geographic isolation deprived Chinese scholars of the
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ready-made base that Greek culture provided their Western coun-
terparts. The Chinese made brilliant advances in subjects such as
descriptive astronomy, mathematics, and chemistry. But they never
acquired the habit of reductive analysis in search of general laws
that served Western science so well from the seventeenth century
on. They consequently failed to expand their conception of space
and time beyond what was attainable by direct observation with the
unaided senses. The reason, according to Joseph Needham, the
principal Western chronicler of the subject, was their emphasis on
the holistic properties and harmonious relationships of observable
entities, from stars to trees to grains of sand.’ Unlike Western
scientists, they had no inclination to search for abstract codified law
in nature. Their reluctance was stimulated to some degree by the
historic rejection of the Legalists, who attempted to impose rigid,
quantified law during the transition from feudalism to bureaucracy
in the fourth century B.c. But of probably greater importance was
the fact that the Chinese steered away from the idea of a supreme
being who created and supervises a rational, law-governed uni-
verse. If there is such a ruler in charge, it makes sense—Western
sense at least—to read a divine plan and code of laws into physical
existence. If, on the other hand, no such ruler exists, it seems more
appropriate to search for separate rules and harmonious relations
among the diverse entities composing the material universe. In
summary, it can be said that Western scholars but not their Chinese
counterparts hit upon the more fortunate metaphysics among the
two most available to address the physical universe.

Western scientists also succeeded because they believed that
the abstract laws of the various disciplines in some manner
interlock. A useful term to capture this idea is consilience. The
expression is more serviceable than coherence or interconnectedness
because the rarity of its usage has preserved its original meaning,
whereas coherence and interconnectedness have acquired many
meanings scattered among a plethora of contexts. William
Whewell, in his 1840 synthesis The Philosophy of the Inductive
Sciences, introduced consilience as literally a “jumping together”
of facts and theory to form a common network of explanation
across the scientific disciplines. He said, “The Consilience of
Inductions takes place when an Induction, obtained from one
class of facts, coincides with an Induction, obtained from an-
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other different class. This Consilience is a test of the truth of the
Theory in which it occurs.”

Consilience proved to be the light and way of the natural
sciences. Physics, with its astonishing congruity to mathematics,
came to undergird chemistry, which in turn proved foundational
for biology. The successful union was not just a broad theoreti-
cal consistency, as articulated by Whewell, but an exact folding
of principles pertaining to more complex and particular systems
into the principles for simpler and more general systems. Organ-
isms, it came to pass, can be reduced to molecules whose prop-
erties are entirely conformable to the laws of chemistry, and the
elements to which the molecules are composed are in turn con-
formable to the laws of quantum physics.

To place the organization of modern science in clearer per-
spective, the disciplines can be tied to the position that their
entities occupy in the scale of space and time, while noting that
each class of entities represents a level of organization deter-
mined by the ensemble of other entities composing them and
located lower on the space-time scale.

The consilient view of the natural world is illustrated by the
use of the space-time scale to define the disciplines of biology:

Evolutionary space-time. Over many generations entire popu-
lations of organisms undergo evolution, which at the most el-
emental level is a change in the frequencies of the genes in the
organisms that compose the populations. The foremost cause of
evolution is natural selection, the differential survival and repro-
duction of the competing genes—or, put more precisely, the
differential survival and reproduction of the organisms whose
traits are determined by the genes. Natural selection occurs
when populations interact with their environment. The subdisci-
pline broadly covering the phenomena in this segment of space-
time is evolutionary biology.

Ecological space-time. Evolution by changes in gene frequency
is coarse grained: It becomes apparent only when the history of
an entire population is watched across generations. The process
of natural selection driving it is finer grained, comprising par-
ticular events that affect the birth, reproduction, and death of
individual organisms. These are events that can be observed only



134 Edward O. Wilson

in a more constricted space and during shorter periods of time,
usually the span of a season or less, than is the case for genetic
evolution. They are addressed by the discipline of ecology. (Ecol-
ogy is often put under the rubric of evolutionary biology, when
that subject is broadly defined.)

Organismic space-time. Natural selection acts on the anatomy,
physiology, and behavior of organisms whose programs of de-
velopment are prescribed by genes. These properties usually
occupy millimeters to meters in space and seconds to hours in
time. The subdiscipline treating them is organismic biology.

Cellular space-time. The anatomy, physiology, and behavior
of organisms are aggregated phenomena of cells and tissues.
Covering micrometers to centimeters, and milliseconds to full
generations, they are the province of cellular and developmental
biology.

Biochemical space-time. The development and function of cells
and tissues are themselves the aggregate products of highly orga-
nized systems of molecules. At this latter level, space ranges
from nanometers to millimeters, and time usually from nanosec-
onds to minutes. The responsible discipline is molecular biology.

Two superordinate ideas unite and drive the biological sci-
ences at each of these space-time segments. The first is that all
living phenomena are ultimately obedient to the laws of physics
and chemistry, with higher levels of organization arising by
aggregate behavior at lower levels. The second is that all bio-
logical phenomena are products of evolution, and principally
evolution by natural selection. The two ideas are expressions of
consilience in the following way: Cells and thence organisms,
being organized ensembles of molecules, are physicochemical
entities, which were assembled not at random but by natural
selection. Looked at this way, consilience in biology is the full
sweep through the space-time scale, from near-instantaneous
molecular process to the transgenerational shifts of gene fre-
quency that compose evolution.

To many critics, especially in the social sciences and humani-
ties, such an extreme expression of reductionism will seem fun-
damentally wrong-headed. Surely, they will say, we cannot ex-
plain something as complex as a brain or an ecosystem by
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molecular biology. To which most biologists are likely to re-
spond, yes, we can, or we will be able to do so within a few
years. The critics in turn call that impossible; such complex
systems are distinguished by holistic, emergent properties not
explicable by molecular biology, let alone atomic physics. The
only fair response to this is yes, put that way, you are right.

Thus arises the paradox of emergence: Complex biological
phenomena are reducible but cannot be predicted from a knowl-
edge of molecular biology, at least not contemporary molecular
biology. Each higher level of organization requires its own prin-
ciples, including precisely definable entities, processes, spatial
relationships, interactive forces, and sensitivity to external influ-
ences, which permit an accurate characterization and perhaps a
stab at prediction from knowledge of its elements. Still, the
principles, if sound, can be reduced from the top down and
stepwise to those formulated at lower levels of organization. An
ecosystem, to take the most complicated of all levels, can be
broken into the species composing its biota. The species in turn
can be analyzed according to the demography of the organisms
composing them (population size and growth, birth and death
schedules, age structure), along with their interactions with other
kinds of organisms and with the physical environment. As part
of this study, the organisms can be divided into organ systems,
the organ systems into tissues and cells, and so on. The ecosys-
tem, like other biological systems, is not truly hierarchical but
heterarchical. It is constrained by the nature of its elements, and
the behavior of the elements is determined at least in part by the
sequences and proportions in which they are combined. By and
large, however, the entities of each level can be reduced; and the
principles used to describe the level, if apposite and correct, can
be telescoped into those of lower levels and, especially, the next
level down. That in essence is the process of reduction, or top-
down consilience, which has been intellectually responsible for
the enormous success of the natural sciences.

To proceed in the opposite direction, bottom-up, by synthe-
sis—simple to more complex, general to more specific—is far
more difficult. Physical scientists have succeeded splendidly at
the task. They have interwoven principles of quantum theory,
statistical mechanics, and reagent chemistry into stepwise syn-
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theses from subatomic particles to atoms to chemical compounds.
Advances in biology, if we measure their success by predictive
power, have been much slower. Scanning the space-time scale
along which biological complexity increases, we can see progress
decelerate to a near stall at the level of protein synthesis. This is
a critical juncture in the life sciences. About one hundred thou-
sand kinds of protein molecules are found in the body of a
vertebrate animal. Along with the nucleic acids that encode
them, they are the essential materials of life. In particular, pro-
teins form most of the basic structure of the body while running
its machinery through catalysis of organic chemical reactions.
Thanks to advances in technology, biochemists find it relatively
easy to sequence the amino acids composing at least the smaller
protein molecules, and to map the three-dimensional configura-
tion in which these units are arrayed. It is another matter en-
tirely, however, to predict how amino acids will fold together to
create the configuration.* Three-dimensional form is all-impor-
tant in the case of enzymes, which are the protein catalysts,
because it determines which substrate molecules the enzyme
molecule captures and which reaction it then catalyzes. When
procedures are worked out to predict the exact shapes that arise
from particular amino acid sequences, the result is likely to be a
revolution in biology and medicine. It will permit the design of
artificial enzymes and other proteins with desirable properties in
biochemical reactions—perhaps superior to those occurring natu-
rally. The difficulty is technical rather than conceptual: Predic-
tion requires the integration of binding forces among all the
amino acids simultaneously, an enormous computational prob-
lem; and in order to proceed that far it must also measure the
forces with a precision beyond the capability of present-day
biochemistry.

Even greater challenges are presented by the conceptual recon-
struction of cells and tissues from a knowledge of the constituent
molecules and chemical processes obtained through reductive
analysis. In 1994 the editors of Science asked a hundred cellular
and developmental biologists to identify the most important
unsolved problems in their field of research. Their responses
focused prominently on the mechanisms of synthesis.® In rank
order, the problems most often cited were the following: 1) the
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molecular mechanisms of tissue and organ development; 2) the
connection between development and genetic evolution; 3) the
steps by which cells become committed to a particular fate
during development; 4) the role of cell-to-cell signaling in tissue
development; 5) the self-assembly of tissue patterns during de-
velopment of the early embryo; and 6) the manner in which
nerve cells establish their specific connections to create the nerve
cord and brain. Although these problems are formidably diffi-
cult, the researchers reported that considerable progress has
already been achieved and that the solution of several may be
reached within a few years.

To summarize to this point, the consilience of material cause-
and-effect explanations is approaching continuity throughout
the natural sciences, binding them together across the full span
of space and time. Of the two complementary processes of
consilience, reduction and synthesis, the more successful has
been reduction, because it is both conceptually and technically
easier to master. Synthesis good enough to be quantitatively
predictive has progressed much more slowly, but it is now inch-
ing its way within biology to the level of cell and tissue.

Yet despite the progress of the natural sciences in understand-
ing the natural world, they have remained sequestered from the
other great branches of learning. The social sciences and hu-
manities are generally thought to be too grounded in ineffable
phenomena of mind and culture, too complex and holistic, and
too dependent on historical circumstance to be consilient with
the natural sciences.

That venerable perception, I believe, is about to change. The
reason is that the natural sciences, doubling in information con-
tent every two decades or less, have now expanded to touch the
material processes that generate mental and cultural phenom-
ena. Two disciplines—the brain sciences and evolutionary biol-
ogy—are now filling the ancient gap between dual epistemolo-
gies to serve as bridges between the great branches of learning.

The brain sciences are a conglomerate of research activities by
neuroscientists, cognitive psychologists, and philosophers
(“neurophilosophers”) bound together by their conviction that
the mind is the brain at work and, as such, can be understood
entirely as a biological phenomenon. For their part, evolutionary
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biologists address the origin of the mental process, which is also
considered a biological process. In particular, they focus on the
instinct-like emotional responses and learning biases that affect
individual development and the evolution of culture.

The key and largely unsolved problem of the brain sciences is
the neuron circuitry and neurotransmitter fluxes composing con-
scious thought. The most important entrée to the problem is
brain imaging, the monitoring of brain activity by the direct
mapping of its metabolic patterns. The current method of choice
in brain imaging is positron emission tomography (PET) scan-
ning, which measures activity in different parts of the brain by
the amount of their blood flow—hence the oxygen and energy
being delivered to them. The patient is first injected with a small
amount of rapidly decaying isotope of oxygen or another harm-
less radioactive material that emits elementary particles called
positrons. The positrons interact with electrons in tissue reached
by the isotope, resulting in radiation that can be picked up by a
camera. As the patient experiences a sensation, or reflects upon
a subject, or feels an emotion, blood flow increases within a
tenth of a second in the activated part of his brain, and the
corresponding change is detected by the scanner.

An alternative method of brain imaging is functional magnetic
resonance imaging (fMRI). Its precursor recording method is
static magnetic resonance imaging (MRI), which is based on the
response of molecules in body tissues to radio waves after the
molecules have been forced into a certain orientation by a pow-
erful magnet. The magnitude of the response rises according to
the water content of the tissues, which in turn increases while
blood (half of which is water) flows into the active areas. Re-
searchers convert MRI into fMRI, which enables them to use it
to monitor brain activity, by recording multiple images through
time. The images are then viewed in rapid succession to create
moving images in the manner of conventional cinematography.
The fMRI method is more efficient in this respect than PET
scanning, having been improved to record hundreds of images
per minute.

As in all biological research, the overall evolution of brain
scanning is toward ever deeper, finer, and faster probes of activ-
ity. Other methods directed toward these goals, based on differ-
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ent physical phenomena from those employed in PET and fMRI,
have recently opened a new chapter in imaging technology. One
method, still limited currently to experimental use in animals, is
the application of voltage-sensitive dyes to the surface of the
living brain. The electrical conduction of the nerve fibers liter-
ally light up the dyes in patterns that can be tracked by photo-
diode cameras. Images have been recorded in excess of a thou-
sand per second, allowing more nearly continuous monitoring
than PET and fMRI scanning.

As the twenty-first century opens, we can expect to witness
the invention of even more sophisticated methods of brain imag-
ing, as well as refinement of those already in use. With luck,
scientists will eventually reach their ultimate goal of monitoring
the activity of intact brains continuously and at the level of
individual nerve fibers. In short, the mind as brain-at-work can
be made visible.

Brain imaging and experimental brain surgery, together with
analyses of localized brain trauma and endocrine and neurotrans-
mitter mediation, have permitted a breakout from age-old subjec-
tive conceptions of mental activity. Researchers now speak confi-
dently of a coming solution to the brain-mind problem.

Some students of the subject, however (including a few of the
brain scientists themselves), consider that forecast overly opti-
mistic. In their view, technical progress has been largely correla-
tive and has contributed little to a deeper understanding of the
conscious mind. They consider it the equivalent of mapping the
communicative networks of a city, correlating its activity with
ongoing social events, and then declaring the material basis of
culture solved. Even if brain activity is mapped completely, they
ask, where does that leave consciousness, and especially subjec-
tive experience? How to express joy in a summer rainbow with
neurobiology? Perhaps these phenomena rise from undiscovered
physicochemical phenomena or exist at a level of organization
still beyond our comprehension. Or maybe, as a cosmic prin-
ciple, the conscious mind is just too complicated and subtle ever
to understand itself.

This view of the mind as mysterium tremendum is, in the
opinion of most brain researchers, unjustifiably defeatist. It is
the residue of mind-body dualism, the impulse to posit a master
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integrator—whether corporeal or ethereal—located somewhere
in the brain and charged with integrating information from the
neural circuits and making decisions. The perception weighs too
lightly the alternative and more parsimonious hypothesis: That
activity of the neural circuits s the mind, and as a consequence
nothing more of fundamental aspect is needed to account for
mental phenomena at the highest levels. In this view, the hun-
dred million or so neurons, each with an average of thousands of
connections to other neurons, are enough to symbolize the thick
stream of finely graded information and emotional coloring we
introspectively recognize as composing the conscious mind.

To envision the immense amount of information that can be
encoded, consider the following hypothetical example supplied
by neurobiologists. Suppose that the chemoreceptive brain were
programmed to sort and retrieve information by vector coding.
Suppose further that combined activities of nerve cells imposing
the codes classify individual tastes into combinations of sweet-
ness, saltiness, and sourness. The brain need only distinguish 10
degrees in each of these taste dimensions to discriminate 10x10x10
or 1,000 substances.

A large part, if not the totality, of mental activity comprises
scenarios built with such symbolic information. The scenarios
are usually reconstructions of the here and now, during which
the brain is flooded with fresh sensory information. Many others
recreate the past as it is summoned from long-term memory
banks. Still others construct alternative possible futures, or pure
tantasy.

According to the parsimonious theory of mind, emotions are
the modifications of neural activity that animate and focus the
scenarios. An act of decision is the prevalence of certain future
scenarios over others; those that prevail are most likely to be the
ones most conformable to instinct and reinforcement from prior
experience. What we think of as meaning is the linkage among
neural networks. Learning is the spreading activation that en-
larges imagery and engages emotion. The self (to continue the
parsimonious theory) is the key dramatic character of the sce-
narios. It must exist, because the brain is located within the
body, and the body is the constant intense focus of real-time
sensory experience and decision making.®
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The primary environment in which the mind develops is cul-
ture. This highest level of human activity was defined in 1952 by
Alfred Kroeber and Clyde Kluckhohn, out of a review of 164
prior definitions, as follows: “Culture is a product; is historical;
includes ideas, patterns, and values; is relative; is learned; is
based upon symbols; and is an abstraction from behavior and
the products of behavior.”” It comprises the life of a society, the
totality of its religion, myths, art, technology, sports, and all the
other systematic knowledge transmitted across generations.

Throughout this century scholars in all the branches of learn-
ing have treated culture as an entity apart, comprehensible only
on its own terms and not those of the natural sciences. By this
conception culture stands apart even if the mind has a reducible,
material basis; it must do so first because the fine details of the
cultures of individual societies are historically determined, and
second because cultures comprise phenomena too complicated,
too flickering through time, and too subtle to be subject to
natural scientific analysis.

A fixed belief in the independent nature of culture has contrib-
uted to the isolation of the social sciences and humanities from
the natural sciences throughout modern history. It is the basis of
the discontinuity famously cited by C. P. Snow in 1959 as
separating the scientific culture from the literary culture. Now
there is reason to believe that the difference is not a true episte-
mological discontinuity, not a divide between two kinds of real-
ity, but something far less forbidding and yet much more inter-
esting. The boundary between the two cultures is instead a vast,
unexplored terrain of phenomena awaiting entry from both sides.

The terrain is the interaction between genetic evolution and
cultural evolution. We know that culture is learned. At the same
time, evidence is mounting that learning is genetically biased; it
is becoming increasingly accepted that culture is influenced by
human nature. But what exactly is human nature? It is not the
genes, which prescribe it, or the cultural universals, which are its
most obvious products. It is the epigenetic rules, the hereditary
biases that guide the development of individual behavior. There
are several examples of epigenetic rules that can be cited in this
early stage of investigation.
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The facial expressions denoting the elementary emotions of
fear, loathing, anger, surprise, and happiness are human univer-
sals and evidently inherited. They are adjusted by cultural evolu-
tion within individual societies to project particular nuances of
meaning. The smile, one of the basic elements of emotive com-
munication, appears at two to four months in infants every-
where, virtually independent of environment. It occurs on sched-
ule in deaf-blind infants and even in thalidomide-crippled chil-
dren who cannot touch their own faces.® The tendency to fear
snakes is another human universal. It is furthermore widespread,
if not universal, in all other Old World primate species. Snakes
are among the few stimuli that easily evoke true phobias in
people—the deep and intractable visceral reactions acquired with
only one or two frightening experiences. They share their power
with heights, closed spaces, running water, spiders, and other
ancient perils of humanity; a similar degree of sensitivity does
not exist for knives, guns, electric sockets, automobiles, and
other modern sources of risk. The cultural consequences of the
response to snakes, combining fear and intense curiosity, are
manifold. Snakes are among the animals most commonly expe-
rienced in dreams, even among urbanites who have never seen
one in life. They play prominent mythic roles in cultures around
the world, taking new forms variously as demons, dragons,
seducers, magical healers, and gods.’

Automatic incest avoidance is universal in primate species
studied to date, including Homo sapiens. The generally accepted
adaptive explanation is the heightened risk that inbreeding poses
of producing defective offspring, and that evolutionary inference
is well supported by the evidence. The closer the genetic rela-
tionship of parents, the more likely they will bring together
matching recessive genes that are deleterious in a double dose.
Children of full siblings and of fathers and daughters, for ex-
ample, have twice the early mortality rate of outbred children.
Among those that survive, ten times more suffer genetic defects
such as heart deformities, deaf-mutism, mental retardation, and
dwarfism. The epigenetic rules, or hereditary developmental bi-
ases that prevent incest, are two-layered in apes, monkeys, and
other non-human primates. First, all species so far studied for
the trait (nineteen worldwide) practice the equivalent of human
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exogamy: Young individuals leave the parent group and join
another before they attain full maturity. Second, all species ex-
amined for the possible existence of the Westermarck effect also
display that phenomenon. This means that individuals are sexu-
ally desensitized to individuals with whom they have been closely
associated while very young, normally their parents and siblings.
The critical period for the effect in human beings is the first
thirty months of life. Out of the Westermarck effect have appar-
ently risen incest taboos with all their supporting arsenal of
legends and myths. The effect is enhanced in some but not all
societies by a third barrier: the direct observation and correct
rational understanding of the ill effects of incest.!°

Similar examples of epigenetic rules have multiplied in the
literature of biology and the behavioral sciences during the past
several decades. They have been found in virtually all categories
of human behavior, including sexual and parental bonding, the
acquisition of language, and even the cardinal role of trust
during contract formation. They leave little doubt that a true
hereditary human nature exists, and that it includes social be-
haviors held in common with nonhuman primate species and
others that are diagnostically human.

Such is the interdisciplinary subject awaiting study by all the
great branches of learning, and I can think of no more important
intellectual undertaking. The relation between biological evolu-
tion and cultural evolution is, in my opinion, both the central
problem of the social sciences and humanities and one of the
great remaining problems of the natural sciences.

The process by which genetic evolution and cultural evolution
appear to be linked is usually called gene-culture coevolution. The
theory of gene-culture coevolution incorporates the two levels of
approach I cited earlier as the core of modern biology.'" Put as
briefly as possible, they are that living processes are physicochemi-
cal and also self-assembled by natural selection. The first level is
composed of proximate explanations, which describe the structures
and processes by which an organism responds. The question of
interest in any proximate explanation is, How does the phenom-
enon occur? The second level is composed of ultimate, or evolution-
ary, explanations, which account for the origin of the structures
and processes, usually by the adaptive advantage they confer on
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organisms. The question of interest at this level is, Why does the
phenomenon occur? In the case of hereditarily based incest avoid-
ance, the proximate causes are emigration and the Westermarck
effect. The ultimate cause is the deleterious effects of inbreeding,
which by natural selection has driven the species toward emigration
and the Westermarck effect.

The theory of gene-culture coevolution is still spotty and largely
untested. Nevertheless, I believe that most researchers on the subject
would agree with the following outline of the present form of the
theory: People survive and leave offspring to the degree that they
learn and adapt to the culture of their society, and the societies
themselves flourish or decline in proportion to the effectiveness of
their adaptation to their environment and surrounding societies. For
hundreds of millennia certain aptitudes and cultural norms have
arisen that are consistently adaptive in this Darwinian sense. They
include language facility, cooperativeness within the group, exogamy
and incest avoidance, rites of passage, territoriality, male polygyny,
and parent-offspring bonding. Hereditary epigenetic rules have evolved
that pull individual preference, and hence cultural evolution, toward
these norms. They comprise the elements of what we subjectively call
human nature. The genes prescribing them also increase in frequency
as a result of the same process. Spreading through the population,
maintained by the edge they give most of the time in survival and
reproduction, they have secured the stability of human nature across
socleties and generations.

To conclude my synopsis of the theory, cultural evolution is
much faster than genetic evolution. One result is nongenetic
cultural diversity, which scatters particular cultural variants around
each central, genetic trend to a degree determined by the strength
of the epigenetic rules affecting them. The products of cultural
evolution, multiplying rapidly through the population, can im-
prove the fitness of individuals and societies, or they can reduce
them. But only if the advantage or disadvantage is sustained for
many generations—population genetics theory would suggest at
least ten—can the epigenetic rules and the genes prescribing
them be replaced. That is why human nature today remains
Paleolithic even in the midst of accelerating technological ad-
vance. Thus corporate CEOs impelled by stone-age emotions
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work international deals with cellular telephones at thirty thou-
sand feet.

If it is granted that the human condition is subject to consilient
explanation from genes to mind to culture, even as a working
hypothesis, the consequences to follow will be considerable. The
first is support across the great branches of learning for what
can appropriately be called “gap analysis” as a research strat-
egy.'? Already a mainstay of the natural sciences, gap analysis is
the systematic attempt to identify domains of phenomena in
which important discoveries are most likely to be made. Its most
productive method is reduction, the search for novel phenom-
ena, or at least the search for novel explanations of phenomena
already known, by examination of the next level of organization
down. Successful reduction confirms the existence of elements in
the lower level that interact to create the higher level. In this
manner, molecular biology was created de novo from the basic
chemistry of macromolecules, and the study of cells and tissues
was revolutionized by molecular biology.

The social sciences, I believe, will advance more rapidly if they
adopt a consilient worldview and the gap analysis suggested by
it leading to reductionist analysis. They have failed to give this
approach a try, except in a few sectors such as biological anthro-
pology, largely because of their aversion to biology. The reasons
for the aversion are complex, stemming partly from the effort of
the social science disciplines—anthropology, economics, politi-
cal science, and sociology—to maintain intellectual indepen-
dence, partly from the daunting complexity of the subject, and
partly from fear of the misuse of biology to support racist
ideology.

Still, biology is the logical foundational discipline of the social
sciences. I mean by this assessment biology as broadly defined,
including much of contemporary psychology, especially cogni-
tive psychology, which is in the process of being subsumed by
neurobiology and the brain sciences. A great majority of social
scientists, including the most influential theoreticians in eco-
nomics, build their models as if this information does not exist.
Their conceptions of human behavior come either from folk
psychology—intuitive notions that seem right but are often fac-
tually wrong—or from notions of the mind as an optimizing
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device for rational choice. They ignore contrary signs from ge-
netics, neurobiology, cognitive psychology, and the many quirky
properties of human nature. For them history began a few thou-
sand years ago with the rise of complex societies, overlooking
the fact that it began hundreds of thousands of years ago with
the evolutionary origins of human nature in hunter-gatherer
bands.

In summary, it is hard to imagine how the social sciences can
unite and achieve general, predictive theory without taking a
reductionist approach to the phenomena of human nature, both
their proximate causes in the machinery of the brain and their
ultimate causes in deep, evolutionary history.

The theory and criticism of the arts can also benefit in the
same fashion. Let me cite several examples already in hand. We
now know, from neurobiology and the brain sciences, how the
brain breaks down and classifies the continuously varying wave-
length of visible light into four basic colors, namely, blue, green,
yellow, and red. The process has been tracked in segments from
the base sequences in the DNA that prescribe the cone pigments
of the photosensitive retinal cells to the nerve-cell sequences that
lead from the retina to the primary visual cortex at the extreme
rear of the brain. From anthropological and linguistic studies we
know that people in societies around the world fix their color
terms toward the centers of the primary colors in the spectrum
and away from the intermediate and hence ambiguous wave-
lengths. Finally, we know that as societies increase their color
vocabularies, in the course of cultural evolution, they tend to
employ up to eleven basic terms, usually accumulating them in
the following sequence: Languages with only two basic color
terms use them to distinguish black and white; languages with
only three terms identify black, white, and red; languages with
only four terms have words for black, white, red, and either
green or yellow; languages with only five terms have words for
black, white, red, green, and yellow; and so on until all eleven
terms are included, as exemplified in the English language. The
sequence cannot be due to chance alone. If the terms were
combined at random, there would be 2,036 possible combina-
tions. But for the most part they are drawn from only 22. Surely
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this is the kind of information needed to produce a coherent
theory of aesthetics in the visual arts.?

In another domain relevant to visual aesthetics, neurobiological
measurements have shown that the brain is most aroused by ab-
stract designs in which there is about 20 percent repetition of
elements. That is the amount of redundancy found in a simple
maze, two turns of a logarithmic spiral, or an asymmetrical cross.
It seems hardly a coincidence that roughly the same property is
shared by a great deal of the art in friezes, grillwork, colophons,
and flag designs. Or that it crops up again in the glyphs of ancient
Egypt and Mesoamerica as well as the pictographs of Japanese,
Chinese, Thai, Bengali, and other Asian languages. The response
appears to be innate: Newborn infants gaze longest at figures with
about the same amount of redundancy.'*

In yet another topic of aesthetics, ideal female facial beauty as
judged in at least two cultures, European and Japanese, has
recently been found to follow some surprising principles. Using
blended and artificially altered photographs, psychologists have
discovered that the most admired facial features are near the
anatomical average of the population but with heightened cheek-
bones, reduced chin size, enlarged eyes, and shortened distance
between the nose and chin.™ The cause of this effect, if upheld as
inborn by further cross-cultural and developmental studies, is
unknown. It could represent an innate recognition of the signs of
youthfulness and hence greater reproductive potential.

The creative arts themselves, in literature, the visual arts,
drama, music, and dance, may not be affected significantly by
such knowledge from the natural sciences. The purpose of the
arts is to transmit personal experience and emotion directly from
mind to mind while avoiding explanation of the logic behind the
creative work; thus, ars est celare artem, it is art to conceal art.
But theory and criticism of the arts, which does attempt this
mode of explanation, cannot help but be strengthened by the
new information. If the greatest art is indeed that which touches
all humanity, as commonly said, it follows that consilient cause-
and-effect accounts of human nature will become increasingly
foundational to sound theory and criticism.
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Steven Weinberg

Physics and History

AM ONE OF THE FEW CONTRIBUTORS to this issue of Dedalus

who is not in any sense a historian. I work and live in the

country of physics, but history is the place that I love to visit
as a tourist. Here I wish to consider, from the perspective of a
physicist, the uses that history has for physics, and the dangers
both pose to each other.

I should begin by observing that one of the best uses of the
history of physics is to help us teach physics to nonphysicists.
Although many of them are very nice people, nonphysicists are
rather odd. Physicists get tremendous pleasure out of being able
to calculate all sorts of things, everything from the shape of a
cable in a suspension bridge to the flight of a projectile or the
energy of the hydrogen atom. Nonphysicists, for some reason,
do not appear to experience a comparable thrill in considering
such matters. This is sad but true. It poses a problem, because if
one intends to teach nonphysicists the machinery by which these
calculations are done, one is simply not going to get a very
receptive class. History offers a way around this pedagogical
problem: everyone loves a story. For example, a professor can
tell the story (as I did in a book and in courses at Harvard and
Texas) of the discovery of the subatomic particles—the electron,
the proton, and all the others.! In the course of learning this
history, the student—in order to understand what was going on
in the laboratories of . J. Thomson, Ernest Rutherford, and our
other heroes—has to learn something about how particles move

Steven Weinberg is Josey Regental Professor of Science at the University of Texas at
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under the influence of various forces, about energy and momen-
tum, and about electric and magnetic fields. Thus, in order to
understand the stories, they need to learn some of the physics we
think they should know. It was Gerald Holton’s 1952 book
Introduction to Concepts and Theories of Physical Science that
first utilized precisely this method of teaching physics; Holton
told the story of the development of modern physics, all the
while using it as a vehicle for teaching physics. Unfortunately,
despite his efforts and those of many who came after him, the
problem of teaching physics to nonphysicists remains unsolved.
It is still one of the great problems facing education—how to
communicate “hard sciences” to an unwilling public. In many
colleges throughout the country the effort has been given up
completely. Visiting small liberal-arts colleges, one often finds
that the only course offered in physics at all is the usual course
for pre-medical students. Many undergraduates will thus never
get the chance to encounter a book like Holton’s.

History plays a special role for elementary particle physicists
like myself. In a sense, our perception of history resembles that
of Western religions, Christianity and Judaism, as compared to
the historical view of other branches of science, which are more
like that of Eastern religious traditions. Christianity and Juda-
ism teach that history is moving toward a climax—the day of
judgment; similarly, many elementary particle physicists think
that our work in finding deeper explanations of the nature of the
universe will come to an end in a final theory toward which we
are working. An opposing perception of history is held by those
faiths that believe that history will go on forever, that we are
bound to the wheel of endless reincarnation; likewise, particle
physicists’ vision of history is quite different from that of most
of the sciences. Other scientists look forward to an endless
future of finding interesting problems—understanding conscious-
ness, or turbulence, or high temperature superconductivity—that
will go on forever. In elementary particle physics our aim is to
put ourselves out of business. This gives a historical dimension
to our choice of the sort of work on which to concentrate. We
tend to seek out problems that will further this historic goal—
not just work that is interesting, useful, or that influences other
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fields, but work that is historically progressive, that moves us
toward the goal of a final theory.

In this quest for a final theory, problems get bypassed. Things
that once were at the frontier, as nuclear physics was in the
1930s, no longer are. This has happened recently to the theory
of strong interactions. We now understand the strong forces that
hold the quarks together inside the nuclear particles in terms of
a quantum field theory called quantum chromodynamics. When
I say that we understand these forces, I do not mean that we can
do every calculation we might wish to do; we are still unable to
solve some of the classic problems of strong interaction physics,
such as calculating the mass of the proton (the nucleus of the
hydrogen atom). A silly letter in Physics Today recently asked
why we bother to talk about speculative fundamental theories
like string theory when the longstanding problem of calculating
the mass of the proton remains to be solved. Such criticism
misses the point of research focused on a historical goal. We
have solved enough problems using quantum chromodynamics
to know that the theory is right; it is not necessary to mop up all
the islands of unsolved problems in order to make progress
toward a final theory. Our situation is a little like that of the
United States Navy in World War II: bypassing Japanese strong
points like Truk or Rabaul, the Navy instead moved on to take
Saipan, which was closer to its goal of the Japanese home
islands. We too must learn that we can bypass some problems.
This is not to say that these problems are not worth working on;
in fact, some of my own recent work has been in the application
of quantum chromodynamics to nuclear physics. Nuclear forces
present a classic problem—one on which I was eager to work.
But I am not under the illusion that this work is part of the
historical progress toward a final theory. Nuclear forces present
a problem that remains interesting, but not as part of the histori-
cal mission of fundamental physics.

If history has its value, it has its dangers as well. The danger
in history is that in contemplating the great work of the past, the
great heroic ideas—relativity, quantum mechanics, and so on—
we develop such reverence for them that we become unable to
reassess their place in what we envision as a final physical
theory. An example of this is general relativity. As developed by
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Einstein in 19135, general relativity appears almost logically in-
evitable. There was a fundamental principle, Einstein’s principle
of the equivalence of gravitation and inertia, which says that
there is no difference between gravity and the effects of inertia
(like centrifugal force). The principle of equivalence can be re-
formulated as the principle that gravity is just an effect of the
curvature of space and time—a beautiful principle from which
Einstein’s theory of gravitation follows almost uniquely. But
there is an “almost” here. To arrive at the equations of general
relativity, Einstein in 1915 had to make an additional assump-
tion; he assumed that the equations of general relativity would
be of a particular type, known as second-order partial differen-
tial equations. This is not the place to explain precisely what a
second-order partial differential equation is—roughly speaking,
it is an equation in which appear not only things like gravita-
tional fields, and the rates at which these things change with
time and position, but also second-order rates, the rates at which
the rates change. It does not include higher order rates, for
instance, third-order rates—the rates at which the rates that are
changing are changing. This may seem like a technicality, and it
is certainly not a grand principle like the principle of equiva-
lence. It is just a limit on the sorts of equations that will be
allowed in the theory. So why did Einstein make this assump-
tion—this very technical assumption, with no philosophical un-
derpinnings? For one thing, people were used to such equations
at the time: the equations of Maxwell that govern electromag-
netic fields and the wave equations that govern the propagation
of sound are all second-order differential equations. For a physi-
cist in 19135, therefore, it was a natural assumption. If a theorist
does not know what else to do, it is a good tactic to assume the
simplest possibility; this is more likely to produce a theory that
one could actually solve, providing at least the chance to decide
whether or not it agrees with experiment. In Einstein’s case, the
tactic worked.

But this kind of pragmatic success does not in itself provide a
rationale that would satisfy, of all people, Einstein. Einstein’s
goal was never simply to find theories that fit the data. Remem-
ber, it was Einstein who said that the purpose of the kind of
physics he did was “not only to know how nature is and how
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her transactions are carried through, but also to reach as far as
possible the utopian and seemingly arrogant aim of knowing
why nature is thus and not otherwise. . . .” He certainly was not
achieving that goal when he arbitrarily assumed that the equa-
tions for general relativity were second-order differential equa-
tions. He could have made them fourth-order differential equa-
tions, but he did not.

Our perspective on this today, which has been developing
gradually over the last fifteen or twenty years, is different from
that of Einstein. Many of us now regard general relativity as
nothing but an effective field theory—that is to say, a field
theory that provides an approximation to a more fundamental
theory, an approximation valid in the limit of large distances,
probably including any distances that are larger than the scale of
an atomic nucleus. Indeed, if one supposes that there really are
terms in the Einstein equations that involve rates of fourth or
higher order, such terms would still play no significant role at
sufficiently large distances. This is why Einstein’s tactic worked.
There is a rational reason for assuming the equations are sec-
ond-order differential equations, which is that any terms in the
equations involving higher order rates would not make much of
a difference in any astronomical observations. As far as [ know,
however, this was not Einstein’s rationale.

This may seem rather a minor a point to raise here, but in fact
the most interesting work today in the study of gravitation is
precisely in contexts in which the presence of higher-order rates
in the field equations would make a big difference. The most
important problem in the quantum theory of gravity arises from
the fact that when one does various calculations—as, for in-
stance, in attempting to calculate the probability that a gravita-
tional wave will be scattered by another gravitational wave—
one gets answers that turn out to be infinite. Another problem in
the classical theory of gravitation arises from the presence of
singularities: matter can apparently collapse to a point in space
with infinite energy density and infinite space-time curvature.
These absurdities, which have been exercising the attention of
physicists for many decades, are precisely problems that involve
gravity at very short distances—not the large distances of as-
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tronomy, but distances much smaller than the size of an atomic
nucleus.

From the point of view of modern effective field theory, there are
no infinities in the quantum theory of gravity. The infinities are
cancelled in exactly the same way that they are in all our other
theories, by just being absorbed into a redefinition of parameters in
the field equations; but this works only if we include terms involv-
ing rates of fourth order and all higher orders. (John Donaghue of
the University of Massachusetts at Amherst has done more than
anyone in showing how this works.) The old problems of infinities
and singularities in the theory of gravitation cannot be dealt with
by taking Einstein’s theory seriously as a fundamental theory. From
the modern point of view—if you like, from my point of view—
Einstein’s theory is nothing but an approximation valid at long
distances, which cannot be expected to deal successfully with infini-
ties and singularities. Yet some professional quantum gravitationalists
(if that is the word) spend their whole careers studying the applica-
tions of the original Einstein theory, the one that only involves
second-order differential equations, to problems involving infinities
and singularities. Elaborate formalisms have been developed that
aim to look at Einstein’s theory in a more sophisticated way, in the
hope that doing so will somehow or other make the infinities or
singularities go away. This ill-placed loyalty to general relativity in
its original form persists because of the enormous prestige the
theory earned from its historic successes.

But it is precisely in this way that the great heroic ideas of the
past can weigh upon us, preventing us from seeing things in a
fresh light. Said another way, it is those ideas that were most
successful of which we should be most wary. Otherwise we
become like the French army, which in 1914 tried to imitate the
successes of Napoleon and almost lost the war—and then in
1940 tried to imitate the 1916 success of Marshall Petain in
defending Verdun, only to suffer decisive defeat. Such examples
exist in the history of physics as well. For instance, there is an
approach to quantum field theory called second quantization,
which fortunately no longer plays a significant role in research
but continues to play a role in the way that textbooks are
written. Second quantization goes back to a paper written in
1927 by Jordan and Klein that put forth the idea that after one
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has introduced a wave function in quantizing a theory of par-
ticles, you should then quantize the wave function. Surprisingly,
many people think that this is the way to look at quantum field
theory; it is not.

We have to expect the same fate for our present theories. The
standard model of weak, electromagnetic, and strong forces,
used to describe nature under conditions that can be explored in
today’s accelerators, may itself neither disappear nor be proved
wrong but instead be looked at in quite a different way. Most
particle physicists now think of the standard model as only an
effective field theory that provides a low-energy approximation
of a more fundamental theory.

Enough about the danger of history to science; let us now take
up the danger of scientific knowledge to history. This arises
from a tendency to imagine that discoveries are made according
to our present understandings. Gerald Holton has done as much
as anyone in trying to point out these dangers and puncture
these misapprehensions. In his papers about Einstein he shows,
for example, that the natural deduction of the special theory of
relativity from the experiment of Michelson and Morley, which
demonstrated that there is no motion through the ether, is not at
all the way Einstein actually came to special relativity. Holton
has also written about Kepler. At one point in my life I was one
of those people who thought that Kepler deduced his famous
three laws of planetary motion by studying the data of Tycho
Brahe. But Holton points out how much else besides data, how
much of the spirit of the Middle Ages and of the Greek world,
went into Kepler’s thinking—how many things that we now no
longer associate with planetary motion were on Kepler’s mind.
By assuming that scientists of the past thought about things the
way we do, we make mistakes; what is worse, we lose apprecia-
tion for the difficulties, for the intellectual challenges, that they
faced.

Once, at the Tate Gallery in London, I heard a lecturer talking
to a tour group about the Turner paintings. Turner was very
important, said the guide, because he foreshadowed the Impres-
sionists of the later nineteenth century. I had thought Turner
was an important painter because he painted beautiful pictures;
Turner did not know that he was foreshadowing anything. One
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has to look at things as they really were in their own time. This
also applies, of course, to political history. Consider the term
“Whig interpretation of history,” which was invented by Herbert
Butterfield in a lecture in 1931. As Butterfield explained it, “The
Whig historian seems to believe that there is an unfolding logic
in history.” He went on to attack the person he regarded as the
archetypal Whig historian, Lord Acton, who wished to use his-
tory as a way to pass moral judgments on the past. Acton
wanted history to serve as the “arbiter of controversy, the up-
holder of that moral standard which the powers of earth and
religion itself tend constantly to depress. ... It is the office of
historical science to maintain morality as the sole impartial
criterion of men and things.” Butterfield went on to say:

“If history can do anything it is to remind of us of those compli-
cations that undermine our certainties, and to show us that all
our judgments are merely relative to time and circumstance. . . . We
can never assert that history has proved any man right in the long
run. We can never say that the ultimate issue, the succeeding
course of events, or the lapse of time have proved that Luther was
right against the pope or that Pitt was wrong against Charles
James Fox.”?

This is the point at which the historian of science and the
historian of politics should part company. The passage of time
has shown that, for example, Darwin was right against Lamarck,
the atomists were right against Ernst Mach, and Einstein was
right against the experimentalist Walter Kaufman, who pre-
sented data contradicting special relativity. To put it another
way, Butterfield was correct; there is no sense in which Whig
morality (much less the Whig Party) existed at the time of
Luther. But nevertheless it is true that natural selection was
working during the time of Lamarck, and the atom did exist in
the days of Mach, and fast electrons behaved according to the
laws of relativity even before Einstein. Present scientific knowl-
edge has the potentiality of being relevant in the history of
science in the way that the present moral and political judge-
ments may not be relevant in political or social history.

Many historians, sociologists, and philosophers of science have
taken the desire for historicism, the worry about falling into a
Whig interpretation of history, to extremes. To quote Holton,
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“Much of the recent philosophical literature claims that science
merely staggers from one fashion, conversion, revolution, or
incommensurable exemplar to the next in a kind of perpetual,
senseless Brownian motion, without discernible direction or goal.”3
I made a similar observation in an address to the American
Academy of Arts and Sciences about a year and a half ago,
noting in passing that there are people who see scientific theories
as nothing but social constructions. The talk was circulated by
the Academy, as is their practice, and a copy of it fell into the
hands of someone who over twenty years ago had been closely
associated with a development known as the Sociology of Scien-
tific Knowledge (SSK). He wrote me a long and unhappy letter;
among other things, he complained about my remark that the
Strong Program initiated at the University of Edinburgh embod-
ied a radical social-constructivist view, in which scientific theo-
ries are nothing but social constructions. He sent me a weighty
pile of essays, saying that they demonstrated that he and his
colleagues do recognize that reality plays a role in our world. I
took this criticism to heart and decided that I would read the
essays. I also looked back over some old correspondence that I
had had with Harry Collins, who for many years led the well-
known Sociology of Scientific Knowledge group at the Univer-
sity of Bath. My purpose in all of this was to look at these
materials from as sympathetic a point of view as I could, try to
understand what they were saying, and assume that they must be
saying something that is not absurd.

I did find described (though not espoused) in an article by
David Bloor, who is one of the Edinburgh group, and also in my
correspondence with Harry Collins, a point of view that on the
face of it is not absurd. As I understand it, there is a position
called “methodological idealism” or “methodological antireal-
ism,” which holds that historians or sociologists should take no
position on what is ultimately true or real. Instead of using
today’s scientific knowledge as a guiding principle for their
work, the argument goes, they should try to look at nature as it
must have been viewed by the scientists under study at the time
that those scientists were working. In itself, this is not an absurd
position. In particular, it can help to guard us against the kind
of silliness that (for instance) I was guilty of when I interpreted
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Kepler’s work in terms of what we now know about planetary
motion.

Even so, the attitude of methodological antirealism bothered
me, though for a while I could not point to what I found wrong
with it. In preparing this essay I have tried to think this through,
and I have come to the conclusion that there are a number of
minor things wrong with methodological antirealism: it can
cripple historical research, it is often boring, and it is basically
impossible. More significantly, however, it has a major draw-
back—in an almost literal sense, it misses the point of the his-
tory of science.

Let us first address the minor points. If it were really possible
to reconstruct everything that happened during some past scien-
tific discovery, then it might be helpful to forget everything that
has happened since; but in fact much of what occurred will
always be unknown to us. Consider just one example. J. ]J.
Thomson, in the experiments that made him known as the dis-
coverer of the electron, was measuring a certain crucial quantity,
the ratio of the electron’s mass to its charge. As always happens,
he found a range of values. Although he quoted various values in
his published work, the values he would always refer to as his
favorite results were those at the high end of the range. Why did
Thomson quote the high values as his favorite values? It is
possible that Thomson knew that on the days those results had
been obtained he had been more careful; perhaps those were the
days he had not bumped into the laboratory table, or before
which he’d had a good night’s sleep. But the possibility also
exists that perhaps his first values had been at the high end of
the range, and he was determined to show that he had been right
at the beginning. Which explanation is correct? There is simply
no way of reconstructing the past. Not his notebooks, not his
biography—nothing will allow us now to reconstitute those days
in the Cavendish Laboratory and find out on which days Thomson
was more clumsy or felt more sleepy than usual. There is one
thing that we do know, however: the actual value of the ratio of
the electron’s mass to its charge, which was the same in Thomson’s
time as in our own. We know, in fact, that the actual value is not
at the high end but, rather, at the low end of the range of
Thomson’s experimental values, which strongly suggests that
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when Thomson’s measurements gave high values they were not
actually more careful—and that therefore it is more likely that
Thomson quoted these values because he was just trying to
justify his first measurements.

This is a trivial example of the use of present scientific knowl-
edge in the history of science, because here we are just talking
about a number, not a natural law or an ontological principle. I
chose this example simply because it shows so clearly that to
decide to ignore present scientific knowledge is often to throw
away a valuable historical tool.

A second minor drawback of methodological antirealism is
that a reader who does not know anything about our present
understanding of nature is likely to find the history of science
terribly boring. For instance, a historian might describe how in
1911 the Dutch physicist Kamerlingh Onnes was measuring the
electrical resistance of a sample of cold mercury and thought
that he had found a short circuit. The historian could go on for
pages and pages describing how Onnes searched for the short
circuit, and how he took apart the wiring and put it back
together again without any success in finding the source of the
short circuit. Could anything be more boring than to read this
description if one did not know in advance that there was no
short circuit—that what Onnes was observing was in fact the
vanishing of the resistance of mercury when cooled to a certain
temperature, and that this was nothing less than the discovery of
superconductivity? Of course, it is impossible today for a physi-
cist or a historian of physics not to know about superconductiv-
ity. Indeed, we are quite incapable while reading about the
experiments of Kamerlingh Onnes of imagining that his problem
was nothing but a short circuit. Even if one had never heard of
superconductivity, the reader would know that there was some-
thing going on besides a short circuit; why else would the histo-
rian bother with these experiments? Plenty of experimental physi-
cists have found short circuits, and no one studies them.

But these are minor issues. The main drawback of method-
ological antirealism is that it misses the point about the history
of science that makes it different from other kinds of history:
Even though a scientific theory is in a sense a social consensus,
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it is unlike any other sort of consensus in that it is culture-free
and permanent.

This is just what many sociologists of science deny. David
Bloor stated in a talk at Berkeley a year ago that “the important
thing is that reality underdetermines the scientists’ understand-
ing.” I gather he means that although he recognizes that reality
has some effect on what scientists do—so that scientific theories
are not “nothing but” social constructions—scientific theories
are also not what they are simply because that is the way nature
is. In a similar spirit, Stanley Fish, in a recent article in the New
York Times, argued that the laws of physics are like the rules of
baseball. Both are certainly conditioned by external reality—
after all, if baseballs moved differently under the influence of
Earth’s gravity, the rules would call for the bases to be closer
together or further apart—but the rules of baseball also reflect
the way that the game developed historically and the preferences
of players and fans.*

Now, what Bloor and Fish say about the laws of nature does
apply while these laws are being discovered. Holton’s work on
Einstein, Kepler, and superconductivity has shown that many
cultural and psychological influences enter into scientific work.
But the laws of nature are not like the rules of baseball. They are
culture-free and they are permanent—not as they are being de-
veloped, not as they were in the mind of the scientist who first
discovers them, not in the course of what Latour and Woolgar
call “negotiations” over what theory is going to be accepted, but
in their final form, in which cultural influences are refined away.
I will even use the dangerous words “nothing but”: aside from
inessentials like the mathematical notation we use, the laws of
physics as we understand them now are nothing but a descrip-
tion of reality.

I cannot prove that the laws of physics in their mature form
are culture-free. Physicists live embedded in the Western culture
of the late twentieth century, and it is natural to be skeptical if
we say that our understanding of Maxwell’s equations, quantum
mechanics, relativity, or the standard model of elementary par-
ticles is culture-free. I am convinced of this because the purely
scientific arguments for these theories seem to me overwhelm-
ingly convincing. I can add that as the typical background of
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physicists has changed, in particular, as the number of women
and Asians in physics has increased, the nature of our under-
standing of physics has not changed. These laws in their mature
form have a toughness that resists cultural influence.

The history of science is further distinguished from political or
artistic history (in such a way as to reinforce my remarks about
the influence of culture) in that the achievements of science
become permanent. This assertion may seem to contradict a
statement at the beginning of this essay—that we now look at
general relativity in a different way than Einstein did, and that
even now we are beginning to look at the standard model differ-
ently than we did when it was first being developed. But what
changes is our understanding of both why the theories are true
and their scope of validity. For instance, at one time we thought
there was an exact symmetry in nature between left and right,
but then it was discovered that this is only true in certain
contexts and to a certain degree of approximation. But the
symmetry between right and left was not a simple mistake, nor
has it been abandoned; we simply understand it better. Within
its scope of validity, this symmetry has become a permanent part
of science, and I cannot see that this will ever change.

In holding that the social constructivists missed the point, I
have in mind a phenomenon known in mathematical physics as
the approach to a fixed point. Various problems in physics deal
with motion in some sort of space. Such problems are governed
by equations dictating that wherever one starts in the space, one
always winds up at the same point, known as a fixed point.
Ancient geographers had something similar in mind when they
said that all roads led to Rome. Physical theories are like fixed
points, toward which we are attracted. Starting points may be
culturally determined, paths may be affected by personal phi-
losophies, but the fixed point is there nonetheless. It is some-
thing toward which any physical theory moves; when we get
there we know it, and then we stop.

The kind of physics I have done for most of my life, working
in the theory of fields and elementary particles, is moving to-
ward a fixed point. But this fixed point is unlike any other in
science. That final theory toward which we are moving will be
a theory of unrestricted validity, a theory applicable to all phe-
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nomena throughout the universe—a theory that, when finally
reached, will be a permanent part of our knowledge of the
world. Then our work as elementary particle physicists will be
done, and will become nothing but history.
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Space Quantization:
Otto Stern’s Lucky Star

Much of my work has had its origin in the notion
that science should treasure its own history, that
historical scholarship should treasure science, and
that the full understanding of each is deficient
without the other.
—Gerald Holton
The Advancement of Science, and Its Burdens’

N THIS ESSAY WE REVISIT A TREASURED EPISODE from the heroic

age of atomic physics. The story centers on an experiment,

elegantly simple in its conception, extraordinarily startling in
its outcome, and extremely fruitful in its legacy. From it emerged
both new intellectual vistas and a host of useful applications of
quantum science. Yet this germinal experiment, carried out at
Frankfurt in 1921-22 by Otto Stern and Walther Gerlach, is not
at all familiar except to physical scientists.? Even among them
we have found very few aware of historical particulars that
enhance the drama of the story and the abiding lessons it offers
about how science works. These particulars include a bad cigar
that amplified a puny signal, a postcard from New York that
offset the huge inflation then rising in Germany, and an uncanny
“conspiracy of Nature” that rewarded the audacity of the ex-
perimenters, despite the inadequacies of a fledgling theory that
had led a skeptical Otto Stern to devise his crucial test.

Bretislay Friedrich is Senior Research Fellow in the Department of Chemistry and
Chemical Biology at Harvard University.

Dudley Herschbach is the Baird Professor of Science at Harvard University.
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We begin by describing the historical context of the experi-
ment, chiefly stemming from the atomic model proposed by
Niels Bohr in 1913, nowadays referred to as the “old quantum
theory.” Our intent is to provide an account accessible to any-
one with only vague memories of high-school physics or chem-
istry. But as background we need to discuss a few concepts, to
show how Stern’s interest was whetted by the tantalizing, partial
successes and patent failures of Bohr’s model when confronted
with atomic spectra and magnetism. Stern came to focus on the
idea of space quantization. This was one of the most peculiar
inferences from the old quantum theory, the notion that the
quasiplanetary electron orbits postulated by Bohr could have
only certain discrete orientations in space. Even Stern’s theoreti-
cal colleagues who had invoked this idea regarded it as merely a
mathematical construct, devoid of physical reality.

We next trace the conception, preparation, vicissitudes, and
realization of the Stern-Gerlach experiment. It showed unequivo-
cally that space quantization was real, and thus provided com-
pelling evidence that a new mechanics was required to describe
the atomic world. Myriad experiments since have confirmed and
exploited space quantization. Ironically, however, the seeming
agreement of the original experiment with the old quantum
theory was chimerical. Within a few years, the electron orbits of
the Bohr model were shown not to exist. Another electronic
property was discovered, called spin, that produced an equiva-
lent result in the Stern-Gerlach experiment. Yet space quantiza-
tion was thereby reincarnated, in a more comprehensive and
comprehensible form. As an epilogue, we briefly describe the
modern incarnation and inspect treasures it has minted.

PRELUDE: OTTO STERN AND THE BOHR ATOM

Otto Stern (1888-1969) received his Ph.D. in 1912 at Breslau in
physical chemistry.® His doctoral dissertation presented theory
and experiments on concentrated solutions of carbon dioxide in
various solvents, just generalized soda water. His parents, proud
and affluent, offered to support him for postdoctoral study any-
where he liked. Motivated by “a spirit of adventure,” Stern
opted to work with Einstein, then at Prague. They had not met,
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but Stern knew Einstein was “a great man, at the center of
modern developments.” Contact was quickly made via what
would now be called “the old-boy network” and Einstein (then
thirty-three) indicated he was willing to accept Stern (then twenty-
four). In Prague, Einstein held discussions “with his first pupil,
Otto Stern, . . . in a café which was attached to a brothel.”* Soon
Einstein was recalled to Zurich; Stern accompanied him there
and in 1913 was appointed privatdozent for physical chemistry.

Under Einstein’s influence, Stern became interested in light
quanta, the nature of atoms, magnetism, and statistical physics.
However, Stern was shocked when in mid-1913 Bohr published
his iconoclastic atomic model. Soon after, Stern discussed it
thoroughly with his colleague Max von Laue during a long walk
up the Utliberg, a mountain near Zurich. This led them to make
a solemn oath that later acquired some notoriety: “If this non-
sense of Bohr should in the end prove to be right, we will quit
physics.”3

The quantization of energy had first been boldly invoked by
Max Planck in 1900 and by Einstein in 19035, but they dealt with
many-particle systems. For the most part, the physics commu-
nity had suspended judgment, supposing that some way might
yet be found to reconcile seemingly aberrant phenomena with
the concepts of classical mechanics and electromagnetic theory
that were so securely established in macroscopic physics. Bohr’s
work was more perplexing and immediate in its impact, as he
treated the simplest atom, hydrogen—comprised of just two
particles, a positively charged proton and an negatively charged
electron. Ernest Rutherford had shown in 1911 that nearly all of
the mass but only a minuscule fraction of the volume of an atom
resided in its nucleus (here, the proton). That suggested a model
for the atom similar to the solar system, with a planetary elec-
tron circling the nucleus. The problem was that, according to
classical physics, such an atom would collapse in an instant. The
electrical attraction to the proton would cause the electron to
spiral rapidly into the nucleus, giving up its kinetic energy as
radiation.
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“A Triumph over Logic”

Bohr simply postulated that the electron could circle the proton
only on one or another of a discrete set of orbits. These he called
“stationary states.” He offered no justification for such a blatant
violation of classical mechanics, which would permit a continu-
ous range of possible orbits. He also proposed that the electron
could switch inward or outward, from one orbit to another, by
emitting or absorbing a quantum of light, with wavelength de-
termined by the difference in energy of the initial and final
orbits. But he asserted that somehow the innermost orbit, closest
to the nucleus, was stable; from this “ground state” the electron
would not fall into the nucleus. Finally, Bohr came up with a
means to calculate the size of the orbits and their energies. It
amounted to postulating that, in addition to the energy, the
angular momentum of the electron was quantized. For a circular
orbit, classical mechanics defines the angular momentum L as a
vector, perpendicular to the orbit, with magnitude given by the
product of the electron’s mass, its velocity, and the orbital ra-
dius. Again, in classical physics L could have a continuous range
of values, whereas the quantization condition adopted by Bohr
specified L = n(h/2n). Here n = 1, 2, 3 ... is an integer (with
n = 1 for the ground state) and 4 is Planck’s fundamental con-
stant, the proportionality factor between frequency and energy
that appeared in the quantization rule Planck and Einstein had
employed in entirely different contexts than Bohr’s atomic model.

In the apt phrase of Abraham Pais, the weird model
concocted by Bohr proved a “triumph over logic.”¢ It scored
a stunning success in accounting for major features of the
observed spectrum of the hydrogen atom. In 1885 (the
year of Bohr’s birth), a remarkably simple empirical for-
mula known as the Balmer formula had been found, which
related frequencies (or reciprocal wavelengths) of the spec-
tral lines to the differences of reciprocal squares of integer
numbers. This relationship had remained an unexplained
curiosity. Bohr’s calculations gave an expression of the
same functional form, in which the integers involved were
simply the values of his quantum number 7z for the initial
and final orbits involved in the electronic transition. More-
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over, Bohr was able to evaluate a proportionality factor in
the Balmer formula, known as the Rydberg constant, in
terms of the charge and mass of the electron and Planck’s
constant. These fundamental quantities were not yet accu-
rately known, so his theoretical value was uncertain by a
few percent; but Bohr’s result agreed within that range
with the empirical value of the Rydberg constant.

Likewise, Bohr’s quantization of angular momentum enabled
him to calculate the radius of an orbit in terms of the electronic
charge, the mass, and Planck’s constant. Again, he found satis-
factory agreement with empirical estimates of the atomic size. In
this case the comparison was merely in order of magnitude, yet
quite significant since other extant models provided no means to
predict the radius of an atom. In fact, the best empirical esti-
mates then available came from diffraction of x-rays by crystal
lattices—a method invented in 1912 by none other than von
Laue, who thereby helped provide evidence supporting a model
he found exceedingly distasteful.

A corollary of Bohr’s model for the hydrogen atom had a
particularly compelling success. In 1896 Charles Pickering, a
Harvard astronomer, had discovered in starlight another re-
markably regular series of spectral lines, one not seen in labora-
tory spectra of hydrogen but likewise involving differences of
reciprocal squares of integers. Bohr noted that these unassigned
lines could be ascribed to the helium atomic ion; like hydrogen,
it has only one electron, but the helium nucleus contains two
protons. Accordingly, Bohr’s model predicted that the Balmer
formula should apply with the Rydberg constant increased by 22,
or 4. This nicely accounted for the spectral pattern, but a spec-
troscopist then pointed out that the factor would need to be
4.0016 rather than 4 to fit the lines accurately. Bohr responded
that, for simplicity, he had previously approximated the mass of
the nucleus as infinitely heavier than the electron; the correction
could be easily and precisely evaluated since it depended only on
accurately known mass ratios. He thus obtained a factor of
4.00163, in gratifying and unprecedented quantitative agree-
ment with the data. Einstein commented that this was “an enor-
mous achievement.”
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Despite these and other happy results, Bohr, like many of his
contemporaries, was very dissatisfied with his model. He re-
garded it as “makeshift and provisional,” not only because it
was in “conflict with the admirably coherent conceptions which
have been rightly termed the classical theory of electrodynam-
ics,” but because it “has too much of approximation in it and it
is philosophically not right.” Its inadequacies became glaringly
evident also in attempts to account for further experimental
results. Efforts to extend Bohr’s approach to calculate the spec-
tra of two-electron atoms, such as unionized helium, failed dis-
mally. Another recalcitrant puzzle was the splitting of lines
caused by the application of an external magnetic field, known
as the Zeeman effect. We will consider this specifically, since
Stern was to exploit atomic magnetism. However, first we need
to describe an extension of Bohr’s model, revealing the aspect
destined to be confirmed by Stern as a key element of nature’s
strange logic for the atomic world.

Space Quantization

Even the hydrogen atom posed more puzzles, clues for deeper
issues. At high resolution, the spectral lines had a fine structure,
which was not included in the Balmer formula. This structure, as
well as the shifts and splittings induced by application of exter-
nal or magnetic fields, spurred efforts to develop a more compre-
hensive theory. In 1916, Arnold Sommerfeld and, independently,
Peter Debye generalized Bohr’s model for hydrogen. They intro-
duced three quantization conditions, pertaining to different com-
ponents of the orbital angular momentum of the electron. The
allowed discrete orbits of the electron were then not limited to
circles but were in general ellipses, characterized by three quan-
tum numbers.

One of these, n = 1, 2, 3, ..., now called the principal quan-
tum number, was like that which Bohr had invoked for his
circular orbits. The two new quantum numbers, denoted by k
and m, were also restricted to integer values. The quantity k&,
termed the azimuthal quantum number, ranges from k& = 1,
2, ..., n; together with #, the value of k£ determines the size and
shape of the elliptical orbit (which becomes circular for & = #n).
The quantity m, called the projection quantum number, ranges
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Figure 1: Space Quantization According to the Old Quantum Theory. Depicted is the
simplest case: a single electron orbiting about the atomic nucleus, with one
quantum of angular momentum. The angular momentum vector L (and the
atomic magnetic moment which is proportional to it) has only two allowed
orientations, either parallel (projection quantum number = = 1) or antipar-
allel (m = -1) to the direction of an external magnetic field.

from -k to +k in integer steps (but with m = 0 excluded); it
specifies the orientation of the plane of the elliptical orbit in
space. Equivalently, since the orbital angular momentum vector
L is perpendicular to the plane of the orbit, m also determines
the projection of L on any prescribed axis. These limitations to
discrete orientations, corresponding to the integer values of m,
were termed directional or spatial or space quantization.

Figure 1 pictures this model for the simplest case, the ground
state of hydrogen. There » = 1 so only k = 1 is allowed and
accordingly just 7 = -1 and + 1. Hence for this case the orbit is
circular, but its angular momentum L can take up only two
discrete orientations, corresponding to clockwise and counter-
clockwise motion of the electron. (We refrain from displaying
the set of elliptical orbits for larger #, still a favorite decoration
for textbooks.)”

Sommerfeld showed that, for his model, the energy was not
affected by k or m but depended only on the principal quantum
number #, just as in the original Bohr model, provided that
relativistic effects were neglected and external electric or mag-
netic fields were absent. However, he also evaluated a small
contribution to the energy, depending on both # and k, which
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arose from the relativistic change of the electron mass as its
velocity varies in the elliptic orbit. His relativistic correction was
found to give good quantitative agreement with the observed
spectral fine structure; it was justly considered “a triumph both
for quantum and for relativity theory.”

However, in the absence of an external field, the role of
spatial quantization remains unobservable. The energy and hence
the spectrum of the atom are then independent of the 7 quantum
number. That holds, as Sommerfeld noted, because the various
discrete orientations specified by m are equivalent if there is no
“preferred direction of reference in space.” When such a special
direction is imposed by an external electric or magnetic field, the
various discrete orientations can differ in energy. That occurs
simply because in general the interaction of an electron with the
tield depends on the angle between the field direction and the
electron’s path. Now we turn to some pertinent aspects of mag-
netism, to show how the actors and issues of our story became
aligned in a fortunate direction.

Magnetism and the Zeeman Effect

Back in 1820, Hans Christian Orsted, the leading Danish physi-
cist of his day, discovered that an electric current generates a
magnetic field. Soon after, André Ampeére conjectured that mag-
netism in matter arose from charged particles moving in tiny
circuits. Bohr, who had done his doctoral thesis on the electron
theory of metals, took the opportunity—ninety years later—to
compute the strength of the elementary magnet for his atomic
model. For an electron in circular orbit with quantum number #,
he found that the magnetic moment was # times a quantity now
called the Bohr magneton; it is proportional to Planck’s constant
times the ratio of the electronic charge to its mass. Curiously,
Bohr did not include that result in his 1913 papers, although it
appears in an existing draft.

Ampére’s conjecture also interested Einstein, who in 1915
with Wander de Haas even undertook an experiment to deter-
mine the ratio between the magnetic moment of electrons in iron
and the angular momentum associated with the postulated elec-
tron orbits. Einstein remarked, “How tricky Nature is when one
tries to approach her experimentally! In my old days [he was
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thirty-six] I am developing a passion for experiments.”® The
experimental result seemed to confirm a prediction derived from
classical electromagnetic theory. Bohr cited this as confirming
his postulate that electrons can circulate in atoms without emit-
ting radiation. However, the experiment was trickier than Einstein
realized, and so was the theory; not until more than a decade
later was it known that the magnetism of iron comes almost
solely from electron spins, not orbital motion.

Stern first became involved with magnetism while in Zurich,
where in discussions he helped refine the theory of ferromag-
netism advanced in 1913 by Pierre Weiss. That theory, still
useful today, envisioned magnetic domains within a metal. How-
ever, it implied that the average magnetic moment of an atom in
a fully magnetized sample of iron was much smaller than the
Bohr magneton, by about a factor of five. In an attempt to
account for this, in 1920 Wolfgang Pauli invoked the idea of
space quantization, noting that the apparent magnetic moment
an atom contributes within a domain depends on the atom’s
orientation with respect to the field direction. He performed a
statistical average over the projection quantum numbers m and
concluded the net effective atomic moment should indeed be
much smaller than the Bohr magneton. Again, as with Einstein
and de Haas, the basic model was wrong (since spin rather than
orbital magnetism is involved). However, Pauli’s appeal to space
quantization of atomic magnets has historical significance in
that it made his colleagues, including Stern, mindful of the idea.

Although the old quantum theory was not obviously in con-
flict with these studies of bulk magnetism, it had no such luck
with the Zeeman effect. Soon after the splitting of spectral lines
in a magnetic field was discovered in 1897, Hendrick Lorentz
offered an explanation based on a classical model of the atom:
depending on whether the emitted light was viewed parallel or
perpendicular to the field direction, a line should split into a
doublet or triplet, with spacings proportional to the field strength.
Such behavior, which came to be termed the “normal” Zeeman
effect, was found in a few cases, at least for weak fields. But that
proved to be abnormal. Most often, lines split into more than
three components, and the spacings were not simply propor-
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tional to the field strength; this typical situation was termed the
“anomalous” Zeeman effect.

In the augmented Bohr model developed by Sommerfeld and
by Debye, space quantization provided a nice explanation of the
normal Zeeman effect. As noted above, when a field is present,
the orbits with different spatial orientations differ in energy.
Accordingly, if the projection quantum number m changes for
an electron jump between orbits, the corresponding spectral line
shifts from the position it had in the absence of the field, so the
original line appears to split up. This success with the normal
Zeeman effect could not be taken as evidence for space quanti-
zation, however, since even Lorentz’s simple classical model
appeared adequate for the normal case. Furthermore, despite
strenuous efforts by Sommerfeld, Debye, and others, no way
was found to account for the complexities of the anomalous
Zeeman effect. Thus, the notion of space quantization did not
enable the old quantum theory to do any better than the classical
theory in coping with the Zeeman effect.

As the quantity and quality of spectroscopic data grew, the
intractable anomalous effect spread bafflement and gloom. Here
is a lament by Pauli:

The anomalous type of [magnetic] splitting . . . was hardly under-
standable, since very general assumptions concerning the elec-
tron, using classical theory as well as quantum theory, always led
to the same triplet. A closer investigation of this problem left me
with the feeling that it was even more unapproachable. A col-
league who met me strolling rather aimlessly in the beautiful
streets of Copenhagen said to me in a friendly manner, “You look
very unhappy,” whereupon I answered fiercely, “How can one
look happy when he is thinking of the anomalous Zeeman ef-
fect?”?

Thus it came to pass that atomic spectra, which had provided
much encouragement for the fledgling quantum theory, also
revealed most clearly its inadequacies. Both proponents and
critics were stymied. Then, in 1921, Otto Stern proposed a
definitive experiment, not involving spectroscopy. He asserted
that “the experiment, if successful, will decide unequivocally
between the quantum theoretical and classical views” and would
thereby prove whether or not space quantization exists.!°



Space Quantization: Otto Stern’s Lucky Star 175

THE STERN-GERLACH EXPERIMENT

The immediate stimulus for Stern was a property implied by the
Sommerfeld-Debye theory that had not been observed. Accord-
ing to the theory, as illustrated in figure 1, hydrogen atoms
(with 7 = 1) in a magnetic field would be aligned such that the
electron orbits are perpendicular to the direction of the field
(m = 21). A beam of light directed perpendicularly to the mag-
netic field would then interact differently with the orbiting elec-
tron, depending on whether the electric vector of the light oscil-
lates parallel or perpendicular to the magnetic field. In the par-
allel case, the oscillating electric vector of the light acts to pull
the electron out of its orbital plane; in the perpendicular case, it
would displace the electron in the orbital plane. The propaga-
tion velocity of the light through a gas of hydrogen atoms, and
hence the index of refraction, should therefore differ markedly
for the parallel and perpendicular cases.

As the same considerations apply for many-electron atoms or
molecules, the old quantum theory predicted that any gas should
be expected to exhibit birefringence, a phenomenon well known
in optics of anisotropic liquid and solid media. However, mag-
netically induced birefringence of gases had never been observed.
This cast yet another shadow on the old quantum theory but
awakened in Stern an illuminating insight. As he recalled the
creative moment:

The question whether a gas might be magnetically birefringent
was raised at a seminar. The next morning I awoke early, too
early to go to the lab. As it was too cold to get out of bed, I lay
there thinking about the seminar question and had the idea for
the experiment.!!

Stern’s key idea was to look for space quantization by using the
magnetism of the atom as a probe. If space quantization occurs,
the atomic magnets would have only discrete projections (speci-
fied by the quantum number ) on the direction of an external
magnetic field. In contrast, according to classical mechanics, as
long as the atoms do not undergo collisions, the atomic magnets
would remain randomly oriented whether or not an external
tield is present. By conceiving this Gedankenexperiment, in
Einstein’s style, Stern showed how to decide the issue.
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Figure 2: Schematic View of the Stern-Gerlach Apparatus. Indicated are (a) the ob-
served beam splitting and (b) the unsplit outcome predicted by classical
mechanics. The beam of silver atoms, produced by effusion of metallic vapor
from an oven heated to 1000°C, is collimated by two slits (0.03 millimeters
wide in the vertical direction). The beam passes through an inhomogeneous
magnetic field about 3.5 centimeters long; its direction and gradient are
vertical, the field strength is about 0.1 Tesla and the gradient 10 Tesla/cm.
The transmitted beam is deposited on a cold glass plate. The magnitude of
the splitting is only 0.2 millimeters. For the sake of clarity, in the figure the
splitting is much exaggerated and the broadening of the deposits caused by
the thermal distribution of velocities in the beam is omitted.

Plans and Preparations

Stern envisaged a well-collimated beam of silver atoms, traveling
in a vacuum chamber and passing through a magnetic field
directed across the beam path. Since a silver atom has only one
valence electron, for his purpose it could be expected to behave
like hydrogen (which is less convenient to handle experimen-
tally). The beam is so dilute that the individual atoms sail
through the apparatus without interacting with others. After
traveling between the pole pieces of the magnet, the atoms land
on a cold glass plate to which they adhere and thereby exhibit
the beam intensity profile. As pictured in figure 2, one of the
magnet pole pieces has a sharp edge, the other a broad notch;
this makes the magnetic field stronger near the edge, weaker
near the notch. In this nonuniform field, transverse to the beam
path, an atom is subject to a deflecting force proportional to the
angle between the atomic magnet and the external field gradient.
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Consequently, the atomic magnets that are tilted towards the
field direction are attracted to the stronger field region, whereas
those tilted away are repelled. The trajectories of atoms emerg-
ing from the deflecting magnet, as recorded by deposits on the
glass plate, thus reveal the spatial orientation of the atomic
magnets.

With such a setup, Stern predicted that space quantization
would produce a splitting of the atomic beam into two distinct
components, since in the ground state of the silver atom the
valence electron was expected to have just one unit of orbital
angular momentum (n = k = 1, so m = +1 and -1 components).
For any classical model, however, the atomic magnets would be
distributed over a continuous angular range, so passing through
the deflecting field would not split the beam but only broaden it
along the field direction.

Stern was at this time assistant to Max Born at the Institute
for Theoretical Physics in Frankfurt. Soon after hatching his idea
in a warm bed, Stern hastened to Born, who gave it a cool
assessment. As Born recalled:

It took me quite a time before I took this idea seriously. I thought
always that direction [space] quantization was a kind of symbolic
expression for something which you don’t understand. But to
take this literally like Stern did, this was his own idea. ... tried
to persuade Stern that there was no sense [in it], but then he told
me that it was worth a try."?

Stern was,. with Born’s blessing, already engaged in an experi-
ment to test a central theoretical result of statistical physics, the
form of the distribution of molecular velocities in a gas. It had
been derived decades earlier by James Clerk Maxwell and Ludwig
Boltzmann, but Stern’s work was the first direct test. He em-
ployed a beam of silver atoms, effusing from a small oven in
vacuum, and scanned the velocity distribution by observing the
transmission of the beam through a slit system rotating at high
speed. Born described how Stern conducted this work:

I had only two rooms in Frankfurt. ... Stern’s apparatus was
made up in my little room, so I saw it from the beginning and
watched. And I was quite envious of how he managed: he did not
touch it at all, for he is also, just like me, not very good with his
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hands. But we had a very good mechanic. ... [Stern} told him
what to do and it came out.!

The experimental results proved to be in agreement with the
Maxwell-Boltzmann distribution, after Einstein provided some
help with the interpretation.

Adjacent to Born’s Theoretical Institute was that for Ex-
perimental Physics, where Walther Gerlach was a newly hired
member. He was reputed to be an excellent experimentalist,
and moreover had undertaken work with atomic beams. He
wanted to determine whether a beam of bismuth atoms was
magnetic, in contrast to solid bismuth, which is not. He
planned to do this by sending the beam through the same
sort of magnetic deflecting field that Stern had in mind. -
Stern promptly recruited Gerlach, saying: “With the mag-
netic [deflection] experiment one can do something else. Do
you know what directional [space] quantization is?” Gerlach
did not. After a brisk, excited explanation, Stern concluded
with: “Shall we do it? Well, let’s go, we shall do it!”!*

Realization and Reception

Stern’s design calculations indicated the experiment was barely
feasible; indeed, despite the simplicity of his scheme, it took
more than a year to accomplish. The apparatus had two vacuum
chambers—one held the oven that produced the beam of silver
atoms, the other contained an electromagnet and the glass col-
lector plate. The beam collimation had to be extremely narrow
if the small splitting were to be resolved, so the beam intensity
at the collector plate was very low. The attainable “exposure
time” was usually only a few hours, between breakdowns of the
apparatus. Thus only a meager film of silver atoms was depos-
ited, too thin to be visible to an unaided eye. Forty years later,
Stern enjoyed recalling a cherished episode:

After venting to release the vacuum, Gerlach removed the detec-
tor flange. But he could see no trace of the silver atom beam and
handed the flange to me. With Gerlach looking over my shoulder
as I peered closely at the plate, we were surprised to see gradually
emerge the trace of the beam. ... Finally we realized what [had
happened]. I was then the equivalent of an assistant professor.
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My salary was too low to afford good cigars, so I smoked bad
cigars. These had a lot of sulfur in them, so my breath on the
plate turned the silver into silver sulfide, which is jet black, so
easily visible. It was like developing a photographic film.?

After this, Gerlach and Stern began using a photographic devel-
opment process. However, other devilish difficulties persisted.
As inconclusive efforts continued for months, Stern’s assessment
of space quantization wavered back and forth, between convic-
tion and rejection. Gerlach’s faith was also being undermined by
dubious colleagues, including Debye: “But surely you don’t be-
lieve that the [spatial] orientation of atoms is something physi-
cally real; that is [only] a prescription for the calculation, a
timetable for the electrons.”*¢

During this gestatory period, Stern left Frankfurt to assume
the post of professor of theoretical physics at Rostock, returning
during vacations to work on the experiment. Its formidable
character and the fortitude of Gerlach has been vividly described
by one of his students:

Anyone who has not been through it cannot at all imagine how
great were the difficulties with an oven to heat the silver
up ... within an apparatus which could not be fully heated [the
seals would melt] and where a vacuum . .. had to be produced
and maintained for several hours. The pumping speed ... was
ridiculously small compared with the performance of modern
pumps. And .. .the pumps were made of glass and quite often
they broke, either from the thrust of boiling mercury . .. or from
the dripping of condensed water vapor. In that case the several-
day effort of pumping, required during the warming up and
heating of the oven, was lost. Also, one could be by no means
certain that the oven would not burn through during the four- to
eight-hour exposure time. Then both the pumping and the heating
of the oven had to be started from scratch. It was a Sisyphus-like
labor and the main load and responsibility was carried on the
broad shoulders of Professor Gerlach. ... He would get in about
9 p.m. equipped with a pile of reprints and books. During the
night he then read the proofs and reviews, wrote papers, prepared
lectures, drank plenty of cocoa or tea and smoked a lot. When 1
arrived the next day at the Institute, heard the intimately familiar
noise of the running pumps, and found Gerlach still in the lab, it
was a good sign: nothing broke during the night."”
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When it was ultimately resolved, the observed splitting of the
silver beam was only 0.2 millimeters. Accordingly, a misalign-
ment of the oven orifice, the pair of collimation slits, or the edge
of the “sharp” pole piece of the magnet by more than 0.01 mm
was enough to spoil an experimental run.

Another handicap was the financial disarray that began to
beset Germany in 1920. Born tells about it:

We were already in the inflation which later became so disas-
trous; but we were not aware of what was happening. Everything
was scarce and expensive. Physical instruments were hardly ob-
tainable. So my funds were quickly exhausted. . .. At that time a
wave of interest in Einstein and his theory of relativity was
sweeping the world. He had predicted the deflection, by the sun,
of light coming from a star . . . after laborious measurements and
tedious calculations the conclusion was arrived at [in 1919] that
Einstein was right, and this was published under sensational
headlines in all the newspapers. ... There was an Einstein craze,
everybody wanted to learn what it was all about. . . . I announced
a series of three lectures in the biggest lecture-hall of the Univer-
sity on Einstein’s theory of relativity and charged an entrance fee
for my Department. It was a colossal success, the hall was crowded
and a considerable sum collected. ... The money thus earned
helped us for some months, but as inflation got worse, it evapo-
rated quickly and new means had to be found.

One day I met a friend . .. who was going to New York....I
said jokingly: “If you find a German-American who is still inter-
ested in the old country, tell him I need dollars for important
experiments in my Department.” 1 had quite forgotten this re-
mark when a few weeks later a postcard arrived: ... “Write to
Henry Goldman [of Goldman Sachs, and also the progenitor of
Woolworth stores], 998 Fifth Avenue, New York.” At first I took
it for another joke, but on reflection I decided that an attempt
should be made. . . . [A] nice letter was composed and despatched,
and soon a most charming reply arrived and a cheque for some
hundreds of dollars which helped us out of our difficulties. . . . After
Goldman’s cheque had saved our experiments, the work [on the
Stern-Gerlach experiment] went on successfully.'®
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Einstein himself also helped. He was then the director of the
Kaiser-Wilhelm Institute of Physics in Berlin, and provided a
grant from the endowment of his Institute.

When Gerlach at last did clearly resolve the beam splitting, he
informed Stern, then at Rostock, by telegram.' Ironically, just
then Stern’s doubts about space quantization were again ascen-
dant; later, he recalled the surprise and excitement as over-
whelming. Despite the small size of the splitting, from careful
analysis Gerlach and Stern were even able to determine the
magnetic moment of the silver atom. They found it equal to the
Bohr magneton (within an accuracy of about 10 percent)—in
gratifying agreement with the result expected from the old quan-
tum theory, if the magnetism arose from orbital motion of the
valence electron with one quantum of angular momentum.

The directness and conceptual simplicity of the Stern-Gerlach
experiment ensured that it had great impact.?’ It was immedi-
ately accepted as among the most compelling evidence for quan-
tum theory. But space quantization was a double-edged discov-
ery. Einstein and Ehrenfest, among others, struggled without
success to understand how the atomic magnets could take up
definite, preordained orientations in the field. Likewise, the lack
of birefrigence became a more insistent puzzle. Those questions
and others (such as the anomalous Zeeman effect) could not be
cleared up for a few more years, until further discoveries ushered
in modern quantum mechanics.

EPILOGUE: AN ABIDING LEGACY

Having visited the Stern-Gerlach experiment in its historical
context, rife with hesitant and confusing theoretical ideas, we
now look briefly at the interpretation that has become canoni-
cal. This involves no less than four major pillars of quantum
physics that emerged during the years from 1925 to 1927: elec-
tron spin, a deeper view of angular momentum, wave-particle
duality, and the uncertainty principle. These discoveries made
obsolete the old quantum theory, but enhanced the scope and
significance of space quantization.

Atomic spectra, burgeoning with fine structure and Zeeman
splittings, provoked theorists to resort to attempting empirical
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schemes that postulated a variety of ad hoc angular momenta
and quantization rules. After curious twists and turns, this led
George Uhlenbeck and Samuel Goudsmit, young graduate stu-
dents at Leiden, to propose in 1925 that an electron has an
intrinsic angular momentum or “spin.”?! Its allowed projections
(in units of #/2m) are only m, = =£1/2, in contrast to the integer
values that occur for orbital angular momentum. A generalized
theory of angular momentum and atomic magnetism was soon
developed that proved capable of accounting for the vast body of
spectral data, including in particular the anomalous Zeeman
effect.

Quantum Mechanical Perspectives

Here we need note only three aspects. First, the properties of a
general angular momentum vector J, which can be orbital, spin,
or a combination of both, differ substantially from the old
quantum theory. As illustrated in figure 3, the pertinent features
can be visualized in terms of a semiclassical model. As a conse-
quence of the uncertainty principle, only the magnitude |J| of the
angular momentum vector and its projection 72, on some axis
(denoted Z) can be simultaneously specified (both in units of
h/2m). The magnitude is given in terms of a quantum number J;
depending on the nature of the system, it can take either half-
integral or integral nonnegative values, i.e., ] = 1/2, 3/2,...0r
J=0,1,2,.... For any given ], the projection m, has 2] + 1
allowed values, running in integer steps from -J to +J (and
including zero if J is integral). Since an angular momentum state
is fully defined by its values of | and m,, an appropriate model
has the J vector precessing uniformly about the Z axis, with the
angle a between J and Z determined by J and m,.

In contrast to figure 1, space quantization now refers to the
2] + 1 allowed values of 7, or the angle @, and not to quasiplanetary
orbits, which are banished in quantum mechanics by the wave
properties of the electron as well as the uncertainty principle. In
particular, the direction of J can never coincide with the Z axis
(i.e., ¢ # 0° or 180°). Furthermore, unlike the old quantum
theory (where L = 0 or m = 0 were considered meaningless), zero
values of the orbital angular momentum and its projection are
allowed. Space quantization now emerges as a universal prop-
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Figure 3: Space Quantization According to Modern Quantum Theory. At left is shown
the semiclassical model for an angular momentum vector J (orbital, spin or
resultant of both): the J vector precesses uniformly about a space-fixed axis
Z (for example, a magnetic field), with projection » on that axis. In accord
with the uncertainty principle, the azimuthal angle around Z is unobserv-
able, and the magnitude IJ! of the angular momentum (in units of b/27) is
given by [J(J+1)]"2, with J the angular momentum quantum number. Also
shown are the space quantizations for J = 1 and J = %, including the allowed
values of the projection quantum number m2, which run in integer steps from
-] to +J; thus there are a total of 2] + 1 discrete orientations of the ] vector.

erty associated with a disembodied angular momentum vector;
for example, for ] = 0, 1, 2, 3, ... the number of discrete orien-
tations are respectively: 1, 3, 5, 7, ... ; whereas for | = 1/2, 3/2,
5/2,...the number of orientations is 2, 4, 6, ... .

Second, the apparent agreement of the Stern-Gerlach splitting
with old quantum theory is now seen to be a lucky coincidence.
For the silver atom, the orbital angular momentum of the va-
lence electron is actually zero (not one unit as presumed in the
Bohr model). The magnetic moment is due solely to one half unit
of spin angular momentum. That produces the twofold splitting
(with m, = =1/2, in contrast to the m = =1 components of the
Bohr model). Moreover, the spin produces a magnetic moment
of the same size as one unit of orbital momentum would (that is,
one Bohr magneton), by virtue of a factor of two arising from a
relativistic effect not recognized until 1926. There was thus an
uncanny cancellation of errors.

Also unwittingly lucky was the choice of silver, an atom with
J a half-integer.?? If the atom instead had ] an integer, one of the
space-quantized components would have a zero value of the
projection quantum number, 7, = 0. That component would not
be deflected; hence on the collection plate it would occupy the
gap between the deflected components. Beam splitting thus would
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have been undetectable in the original Stern-Gerlach experiment,
a result that would have appeared consistent with classical me-
chanics.

Third, quantum mechanics disposed of many vexing concep-
tual puzzles of the old quantum theory. Among these is magneti-
cally induced birefingence, the issue that galvanized Stern. With
electrons quivering in waves rather than moving in quasiplanetary
orbits, there no longer exists the drastic asymmetry of the old
model, illustrated in figure 1, which would have produced strong
double refraction.?* Another question rendered irrelevant is how
the silver atoms take up definite spatial orientations in the field,
which stymied Einstein and Ehrenfest. Quantum mechanics does
not permit the orientation process to be visualized as twisting
into position the atomic magnets, since the uncertainty principle
prohibits following the change of state of an atom entering the
field. The modern description deals only with the probability
distribution of the atoms between the space-quantized states
defined by the field.

There persists an intriguing historical puzzle, however. Since
in 1922 the Stern-Gerlach splitting aroused much interest, prompt-
ing testimonials of its importance from leading physicists, we
expected that the discovery of electron spin in 1925 would very
soon have led to a reinterpretation of the splitting as due to spin.
However, in a search of the contemporary literature, the earliest
attribution of the splitting to spin that we have found did not
appear until 1927.2* Perhaps this is merely another instance of
sic transit gloria mundi; but the hiatus seems surprising in view
of the rapid flowering of quantum mechanics in those years. A
host of current textbooks mention the Stern-Gerlach splitting as
demonstrating electron spin. Of course, that is correct, but we
have not found any text that points out the experimenters had
no idea it was spin they had discovered.

Molecular Beams and Other Marvels

Late in 1922, Stern became professor of physical chemistry at
Hamburg, where he undertook an ambitious program to develop
further molecular beam methods. From this came many basic tech-
niques and germinal results.”® The crowning achievements were a
quantitative confirmation of the wave nature of matter, by diffrac-
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tion of a helium beam from a crystal, and the first measurements of
nuclear magnetic moments, for the proton and deuteron. Those
nuclear moments are smaller than that of an electron by a factor of
roughly 1/1000, and so required a greatly improved magnetic de-
flection experiment. Beforehand, theorists advised that the experi-
ment would be wasted effort, as the factor would surely just equal
the ratio of the nuclear mass to the electron mass. Stern found a
much different result, however, which revealed that the proton and
deuteron were not elementary particles, but must have internal
structure. In the summer of 1933, shortly after this epochal finding,
the Nazi nightmare forced Stern to emigrate. He never regained a
pacesetting role in research. Yet his work abides, and with it the
inspiring example of his ardent pursuit of lucid understanding.
Descendants of the Stern-Gerlach experiment and its key con-
cept of sorting quantum states via space quantization are legion.
Among them are the prototypes for nuclear magnetic resonance
(NMR), radioastronomy, atomic clocks, and the laser. A family
tree for these and kindred developments has been traced by John
Rigden in his biography of Isidor I. Rabi;? it has been examined
also by Holton in his model for the growth of scientific re-
search.?” The tree sprouted in Stern’s Hamburg laboratory, where
as a postdoctoral visitor in 1928 Rabi became captivated by the
molecular beam method, and it flourished when Rabi trans-
planted it to American soil.?® The fabulous harvest, still being
reaped, now includes ways to probe nuclei, proteins, and galax-
ies as well as the means to image bodies and brains; perform eye
surgery; read music or data from compact discs; and scan bar
codes, grocery packages, or DNA base pairs in the human ge-
nome. All these marvels and many more stem from exploiting
radiative transitions between space quantized quantum states.
As both Stern and Rabi began in physical chemistry, our own
field, we take note also of a hearty offshoot in which molecular
beam techniques, augmented both by magnetic and electric reso-
nance spectroscopy and by lasers, have evolved into powerful
tools for the study of molecular structure and reactivity. Particu-
larly welcome is the ability to examine individual reactive colli-
sions, by colliding beams in a vacuum and detecting the products
in free flight, before subsequent collisions degrade the informa-
tion they carry about the intimate dynamics of the reaction. Such
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methods, applied and refined in many laboratories over more
than three decades, have enabled the forces involved in making
and breaking chemical bonds to be resolved and related to the
electronic structure of reactant molecules.?” In recent years, to
enhance both collision and spectroscopic experiments, much work
has been devoted to controlling the spatial orientation of mol-
ecules by means of external electric or magnetic fields.?* Instead
of an electron in an atom, these methods deal with space quan-
tization of the molecular rotation, or end-over-end tumbling.
Since this is analogous to orbital motion, and since the wave
character is much less pronounced for a molecule than an elec-
tron, this recent work is actually quite closely linked to the
concepts invoked seventy-five years ago by Stern.

The legacy of space quantization has been profound and per-
vasive in theoretical chemistry. The spatial distribution of elec-
trons is crucial to the explanation of not only the periodic table
of elements but also major aspects of chemical bonding and
reactivity. As a benediction, we mention another historical link
with Stern. In his 1913 papers, Bohr began a quest to explain
chemical periodicities in terms of electronic structure; by 1922,
he had attained some success (leading, for example, to the dis-
covery of element 72, Hafnium, named for Copenhagen). This
was largely based on the “shell structure” imposed by the avail-
able space-quantized states, as then understood. In late 1924,
Pauli, who had been recruited by Stern as privatdozent for
theoretical physics at Hamburg, made a decisive advance.’’ In
effect, he invoked space quantization of both the orbital and spin
angular momenta of electrons.3? Pauli employed, in addition to
the familiar three quantum numbers, a fourth that could take
only two values (say, “up” or “down”). He added a key postu-
late, known since as the “Pauli exclusion principle”: no two
electrons in an atom can have the same value for any of the four
quantum numbers. Accordingly, for any principal quantum num-
ber, not more than two electrons (one up, one down) can occupy
each of 1, 3, 5, 7,... distinct space quantized states.>® This
proved to be the final step needed to explicate the pattern of the
periodic table, completing a long odyssey extending back over
fifty years. Likewise, the Pauli principle also accounted for the
prevalence of electron pairing in chemical bonds, a rule pro-
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posed heuristically in 1916 by Gilbert Newton Lewis. The exclu-
sion principle, in a generalized form, is now recognized to stem
from deep symmetry properties at the core of modern theoretical
physics. But its discovery sprang from confronting chemical
questions with space quantization.
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E. H. Gombrich

Eastern Inventions and Western Response

So long as men believed that the Greeks and
Romans had attained, in the best days of their
civilization, to an intellectual plane which posterity
could never hope to reach, so long as the authority
of their thinkers was set up as unimpeachable, a
theory of degeneration held the field, which
excluded a theory of Progress.

EAD IN CONJUNCTION WITH THE TITLE I have chosen for this

essay, the above passage from ]. B. Bury’s classic study

The Idea of Progress' may suffice to indicate the hypoth-
esis to be outlined: namely, that it was the Western response to
the technical inventions that had reached Europe from the East
that undermined and finally swept away the belief that, in Bury’s
words, “excluded a theory of Progress.”?

It was a momentous event in the history of Western thought
when the cyclical conception of history was replaced by the
image of one ascending line of human development. This reori-
entation cannot have been the result of a single cause, but it may
be that Bury and other historians of ideas have underrated the
role of Eastern inventions in this process.

The passage from Bury emphasizes that the movement we call
“The Renaissance” implicitly accepted the cyclical theory: The
so-called humanists strove to return to the pure Latin of authors

E. H. Gombrich is Professor Emeritus (formerly Director and Professor of the History
of the Classical Tradition) at the Warburg Institute, University of London.
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such as Cicero, since they regarded the language and style of the
classical age as the true manifestation of a civilized society.

In the very period, however, when the intolerance of the
Ciceronians had become notorious, they were challenged by a
grammarian from Arezzo: In 1471 Giovanni Tortelli published a
book that at first sight may look to be of purely philological
interest.” As a student of language he was concerned with Latin
words deriving from the Greek, words such as Horologium,
which means a clock. Remembering that the medieval clock,
driven by springs, was unknown to the ancient world, he is
tempted to launch upon a digression about the usefulness of this
new invention. Once in his stride, he goes on to mention other
novel inventions, such as the marine compass, not to speak of
that terrible and miraculous weapon, the bombard, which he
compares to a bolt of lightning; nor, he goes on, did the ancients
have stirrups, or watermills, for which they had no words. The
same applied to cotton, for which he could not find any agreed
Latin term, and to that marvelous musical instrument the organ.
His list continues rather unsystematically, referring to the intro-
duction of sugar and of the candle. Neither did the ancients
know falconry, nor the process of gilding, nor the art of the
niello, a recent invention of the goldsmiths. Spectacles are new
and so are blowguns. Silk was a rarity in antiquity.

All this goes to show, he concludes, that new words have to be
found for new things, and the author is happy to refer to the
authority of Priscianus, who had said that if the timidity of
writers prevented their use of new words that had become nec-
essary, the Latin language would forever be condemned to lan-
guish in a narrow prison. It would become what we call it now:
a dead language.*

So here we have a Renaissance humanist who has discovered
that the aspirations of his fellow humanists are impracticable:
one cannot bring back the language and style of Cicero, because
in our world one has to talk of things Cicero never dreamt of—
and many of them, as we know, originated in the East.

Admittedly it took a number of generations after Tortelli for
the realization to sink in that the classical past could never be
recovered, and that a new age had dawned. It is perhaps fitting
that the most eloquent testimony to this dramatic insight came
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Figure 1: Jan Van der Straet (Johannes Stradanus), Nova Reperta, title page.

from Florence, the very city that considered itself the cradle of
the Renaissance movement. I refer to the series of prints entitled
Nova Reperta (New Inventions), dating from the end of the
sixteenth century, designed by the Flemish expatriate Jan Van
der Straet (1536-1605), who latinized his name to Johannes
Stradanus.’ Stradanus worked at the court of Francesco de Medici,
who was not only a patron of the arts but an active promoter of
science and industry, a fact that is not irrelevant to my subject.®

The series was apparently done in two installments, the first,
of nine prints engraved by Theodoor Galle, and the second, of
ten additional inventions, originally engraved by J. Collaert and
at some later date by Philips Galle, one of whose captions refers
to an invention only published in 1599.

Some of the individual prints in this series have been illus-
trated on and off in histories of technology, but my concern here
is with the Nova Reperta as a document of the new interest in
those inventions that distinguish the artist’s own period from
antiquity.” The title page (figure 1) is quite explicit: The words
Nova Reperta appear within a cartouche displaying a symbolic
rendering of the Southern Cross. Two allegorical figures hold



196 E. H. Gombrich

Figure 2: Jan Van der Straet (Johannes Stradanus), Mola Alata (Windmills), from
Nova Reperta.

that ubiquitous symbol of a serpent biting its own tail (believed
to have been an Egyptian hieroglyphic), which can only be
interpreted as signifying Time.® The youthful figure who comes
onto the scene points to a representation of the American conti-
nent, within a roundel of the globe marked “Christophor. Co-
lumbus Genuens. inventor. Americus Vespuccius Florent. retector
et denominator”; we still reckon the modern age from the dis-
covery of America.” On the other side, an old man with a long
beard is leaving the stage. The old age is departing, a new age
has arrived—an age marked by a series of new discoveries and
inventions that are explained in the captions beneath, as a kind
of trailer to the series: I. America; II. The mariner’s compass
(here wrongly attributed to one Flavio of Amalfi); III. A mounted
cannon with cannon balls and barrels of gunpowder; IIII (IV). A
printing press; V. A clock; VI. The wood and bark of a tree that
he calls byacum (an alleged remedy for syphilis); VII. A still;
VIII. Silkworms and their cocoons on a mulberry tree; and IX.
Stirrups, attached to a saddle. At a later date Stradanus added
another nine, which are more of a mixed bag: windmills (figure
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Figure 3: Jan Van der Straet (Johannes Stradanus), Saccharum (Sugar; also showing
oil press), from Nova Reperta.

2); watermills, the olive press, and cane sugar (figure 3); oil
painting, spectacles, the establishment of longitude, the polish-
ing of armor, the astrolabe, and the art of engraving on copper
(figure 4).

Though Stradanus’s list is long and rather mixed, he missed
two important inventions that he had in front of his nose: the
paper on which his series was printed and the numerals that
listed them. The invention of paper in China and the story of its
adoption by the West belongs to the best-documented episodes
in the history of technology. What we call “arabic” numerals are
known to have come from India, and therefore can also be
classed as an Eastern invention.

It is common knowledge that, for the first three of Stradanus’s
new inventions (the compass, gunpowder, and printing), the
Chinese had priority over the West. Among the other innova-
tions listed this also applies to silk, and possibly to watermills.
The Greco-Roman world was far advanced in the construction
of mechanical gears, which were one element in the mechanism
of clocks, but they lacked the vital contribution of the escape-
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Figure 4: Jan Van der Straet (Johannes Stradanus), Lapis Polaris Magnes (Magnetic
Compass, also showing other inventions), from Nova Reperta.

ment that secures even movement.'” In his Wilkins lecture of
1958, Joseph Needham established beyond reasonable doubt
that the Chinese had priority over the West in the construction
of such a device, but it is possible that an analogous mechanism
was developed independently in the West in the thirteenth cen-
tury. An Eastern (though not necessarily Chinese) element is
certain in the case of windmills, stirrups, and sugar, and an
Arabic influence is at least possible in the case of distilling and
the astrolabe. Inventions on Stradanus’s list that certainly origi-
nated in the West include oil painting, spectacles, the polishing
of armor and the art of engraving on copper. In his list there are
two false hopes: hyacum, or guiacum officinale, as a cure for
syphilis, and the establishment of longitude.

The history of technology in which these questions are ventilated
has become a large and specialized field. It was pioneered by Joseph
Needham, whose monumental work Science and Civilization in
China! is still a mine of important information, although the
debate about priority continues—for which see Lynn White’s Med;-
eval Religion and Technology, a book that is equally indispensable
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to the historian of technology.!? Fortunately, the argument of this
essay is not dependent on the exact attribution of competing claims.
What matters more in my context is the fact that the most signifi-
cant innovations were developed in the context of magical prac-
tices. The magnetic compass, for example, had originally something
to do with geomancy. Gunpowder may have been used to frighten
away evil demons, and even printing is known to have been used to
multiply Buddhist prayers to make them more effective. A similar
suggestion has also been made for the first wind-driven mecha-
nisms, which may have begun in Tibet as prayer wheels before they
were used for irrigation. Both in the East and in the West the search
for a reliable clockwork is connected with the construction of
armillary spheres, intended to match and predict the movement of
the heavens, rather than for today’s purpose of accurate time-
keeping.

We cannot tell how far Stradanus was aware of the origins of
the inventions he illustrated, though the fact that he attributes
the marine compass to a certain Flavio of Amalfi speaks against
it; nor had Tortelli hinted at any foreign origin. Polydore Vergil,
in De Rerum Inventoribus, merely states that the origins of
many are unknown to him:

There be many other things, whose Authors for Antiquity cannot
be known; and some, because of the negligence of men, that will
not write such things. No man can tell who began Clocks, Bells,
the Ship-man’s compass, Gowns, Stirrops, Caps or
Bonnets . . . Water-Mills and Clavicymbals, Tallow-Candles, re-
claiming of Hawks, Rings, with many others, which for the
Ancienty, or over-sight of men be in extream Oblivion."?

Louis Le Roy, in De la vicissitude ou variété des choses en
P'univers (published in 1577), mentions that although the inven-
tion of printing is generally attributed to the Germans, the
Portuguese—who sailed all over the world and were trading in
the remote East—had brought back books printed in the lan-
guage and writing of those countries and reported that printing
had long been used in those parts.' But other writers were
explicit in their attribution of a number of these inventions to
sources outside Europe: In Campanella’s utopia, La Citta del
Sole, published in 1603, the visitor is told that the city’s inhab-
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itants always sent out explorers over the whole earth to study
the customs, forces, laws, and histories of all nations, bad and
good alike, and he learns that guns and printing existed in China
earlier than in Europe.? Finally, Samuel Purchas, writing in The
Pilgrim, says:

Others, therefore, looke further unto the East, whence the Light
of the Sunne, and Arts, have seemed first to arise to our World;
and will have Marco Polo the Venetian above three hundred
yeeres since to have brought it out of Mangi (which we now call
China) into Italy. True it is, that the most magnified Arts have
there first been borne, Printing, Gunnes, and perhaps this also of
the Compasse, which the Portugals at their first entry of the
Indian Seas found amongst the More, together with Cards and
Qudrants to observe both the Heavens and Earth.'®

Francis Bacon had come to a similar conclusion from these
suggestions and rumors in his Novum Organum of 1620:

Consider the force and effect of inventions which are nowhere
more conspicuous than in those three which were unknown to the
ancients, Namely printing, gunpowder and the magnet. For these
three have changed the appearance and condition of the whole
world, the first in letters, the second in warfare and the last in
navigation, and from these there sprang innumerable changes so
that no empire, sect or star appears to have exercised a greater
power and influence on human affairs than these mechanical
matters.'”

In his utopia, the New Atlantis, which was published posthu-
mously in 1627, Bacon also describes the famous House of
Solomon, where wise men apply new knowledge, and where he
was told that the Institution had in its service twelve spies “that
Sayle into Forraine Countreys . .. Who bring us the Bookes, and
Abstracts, and Patternes of Experiments of all other Parts. These
they call ‘Merchants of Light.””!®

It is a beautiful term, anticipating the potent image of the
Enlightenment, which was to dominate the idea of scientific
progress in subsequent centuries. What Bacon’s program here
exemplifies is a tendency of the human mind of which he was
well aware: It is the tendency to go beyond the evidence, to jump
to conclusions—what he called anticipatio mentis, and we now
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call extrapolation from the known to the unknown. This ten-
dency encourages the belief that, if new inventions (nova reperta)
have transformed the age, more such inventions will transform it
even more thoroughly and will bring about that perfect mastery
over nature that Bacon desired—and actually thought to be just
round the corner.

There is an anthropological parallel that lends support to this
hypothesis; I am referring to the strange phenomenon known as
“cargo cults.”? These are waves of excitement known to seize
so-called primitive societies upon their contact with Western
merchants. The goods these people saw arriving appeared to
carry the promise of miraculous changes—usually proclaimed by
a self-appointed prophet who announced the imminence of a
new era of plenty, when cargo would arrive in tremendous
quantities and the downtrodden would inherit the earth from the
white man.

The reader may find this comparison somewhat far-fetched,
but it so happens that a similar wave of irrational hope can be
documented from the decades after Stradanus and Bacon had
predicted the dawning of a new age. In her interesting book The
Rosicrucian Enlightenment, my former colleague at the Warburg
Institute, Frances Yates, concentrated on pamphlets and proph-
ecies that circulated in England in the early seventeenth century,
purporting to emanate from a secret society that may never have
existed: the Society of the Rosy Cross. These pamphlets pro-
claim, in solemn language, the imminence of a new dawn, and
explicitly base the prophecy on the new discoveries:

The only wise and merciful God in these latter days hath poured
out so richly his mercy and goodness to mankind, whereby we do
attain more and more to the perfect knowlege of his son Jesus
Christ and Nature, that justly we may boast of the happy time,
wherein there is not only discovered unto us the half part of the
world, which was heretofore unknown and hidden, but he hath
also made manifest unto us many wonderful, and never hereto-
fore seen, works and creatures of Nature, and moreover hath
raised men, imbued with great wisdom, who might partly renew
and reduce all arts (in this our age spotted and imperfect) to
perfection.®
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Similar millenarian hopes and prophecies can certainly be
found in many periods, but what is significant is the reference to
new discoveries and new knowledge that we associate with the
idea of progress, the subject of Bury’s book quoted at the outset
of this essay. If the earliest illustration of this potent idea was
Stradanus’s series, perhaps the most telling was the imagery of
the Great Seal of the United States of 1776, embodying the
aspirations of the Founding Fathers with its caption “Nowvus
ordo Seclorum”—still to be seen on every dollar bill.?!

It has become the fashion to level the charge of Eurocentricity
at the West for ignoring our debt to the achievements of other
civilizations. Yet while fully acknowledging this debt, we must
still ask why the West, after the end of the Middle Ages, so
rapidly overtook the great civilizations of the East.

In the venerable civilizations of the East, custom was king and
tradition the guiding principle. If change came 1t was all but
imperceptible, for the laws of Heaven existed once and for all
and were not to be questioned. That spirit of questioning, the
systematic rejection of authority, was the one invention the East
may have failed to develop. It originated in ancient Greece.”
However often authority tried to smother this inconvenient ele-
ment, its spark was glowing underground. It was that spark,
perhaps, that was fanned into flame by the awareness that our
ancestors did not have the monopoly of wisdom, and that we
may learn to know more than they have if only we do not accept
their word unquestioned. As the motto of the Royal Society
(dating from 1663) has it, Nullius in verba—By nobody’s word.?

In the prewar years, when the Warburg Institute was housed
next door to the Imperial Institute of Science, 1 overheard two
students at lunch. “How does he know it is a wave?” I venture
to think that this kind of question was not often heard in ancient
China or India. It only became possible thanks to the position of
science in our culture.

ENDNOTES
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negative. That of Lynn White, on the other hand, was more encouraging. I left
the paper in a drawer, since [ was much aware of my amateur status and the
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APPENDIX

A selective bibliography of notes on the origins of the inventions, in the order of
their occurrence in the text.

The marine compass: Needham, vol. 4, 249-277; as used in geomancy, vol. 2, 361.

Gunpowder: James Riddick Partington, History of Greek Fire and Gunpowder,
{Cambridge: W. Heffer and Sons, 1960).

Printing (including its use for the multiplication of Buddhist prayers): Thomas
Francis Carter, The Invention of Printing in China and its Spread Westward
(New York: Columbia University Press, 1925), 5 (henceforth cited as
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Arabe en Chine,” in Journal Asiatique (1913, Ile sér.): 17, 139.

The mechanical clock: Derek de Solla Price, Gears from the Greeks (Philadel-
phia: American Philosophical Society, 1974); Joseph Needham, Wang Ling,
and Derek de Solla Price, Heavenly Clockwork: The Great Astronomical
Clocks of Medieval China (Cambridge: Antiquarian Horological Society,
1960); and David S. Landes, Revolution in Time: Clocks and the Making of
the Modern World (Cambridge, Mass.: Belknap Press/Harvard University
Press, 1983).

“Hyacum”: Owsei Temkin, “Therapeutic Trends and the Treatment of Syphilis
before 1900,” Bulletin of the History of Medicine XXI1X (4) (1955).

Longitude: William J. H. Andrewes, ed., The Quest for Longitude: The Proceed-
ings of the Longitude Symposium, Harvard University, Nov. 4-6, 1993
(Cambridge, Mass.: Collection of Historical Scientific Instruments, Harvard
University, 1996).
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1948); also Julius Ruska, “Ein neuer Beitrag zur Geschichte des Alkohols,”
Islam IV (3) (1913) and H. Diels, Die Entdeckung des Alkohols (Berlin,
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Silk: Procopius, History of the Wars, c¢d. H. B. Dewing, vol. V, Locb Classical
Library (1914-40), 229-231; also E. Day, Ars Orientalis 1 {(1954): 233.

The stirrup: A. D. H. Bivar, “The Stirrup and its Origins,” Oriental Art, new
series 1 (2) (1955): 61-65.

The watermill: Needham, vol. 1, 232.

The windmill: Needham, vol. 1, 245; also White, Medieval Religion and Tech-
nology, 79 and (on wind-driven prayer wheels) 47.

Sugar: Carter, 130.

Spectacles: Guido Pancirolli, Rerum memorabilium libri II (Antwerp: 1599,
pub. 1612); also Needham, vol. 4, 20.

The astrolabe: Needham, vol. 4, 7; also Arno Borst, Astrolab und Klosterreform
an der Jahrtausendwende (Heidelberg: 1989).
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ford: Clarendon Press, 1954~58).
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tory of Hindu Mathematics, A Source Book (Lahore: Motilal Banarsi Das,
1935); D. E. Smith, History of Mathematics, and F. Nao, Notes d'Astronomie
Syrienne, quoted in Needham, vol. 1, 220; also Carter, 191.
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Leonardo da Vinci: Art in Science

Y OBSERVATIONS ON THE INTERACTION of science and art

in the work of Leonardo da Vinci are of a different

kind from the more general themes being addressed by
the other contributors to this volume. However, the grandiose
sweep of Leonardo’s efforts to establish new scientific proce-
dures may raise them to a comparable level, making them rel-
evant to a study of the borderlines between science and other
aspects of culture.

Leonardo made the faculty of vision—or more precisely, the
gift and patience for intensive observation—the foundation of
both his scientific investigations and his work as a figural artist.
He was a protoscientist in the modern sense of what constitutes
science, bringing to his investigation of the natural world not
only an extraordinary artistic imagination, which led him to
innumerable original discoveries, but a unique and idiosyncratic
intellectual position that helped him to circumvent the mental
blocks of his contemporaries.

Science in the century preceding Leonardo was based almost
entirely on texts surviving from antiquity; experiment and the
pursuit of new challenges was rare. The Aristotelian scientific
tradition had been sustained by scholastic writers, primarily
within the church. Humanist scholars, a new class comprised of
teachers, poets, and court secretaries, sought to rediscover and
edit Greek, Latin, and ultimately Hebrew texts and to improve
literary style in these languages; while their primary interests
were literary and historical, they also made available—often as

James S. Ackerman is Arthur Kingsley Porter Professor of Fine Arts Emeritus at
Harvard University.
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editors for the new printing houses—what had remained of
mathematical and scientific treatises and their epitomes, such as
those of Euclid and Archimedes, Galen and Ptolemy. They re-
stored to circulation, in Latin, medieval Arabic texts; in the
discipline of optics alone, this included the work of Avicenna
and ibn al-Haytham, as well as their later Western heirs, Bacon,
Vitellius and Pelacani.

Trained as a painter, sculptor, and designer of machines,
Leonardo da Vinci was no humanist. At the start of his career he
was unable to read the texts upon which he would have to base
his scientific knowledge. He admitted that he had the reputation
of an omo sanza lettere (an illiterate), meaning that he did not
have a good command of Latin. During the 1490s in Milan, he
struggled to improve his Latin; both as a result of this effort and
of an increasing number of Italian epitomes, he acquired as
much information as he needed in the innumerable fields of his
interest.

Science in Leonardo’s time was predominantly descriptive.
The fields in which progress was made were those that could be
investigated with the eye—anatomy, botany, cartography, zool-
ogy, and ornithology. Copernicus stands virtually alone in the
two centuries prior to Galileo and Kepler in being productively
engaged in theoretical science.

An astonishing number of studies and notebooks, only some
of which have survived, records Leonardo’s intense drive for a
comprehensive knowledge of creation on the model of Aristotle.
Like Aristotle, Leonardo was an empiricist, in contrast to adher-
ents of the Platonic tradition who worked with logic and math-
ematics on abstract hypotheses conceived intellectually.

Leonardo starts from books, but in almost every field of
investigation he moves from traditional explanation to one based
on his own experiments and experience. Since early writing
often copied from traditional texts, one cannot always be certain
whether Leonardo himself agreed with a statement that he wrote
down.

A vivid early drawing of a skull sectioned vertically and hori-
zontally illustrates the point (figure 1). Although astonishingly
precise in detail—there are a number of anatomical features
overlooked in the earlier literature—major aspects of the draw-
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Figure 1: Leonardo da Vinci, Human Skull, Cut Horizonally and Vertically.

Royal Library, Windsor, no. 19057. Courtesy of Her Majesty the Queen.
ing illustrate points determined theoretically rather than empiri-
cally. The grid of lines, for example, is intended to illustrate the
conformity of the head to a system of privileged geometrical
proportions. Further, the drawing illustrates the medieval doc-
trine that the vertical and horizontal axis of the skull must cross
at the site of the sensus communis, or common sense, where all
perceptions—of sight, sound, touch, and so on—were believed
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to be gathered; this was considered the seat of the soul. Accord-
ing to Plato and Hippocrates, whom Leonardo quotes, the soul
must activate the entire body and, in particular, must transmit
seeds for reproduction from the brain to the genitals. Accord-
ingly, a channel must be provided through the marrow. The top
of the spine in this drawing has a large interior channel, which
Leonardo would not have found in his skeleton. If in this in-
stance books triumphed over observation, the radically innova-
tive character of the representation, which employs techniques
of foreshortening just being devised at the end of the fifteenth
century, is manifested by comparison to other works of this
period.

In his early work, Leonardo tried to coordinate natural phe-
nomena into an overarching design revealed in similarities of
behavior among disparate natural phenomena. By contrast, ex-
periments and observations in the later manuscripts focus on the
diversity of nature: every form becomes determined by its func-
tion. An understanding of the extent to which Leonardo’s scien-
tific method matured over the course of his life has become
possible only in the last twenty-five years through the painstak-
ing determination of the chronology of the many notebooks and
separate drawings.

For example, in an early sheet from the Codex Atlanticus
(figure 2), Leonardo attempts to establish a unitary—percus-
sion—theory of the transmission of sense impressions. The fig-
ures, drawn as similarly as possible, are accompanied by ex-
planatory notes:

How lights or rather luminous rays, can only pass through di-
aphanous bodies.

How the surface x, o illuminated through point p, generates a
pyramid that finishes in point ¢, and ends up at an other surface
at r, s, which receives what is in x, o upside down. [This illus-
trates the camera obscura, a device discussed already by ibn al-
Haytham in his eleventh-century treatise on optics.]

If you put a colored piece in front of each light you will see the
surface colored by it. [While this observation seems obvious to
us, it served to demonstrate that light “rays” emanate from the
object of vision and are not emitted from the eye, as some ancient
writers had claimed.}
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Figure 2: Leonardo da Vinci, The Percussive Action of Sense Impressions, Milan,
Bibl. Ambrosiana, Codex Atlanticus, Fol. 126 ra.

How the lines of a blow pass through any wall. [Thus sound
“rays” behave like their visual counterparts, except that they can
pass through opaque barriers.]

How, finding a hole, many lines [of sound] spread; all others are
weaker than a-b.

Voice in echo. [angle of incidence = angle of refraction]

How the lines of the magnet on iron are drawn in the same way.
Smell spreads the same way as a blow.

Every point generates infinite bases.

Every base generates infinite points.

Alternatively, Leonardo discovered such universal analogies in
the behavior of moving matter. His almost obsessive effort to
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Figure 3: Leonardo da Vinci, Study of the Flow of Water. Royal Library, Windsor,
no. 12660v. Courtesy of Her Majesty the Queen.

understand the action of water in response to a variety of con-
straints is the concern of a hydraulic engineer (figure 3). Indeed,
he was hired in that capacity in Milan and in Florence, where he
was charged to study the feasibility of making the Arno navi-
gable from Florence to the sea. His observations are concen-
trated primarily in two notebooks, Manuscript A of the Institut
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de France, and the Leicester Codex, now the property of Bill
Gates.

Probably the painstaking care taken in observing the move-
ment of water throughout his career laid the groundwork for the
late series of drawings depicting an earthly chaos, an Armaged-
don, in which the exploding landscape takes on equivalent forms—
in this case, for art’s sake. Like the transmission of sense im-
pulses, the flow of liquid is also part of a universal scheme in
early notes, as in this passage: “If a man has a lake of blood in
him whereby the lungs expand and contract in breathing, the
earth’s body has its oceanic sea which likewise expands and
contracts every six hours as the earth breathes.” Leonardo goes
on to associate underground springs with veins; a drawing in the
Leicester Codex illustrates this.

These are the type of observations that support Foucault’s
characterization of the protoscience of Leonardo’s time as based
on similarities and analogies. Leonardo makes great claims for
experiment, experience, and observation to distance himself from
the scholastics and humanists who commented chiefly on texts,
but in reality he was strongly directed by the textual tradition,
constantly seeking—and only rarely finding—formulations of
the causes of the effects he observed.

We may try to define the method with examples from two
areas: first, physiological optics and visual perception; and sec-
ond, anatomy, which Leonardo approached as a scientist, and
only peripherally to help his art.

I begin with Leonardo’s observations on the most widely used
method of constructing painter’s perspective in his time—
perspectiva artificialis. The sketches reproduced in figures 4 and
S illustrate his observation that when one gets close to the
objects to be depicted, the rule by which objects appear to
diminish in size as they are more distant from the eye no longer
holds. The central ball or column in these drawings will be
projected on the picture plane as smaller than those farther
away, due to distortions resulting from a viewing point too close
to the plane. This is an issue of perception; Leonardo’s passion
for observation gave him the capacity to challenge the dicta of
artificial perspective, which were strictly geometric and abstract,
unrelated to perception. They posited that all light rays converge
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Figure 4: Leonardo da Vinci, Perspective Distortion of Nearby Objects. (Redrawn
from a sketch in Ms. A of the Institut de France.)

Figure 5: Leonardo da Vinci, Perspective Distortion of a Row of Columns Seen Close
Up. (Redrawn from a sketch in Ms. A of the Institut de France.)

in a point at a hypothetical eye—a single eye in a fixed position,
as Leonardo’s diagram shows.

His answer was not to seek an improved construction proce-
dure but to try to understand how the eye actually works. Over
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Figure 6: Leonardo da Vinci, Diagram of the Eye’s Reception of Images (above) compared
to the camera obscura (below). Institut de France, Ms. D, folio 8.
the course of the following decades, but mostly around 1505 and
at the end of his life, he tried to move beyond the literature of
medieval optics from ibn al-Haytham on, with which he was
thoroughly familiar, by devising experiments and trying to inter-
pret their results. Two lines of investigation led him to conclu-
sions that further diminished the hold of artificial perspective.
The first was derived from the use of the camera obscura as a
model of the eye (figure 6). The camera appeared in the early
drawing illustrating the propagation of sense stimuli (figure 2)
but was used there only to study the behavior of light rays. Later
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Leonardo saw that the eye, with its lens and pupil, must function
in the same way.

In figure 6, the two are compared on the same page from a
small notebook—Manuscript D of the Institut de France—on
optics and the physiology of vision. At the top of the margin
Leonardo drew a horizontal section of the eye, and below, a
horizontal section of a camera obscura, indicating that the two
function in the same way. His notes on this page read:

The experience [experiment] which shows how objects transmit
their species or similitudes through an intersection inside the eye
in the albugineous humor is demonstrated when species of illumi-
nated objects penetrate through some smalil round hole [in an iron
plate] into a very dark habitation. Then you will receive these
images on a sheet of white paper placed inside this habitation
somewhat near to this small hole, and you will see all of the
mentioned objects with their true figure and colors, but they will
be smaller and they will be upside down because of the said
intersection (the paper should be very thin and seen from behind).

Most of Leonardo’s drawings cut through the eye horizontally
and therefore do not show that rays entering from above and
below the aperture would also cross, casting an image upside
down as well as reversed. The camera, apart from helping Leonardo
to understand the physiology of vision, later became a tool for
artists, who could sketch images received on the piece of paper.

In the section of the eye at the top of the manuscript
page, we see Leonardo struggling with a problem he never
solved; while the camera obscura reverses the image, we
do not perceive the world as reversed. The answer, he
thought, must be that some mechanism within the eyeball
sets the image right by re-reversing it; in these drawings, it
is the crystalline sphere, which is posited as a spherical
lens. It is not the right answer; but what is right about
Leonardo’s understanding of vision is that it reveals the
problematical nature of the theory of linear rays meeting
at a point. This would lead to constructing pictures in
quite a different way.

The rays do not come to a point because light rays are
sensed on the whole surface of the cornea, but neverthe-
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Figure 7: Leonardo da Vinci, Demonstration of the Capacity of the Eye to “See
Through” a Small Nearby Object. (Redrawn from the Codex Atlanticus
250v.)

less pass through the pupil by being refracted. Leonardo’s
conviction that the entire cornea is sentient was based on
an experiment demonstrating that a small obstacle placed
directly in front of the pupil does not block a full view of
the image before us. His explanation of this result is given
in a sketch (figure 7). The top of the cornea will see it at
position ¢ and the bottom at a. The refraction, Leonardo
reasoned, weakened the peripheral rays so that images
looked fuzzier at the edges than at the center. But, as in
medieval optics and in perspective theory, the central ray
always has the sharpest and strongest effect because it hits
the target unbent—as if, Leonardo says elsewhere, a bullet
were to be shot into the barrel of a gun. If these studies did
not lead directly to increasing modulation and haziness in
Leonardo’s painting and drawing, they must at least have
urged him away from the sharp edges and strong local
color of his fifteenth-century predecessors.

Let us now turn from optics to anatomy, and specifically
to the evolution of Leonardo’s investigations in the years
following the drawing of the skull. The large size and
striking conception of the drawing of the female torso
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Figure 8: Leonardo da Vinci, Female Torso with Internal Organs. Royal Library,
Windsor, no. 12291r. Courtesy of Her Majesty the Queen.
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rendered transparent in order to reveal the viscera (figure
8) have made it the best known of Leonardo’s second
Milanese period in the years following 1506-08. It belongs
to the large category of hypothetical studies combining
animal dissection with traditional anatomy, making it a
direct descendant of the medieval situs figure, of which
two woodcuts from the 1495 printing of the anatomical
work of Mundinus, showing the internal organs in a largely
symbolic form, were the most recent examples. But while
Leonardo’s drawing appears to represent a great advance
in accuracy over its predecessors, there is no sign of new
empirical knowledge despite the fact that he had already
performed human dissections; the progress is exclusively
in drawing technique, particularly in the use of wash to
enhance relief and in the combination of section, relief,
and full and partial transparency. The uterus has “horns”
to illustrate Mundinus’s hypothesis that it is bound to the
hips by two pairs of ligaments (one pair of which is a
misunderstood transformation of the Fallopian tubes, which
enter near the cervical region—at the bottom rather than
at the top).

The celebrated image of the uterus, out of which a wedge
has been cut to reveal a fetus within that looks like a year-
old child, is one of a number of embryological studies
dating from either 1510-13 or 1515, which places them
among Leonardo’s last anatomical observations. While the
fetal position is accurately rendered, the drawing repre-
sents in other ways a reversion to those done before the
turn of the century, based largely on speculation, with the
addition of information gained from the dissection of a
cow (whence the representation of the cotyledons binding
the placenta to the uterine wall). Apparently Leonardo had
not had the opportunity either to perform or to attend a
Caesarian operation, though he does imply on a sheet from
the same series that he had examined the fetus that ap-
pears in the drawings.

The artist’s approach is entirely dlfferent in one of the last
studies, done on a textured bluish paper, representing the heart
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Figure 9: Leonardo da Vinci, The Heart of an Ox. Royal Library, Windsor, no.
17073. Courtesy of Her Majesty the Queen.

of an ox (figure 9). Here he was able to work entirely from
direct experience. While speculation and traditional theory had
a role in his understanding of pulmonary function, they did not
impinge on his powers of observation, and in this sheet he made
major advances applicable to the understanding of the heart.
The drawings, showing the organ from the front and rear, exem-
plifies Leonardo’s precept that the body parts should be repre-
sented in more than one view. It is the first anatomical descrip-
tion of the coronary arteries; to fully depict their form, Leonardo
removed the pulmonary artery, and this served also to reveal the
three cusps of the pulmonary valve.
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The problem that most concerned Leonardo in investigating
pulmonary function was how to explain the warming of the
blood. In his early notes he suggested that it resulted from
external forces of nature, comparing it to the rising of sap in
trees. After 1508, he compared the heart to a stove that heats
and then propels the blood through the veins. The heating pro-
cess is explained in a note on the upper left of the drawing of the
ox heart:

The blood is more subtilized where it is more beaten, and this
percussion is made by the flux and reflux of the blood generated
from the two intrinsic ventricles of the heart to the two extrinsic
ventricles called auricles ... which are dilated and receive into
themselves blood driven from the intrinsic ventricles; and then
they contract, returning the blood to those intrinsic ventricles.

The rendition of the heart is impressive not just as a record of
significant advances in empirical observation—which, had they
been known to others, might have led to an early discovery of the
circulation of the blood—but for the extraordinary draftsmanship
that reveals the object in a natural ambience of light and atmo-
sphere. The very viscousness of the flesh is rendered in a way that
has never since been matched in anatomical illustration.

For over twenty-five years of anatomical investigation, from
the earliest representations of the skull to the late studies of the
heart, Leonardo produced indelibly memorable images. But I
should describe the skulls as marvels of draftsmanship—unsur-
passed as such, yet of a much lower ambition. The drawings
seek to give objects represented the palpability of sculpture and
architecture, to make the pen virtually replace the skull itself.
But conceptually they belong to the previous generation, with
their concern for accommodating the object to external geo-
metrical rules of perspective and proportion. Furthermore skulls,
human though they may be, are inanimate objects, not different
in essence from spheres with penetrations; in fact, they commu-
nicate nothing of the function of the human body. The heart, by
contrast, is a lately pulsating organ of flesh and moisture, and
not subject to the disciplines of mathematics. Such representa-
tions drew Leonardo far from the atmosphere of calculation and
rationality of his early years into the almost indescribable mys-
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tery and complexity of life itself. One might ask why the depic-
tion of the fetus, drawn only a few years before, looks more like
the skull than like the heart. The answer is that it was an almost
entirely hypothetical construction of the mind, on which the
senses could be brought only peripherally into play; to draw it
Leonardo had to fall back on the mode of theoretical construc-
tion. In fact, his experiments had taught him almost nothing of
the process of gestation.

Whatever the progress made in the disciplines of physiology
and anatomy following these drawings, it was not rivaled by
progress in illustration. Anatomists after Leonardo and Vesalius
were simply anatomists with, at best, rudimentary skills for
recording their discoveries in images, and artists did not dissect
people and oxen except perhaps to study musculature. In the five
centuries since Leonardo performed his first dissection, the skill,
artistry, and didactic potential of anatomical illustration has
regressed, while the degree of advance in scientific accuracy has
been in some respects less than Leonardo’s advance over his
immediate predecessors and followers prior to Vesalius.

But my point is that Leonardo was not simply an artist skilled
in achieving verisimilitude; in this he had many rivals who, for
all their talents, did not contribute significantly to anatomy. It is
that his unbounded curiosity led him to pursue a vast range of
natural effects and physiological responses, so he could bring to
the recording of an animal heart an understanding of light,
atmosphere, texture, and vision, as well as hydraulics for the
flow of blood, botany for the branching of veins and arteries,
mechanics for the expansion and contraction of the organ, and
so forth. It was not simply Leonardo’s grasp of these many
natural processes that gives any one of his images a unique
persuasiveness, but rather his desire to see all objects of his
attention as manifestations of an overarching scheme. Yet “scheme”
is not the right word, because it suggests something static, nor
does the cliché “clockwork of the universe” fit, because it sug-
gests something regular and mechanical. Leonardo’s vision was
of a breathing, mobile Nature—characterized by “flux and re-
flux” in the passage cited above, and revealed in the diurnal
tides and, in microcosm, in the human body.
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Do Leonardo’s universal interests make him the fabled Re-
naissance man? Yes, in the sense of the range of his investiga-
tions, though not in the sense of his having achieved the kind of
scholarly command of ancient texts that constituted the founda-
tion of true knowledge for Renaissance humanists. In his scien-
tific studies, Leonardo made earnest efforts to master the basics
of traditional wisdom in each field; that meant knowing, at least
indirectly, major Greek and Latin texts or modern summaries of
them and, where relevant (as in the study of optics), medieval
Arabic and Western works. Leonardo did not seek—as did his
Florentine predecessor Leon Battista Alberti—celestial harmo-
nies that might be emulated on earth; instead he sought a univer-
sal vital spirit animating all of creation. The two approaches
may seem similar, but in fact they differ fundamentally. Alberti’s
is hierarchical, suggesting that we on earth try to emulate a
celestial order in mathematical forms. Leonardo’s, by contrast,
is egalitarian. He posits that heaven, earth, man, and beast share
and contribute to a mutually sustaining energy. It is more pagan
than Christian.

Simultaneously with his achievements in describing objects in
the natural world, Leonardo was opening new horizons in con-
veying the experience of vision itself. A small sketch of a copse
of trees in the corner of another sheet at Windsor (figure 10) is
a token of one of the most consequential changes in the history
of Western art. Medieval and fifteenth-century drawn and painted
trees, like those of Fra Angelico, Botticelli, or Leonardo’s own
early Annunciation, are discrete solid objects that one can count
and distinguish from neighboring trees; they are as concrete as
Leonardo’s skull and come from a pictorial tradition that iso-
lates every figure by its outline and local color. Leonardo ap-
proached the copse optically; he tried to catch the visual con-
tinuum at a particular time of day, as Monet would do four
hundred years later. The trees are not individuals but the com-
mon recipients of a particular light and atmosphere. In a sense,
it is inadequate to call the tree drawing “optical”: every repre-
sentation of nature could be called optical. But I mean to con-
trast optical to conceptual representation, which shows an ob-
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Figure 10: Leonardo da Vinci, A Copse of Trees (red chalk). Royal Library, Windsor,
no. 12431r. Courtesy of Her Majesty the Queen.

ject as one believes that one knows it to be, not as it appears to
an interpreting personality at a particular moment.

It is tempting to say that figure 9 is objective in recording the
heart as it really looks and that the copse is subjective in convey-
ing a differentiated continuum of light and shade as experienced
by an individual observer in particular temporal and physical
conditions. But the image of the heart is also informed by those
particularities, and one’s visual and psychological faculties do
not shift at will from an objective to a subjective mode of
reception. I would rather suggest that the two are more alike
than different in revealing the willingness of the artist to replace
a conceptual approach to the world with an experiential one—
leading to the end of a new art in the one sheet, and the end of
a new science in the other.
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No subject has engaged Daedalus so frequently in its first forty
years as education at all levels—elementary, secondary, and
university. It is particularly appropriate that this anniversary
issue should include an essay on American education. [S.R.G.]
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Educational Dilemmas for Americans

educations.! Whenever we do so, inevitably we find our

selves deeply mired in contradictory accounts of their expe-
riences. Newspapers abound with graphs revealing how poorly
or how well US children take academic tests compared to each
other and compared to others around the world. People seeking
a simple indicator of a complex situation find a test score, and
its relative standing among others tested, a handy guide of whether
children are doing well or badly. Others, who are convinced that
the public schools need fixing, seek a single solution—vouchers,
perhaps, or charter schools—as the remedy. Still others observe
that in some states there is five times as much spending on
students in some school districts as in others ($15,744 versus
$2,932 during 1994-9S5 in Illinois, for example) and argue that
equalization of expenditure is the cure-all.?

PERIODICALLY, AMERICANS PAY ATTENTION to our children’s
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Education is an important issue for nearly all Americans, but
for almost none is it the most central issue in our lives. As an
important but rarely preeminent question, we often discuss it
superficially and seek one comprehensive solution. Our disap-
pointment increases when no panacea materializes; but by that
time, our sons and daughters are already grown and our interest
in education has receded, since only a few of us worry about the
educations of other people’s children.

Why, then, does education present itself as such a persistent
dilemma in the United States? 1 believe that there are three
fundamental explanations: We change our minds about what the
central tasks of schools should be; we want teenagers to get high
school diplomas, but we are deeply ambivalent about what the
content of their adolescent experience should be; and we are
unsure how important school itself is in children’s education.

First, we change our minds about what the central task of
schools should be, and we expect schools to accommodate im-
mediately to these shifting priorities. To a remarkable degree
American schools historically have faithfully delivered what
American society sought from them. When changes in society’s
expectations for the schools occurred, as has happened during
the last dozen years, the schools have had difficulty making a
complete and rapid adjustment to the new expectations. While
American schools have always had a core commitment to aca-
demic achievement for some apparently gifted children, includ-
ing children of the poor, the emphasis for the vast majority of
the other students has changed significantly.

Schools do deliver what society wants, but slowly and incom-
pletely. During this century society has set four principal but
different goals for our schools:3

1900-25: Assimilation. Schools were the principal institu-
tion in which the many European immigrants and their
children encountered an emerging and distinctive American
culture. The schools understood that their primary mission
was to “Americanize” the children into loyal and accultur-
ated American citizens.

1925-54: Adjustment. The new and dominant progressive edu-
cation movement, committed to the “whole child” (with special
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attention to the child’s mental and social health), became codi-
fied after World War II as the Life Adjustment Movement in
which 20 percent of students were to be educated for college, 20
percent for vocational training, and the remaining 60 percent
with “general life skills,” or how to adjust to life.

1954-83: Access. Again, after the 1954 desegregation decision
in Brown v. Board of Education, schools were used as institu-
tions to serve the broad goals of the society by providing access
to those previously denied it. This emphasis continued with
special attention to children of poor families in the Elementary
and Secondary Education Act of 1965 and the Education for All
Handicapped Act (PL 94-142) in 1975.*

1983-present: Achievement. The current effort to universalize
academic achievement as a goal of the many and not just of the
few is the most radical goal of all. The enunciation of this
sentiment came most poignantly to the American people in the
1983 report of a Reagan-appointed commission on American
education, entitled A Nation at Risk. Yet even in this last decade
the increases in school budgets have been concentrated in special
education, not regular academic education.

Richard Rothstein and Karen Hawley Miles recently exam-
ined expenditures for nine school districts between 1967 and
1991, which revealed that real school spending increased by 61
percent in that period. They found that the share of expenditures
going to regular education dropped from 80 percent to 59 per-
cent, while the share going to special education climbed from 4
percent to 17 percent. Of the net new funds spent on education
in 1991, only 26 percent went to improve regular education,
while about 38 percent went to special education for severely
handicapped and learning-disabled children. Per-pupil spending
on teacher compensation also grew as a result of more intensive
staffing—in particular, the hiring of more resource- and subject-
specialist teachers.’

In their study of the spending in New York state school
districts, Hamilton Lankford and James Wykoff found that the
$5 billion increase in expenditures (a 46 percent increase in real
per-pupil spending) over the 1980-1992 period was primarily
spent on teachers and on disabled students. These researchers
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suggest that the implementation of PL 94-142 and associated
state requirements led school districts to “substantially increase
their spending on special education students” at the expense of
nondisabled students.®

Certainly the needs of special education students are great.
The emphasis, however, has been on academic achievement for
all. We have been much longer on rhetoric, usually referred to as
“standards,” than on imaginative and effective interventions to
assist teachers in helping ordinary children learn more. New
funds go to special education; new demands for academic achieve-
ment encompass all students.

These rapid changes in priorities for schools have left teachers
and administrators gasping. They have occurred at a time when
school personnel, especially teachers, are much older and more
experienced than was the case earlier in this century. For ex-
ample, at the turn of the century the median age of American
teachers was twenty-six; hence at least half the teachers were
being prepared for teaching and entering the field at a time when
assimilation was the reigning emphasis for schooling.” Today
the median age for public-school teachers is forty-two, and fully
30 percent have more than twenty years of experience.® Many of
them were thus prepared for teaching in the waning days of
adjustment and the rising period of access; neither period de-
manded the kinds of skills and attitudes for teachers that achieve-
ment does today. Therefore, one of the greatest challenges for
those involved with schools today is to assist teachers who were
trained for one set of school emphases in becoming effective
with an altogether different set. For example, I entered teaching
the year the Progressive Education Association disbanded (1955),
and no one expected me then to teach American history accord-
ing to today’s national standards. How does one mobilize a
tenured teaching force prepared to do one kind of teaching to
become capable of and willing to do something quite different?
That is the mystery of professional development.

In “A Revolution in One Classroom: The Case of Mrs. Oublier,”
David K. Cohen shows the contrast between one teacher’s (Mrs.
O’s) perception of how a mathematics workshop focused on the
understanding of mathematical ideas has changed her teaching,
and that teacher’s actual practice. Cohen’s observations of Mrs.
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O’s classroom reveal that while the social organization of her class,
the teaching materials she uses, and the lessons are all new, Mrs.
O’s pedagogy has essentially remained unchanged.’ Schools abound
with Mrs. Os, teachers who seek to incorporate new and pre-
sumably more effective teaching techniques but who for a vari-
ety of reasons fail to do so.

Second, we want our teenagers to get high-school diplomas,
but we are deeply ambivalent about what the content of their
high-school experience should be. America has led the world in
the twentieth century by providing broad and nearly universal
secondary education, and for most of the century our means of
achieving such widespread access has been to modify the cur-
riculum of the high school, reserving rigorous academic courses
for a relatively small minority of our youngsters. The percentage
of teenagers who graduated from high school (or in more recent
years gained high-school equivalency through a GED) increased
dramatically from less than 10 percent in the early years of this
century to approximately 50 percent in the middle years of the
century; today, 85 percent of American teenagers receive a high-
school diploma or its equivalent.

The first federal aid to schools was the Smith-Hughes Act of
1917, which provided funds for vocational education in the high
school as a supplement or an alternative to the traditional clas-
sical or college-preparatory curriculum. As the fraction of stu-
dents continuing in high school increased through the middle
years of the century, more and more efforts were launched to
alter the high-school curriculum to make it more appealing to
students who were neither academically inclined nor intending
to attend college. The Life Adjustment curriculum at the end of
the progressive education movement captured the emphasis on
staying in school but not necessarily learning much. In short, the
twentieth-century American strategy has been to keep children
in school by changing the curriculum while holding the peda-
gogy constant. A more effective approach undoubtedly would
have been to modify the pedagogy, so that it attracted learners,
while holding constant the curriculum that society believed all
children should learn. But the intent was to prevent dropouts,
not to create learners. Furthermore, the effort was successful.
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Diplomas were a goal, and thus antidropout programs were
important; however, in anti-intellectual America, achievement
itself has not been broadly sought for most children until re-
cently. If the approaches to learning academic material were not
modified to appeal to a broad variety of students, then inevitably
many high-school students, beset with the hormonal and cul-
tural consequences of adolescence, would find high school itself
boring. In the absence of a compelling need to be interested in
schoolwork, they sought other alternatives. For many—espe-
cially for white, middle-class youngsters—the preferred alterna-
tive was paid employment.

Working during the school year provides many advantages;
mostly, it brings in money, which occasionally is saved but more
commonly is used to buy the desirable but nonessential goods
that many teenagers crave. Money from working brings these
goods without delay. This immediacy appeals to many teenagers
whose capacity for delayed gratification—advocated by teachers
as a benefit of education—is limited. “Greed, not need” explains
the high rate of American youth employment during the school
year, according to Ellen Greenberger and Lawrence Steinberg,
who argue:

It is difficult to say whether the increased consumer spending of
young people preceded or followed their increased participation
in the part-time labor force, but the two forces obviously fed one
another. As more teenagers developed expensive tastes and a
hunger for luxury goods, they found it necessary to go to work;
and as more youngsters entered the labor force and began earning
money that they could spend as they wished, more money was
spent on developing and expanding the youth market."

Many parents also support their adolescents” employment during
the school year. Exhausted parents often take comfort in the
security of knowing that their sixteen-year-old is under supervi-
sion while flipping hamburgers—and is happy with the money.
They take further consolation in the hope that he or she is
developing a good work ethic, and some are relieved that they
do not have to supervise their child at home, insisting that the
homework get done. All, undoubtedly, are thankful that their
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children are not driving around looking for opportunities to use
drugs or alcohol.

Estimates vary, but approximately half of high-school stu-
dents work during the school year with estimates for white
students being significantly higher than for blacks and some-
what higher than for Hispanics. A 1990 New Hampshire survey
found that 70 percent of all teenagers held jobs and that more
than 84 percent in grades 10 through 12 worked; 45 percent
worked more than twenty hours per week during the school
year.!!

These figures are in sharp contrast to the national rate of
black teenage unemployment—32 percent of those who are seek-
ing jobs.”” As Richard Freeman and Harry J. Holzer have ob-
served, “Young blacks have made advances in both occupation
and education. Yet their employment problem has worsened,
reaching levels that can only be described as catastrophic. . .. In
many respects, the urban unemployment characteristic of Third
World countries appears to have taken root among black youths
in the United States.”"

Nearly everyone would agree that working a little (less than
ten hours per week during the school year) is not harmful, and
possibly beneficial. Similar concurrence exists at the other end of
the spectrum—working more than twenty hours per week dur-
ing the school year is detrimental. For those students, grades
suffer, less rigorous curricula are pursued, and often health is
impaired because of insufficient sleep or inadequate exercise.
Less easy to measure is the impact of a short-term job with its
immediate rewards compared to the patience required to take
demanding courses and work hard enough to do well in them.
Although immediate transition to the work force may be easier
for someone who has worked extensively during high school,
upward mobility is more likely for someone with a strong high-
school and college record; calculus is more valuable in terms of
discipline than a perfect attendance record at McDonald’s.

A recent comparison of youth in Minneapolis and Sendai,
Japan, reveals considerable differences in use of time and money.
Nearly three-quarters of the Americans work, while only one-
fifth of the Japanese do. Average weekly income (from both job
and parents) was $205 for the American youths and $86 for the
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Japanese; nearly all of the Japanese youths’ income came from
parents, while only half of American youths’ income came from
their parents. Other findings included that Japanese watch more
weekly television (16.7 hours) than Americans (12 hours) and
that fewer Japanese reported experiencing stress each week (43.4
percent) than Americans (71.2 percent).'

The United States is atypical in its pattern of youth employ-
ment while enrolled in school. Beatrice Reubens, John Harrison,
and Kalman Rupp reported in 1981 that almost 70 percent of all
sixteen- and seventeen-year-old students were in the labor force
during the 1978-79 school year in the United States, compared
to 37 percent in Canada, 20 percent in Sweden, and less than 2
percent in Japan." We tend to prolong adolescence while pro-
viding the conveniences (but not responsibilities) of adulthood.
By encouraging part-time work during the school year, both in
high school and for many college students, we delay the time
that young people need to assume full obligations of adult life.

Young people often have money for luxuries because they
continue to live at home and enjoy a parental standard of living
that would not be available to them if they were dependent upon
themselves for support.'® Researchers who examined young-adult
living patterns found that between 1977 and 1986 increasing
proportions of high-school seniors reported that “living in luxury”
was important to them, and that parents tolerate coresidence
with their adult children if they did not seek daily funds from
their parents.'” In short, a young person can continue the pattern
of high-school employment and using income for frills while
parents supply the necessities—as long as the child does not seek
direct support for parents for day-to-day expenses. College, too,
becomes a much longer process, with many adult students work-
ing part time and studying part time, further blurring the bound-
ary between adolescence and full-fledged adulthood. Over half
the undergraduates today are over twenty-one years of age—
formerly the typical age of graduation from college.

The ambivalence we exhibit about the content of our adoles-
cents’ educational experiences is also illustrated by our commit-
ment to high-school athletics. H. G. Bissinger captures the intensity
of community enthusiasm for winning high-school football teams
in Friday Night Lights, revealing adults much more concerned
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about the teams’ prowess than about children’s learning.’® In the
face of these pressures brought by students, their parents, and
the local community, schools traditionally have relaxed aca-
demic demands in order to accommodate student employment
and facilitate athletic eligibility. No wonder we are ambivalent
about our adolescents’ educational experiences.

Finally, how important is school itself in children’s education?
Scholars ranging from the late James S. Coleman and Lawrence
A. Cremin to Christopher Jencks have quite properly reminded
us of the limited role that schools play in children’s education.
Analytically there is no doubt that these writers are correct in
identifying families, communities, religious institutions, televi-
sion, and (now) electronic devices as cumulatively much more
important than school alone in the education of the young.

One profound irony of those of us who understand this ana-
lytic contribution, and who have the wealth necessary, is that we
make enormous efforts to get our children into the best possible
schools. As parents, we often select our place of residence based
in large part on its proximity to good schools for our children.
Although we know that we will supplement our children’s edu-
cation in many important ways beyond what the school provides
for them, we still believe that the school itself is a crucial educa-
tional intervention for our children. We want schools with good
teachers, often defined as ones who have had sound undergradu-
ate academic instruction and who are effective in reaching their
students. We want principals with good judgment and effective
administrative skills. We want facilities, buildings, libraries, ath-
letic equipment, and computers that will attract and challenge
our children. Most of all, we want other students whose families
share our educational values. In short, those of us who best
understand the limited role schools play in education want the
very best schools for our children, and generally we get them.

The irony rests on the fact that while most families want the
best for their children, many are not aware of the quality of their
schools. As Richard Murnane and Frank Levy point out in
Teaching the New Basic Skills, the families of the Zavala School
in Austin, Texas, also recognized that their children needed good
schools.'” The average annual family income at Zavala is $12,000,
and since many families speak only Spanish, the school was the
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way for their children to learn English. These families saw that
success in school was their children’s best hope to avoid the
poverty of their parents. Imagine the shock of the families when
they learned that their children, who had been receiving mostly
As and Bs on their report cards, scored in the bottom quartile on
the Texas achievement tests. Here was a school that was fooling
its clients by pretending that they were doing well, when in fact
the teachers were not demanding rigorous work from them.
Murnane and Levy recount the pain of the parents when they
realized that their children were being cheated by the very insti-
tution they believed was their children’s best hope for having a
better future; they also report how the parents, the new principal
of the school, and newly committed teachers, plus some outside
advocates, gradually and with difficulty turned the school around
and truly improved the achievement of the children.

In short, schools are more important for the children of the
poor than they are for the children of the affluent. While pros-
perous families arrange for a variety of beneficial educational
activities for their offspring, school is often the only constructive
educational experience that children living in poverty may have.
It is thus an extraordinary tragedy that the worst schools—
whether in terms of faculty and administrative skills or per-pupil
expenditures—serve the children who most need excellent schools,
the children of the poor, while the best ones serve the children
who have the most educational alternatives, the children of well-
educated and prosperous families.

These three dilemmas—the changing central purpose of
schooling in America, the ambivalence Americans exhibit
about their adolescents’ educational experiences, and the
contradictory commitments we hold about the relative im-
portance of schooling to education—tax our imaginations
to understand and our will to resolve. What is most impres-
sive, however, is the historic capacity of Americans to adapt
their educational institutions, albeit slowly, to meet and
fulfill the shifting expectations placed upon them. Again,
we have the opportunity to demonstrate this ability.
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