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....... given their cultural resources, only singular incompetence could have prevented
members of the HEP [high energy physics] community from producing an
understandable version of reality at any point in their history. And, given their
extensive training in sophisticated mathematical techniques, the preponderance of
mathematics in particle physicists’ accounts of reality is no more hard to explain than
the fondness of ethnic groups for their native language. Andrew Pickeringl

The Unreasonable Effectiveness of Mathematics in the Natural Sciences. Title of a
paper by Eugene Wigner2

The “science wars”3 are a collection of vociferously argued academic
disputes about the nature of scientific knowledge and about how that
knowledge is constructed.  Some of the discussion is both reductive and
implausible:  Natural scientists sometimes declare that their the
production of knowledge within their subjects is not a social endeavor and
is free from all social content or political values.4 Conversely, social
scientists have been known to maintain that scientific knowledge has
little content beyond being a set of socially constructed and negotiated
statements aimed to uphold the social status of the scientists.5 Of
course, most of the discussions are much more nuanced than that.
Nonetheless a big gap remains between the different points of view.

In this note, | want to examine this dispute in the light of the history
of theoretical physics within roughly the period from 1974 to 2002. This
period is chosen because of the studies of high energy physics which touch
upon 1974 as a moment of change in this scientific area.6 At this time, a
new consensus began to form about the nature of subatomic particles, a
consensus partially based upon new experiments and equally upon a new
approach to the theory of these particles. This note also touches upon
developments in the area called condensed matter physics, which studies
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the behavior of liquids and solids and other materials. Looking back, one
can see 1974 as a time of exceptional strength for theory both in HEP and
in condensed matter.

In the last quarter century, people who study science have quite
properly given more credence than heretofore to the idea that science is a
social endeavor. Natural scientists have argued back, saying that a
rational understanding of nature is of paramount importance in
determining knowledge in their fields. In this paper, | argue that the
development of physics within this period supports both sides of the
argument in that negotiation, consensus formation, examination of nature,
and prior ideology are all important determinants of the way theoretical
physics understands what it sees. | give three examples:

Superconductivity is a very distinctive state of matter in which
materials can carry electrical currents without loss of flow for
extremely long periods. For more than ninety years, superconductors have
been known to exist at low temperatures, below 25 degrees Kelvin. In
1974, theorists believed that they understood superconductivity pretty
well based upon the then-known superconducting materials. The existing
theory had been put into place starting in the late 1950s in order to
explain these materials. It was widely believed that superconductors
would not be found at higher temperatures. However, in 1986, two Swiss
experimentalists, Johannes Bednorz and Karl Miuller, unexpectedly
discovered that there was a complex material which retained its
superconductivity much above 25 degrees Kelvin. Other materials in that
class were soon found, and their properties measured. They were seen to
be, in many ways, quite different from other materials. Specifically,
electrical currents tended to remain within very thin sheets in the
material. Over the last fifteen years, many physicists working in an area
called condensed matter physics have attempted to understand and
describe these superconductors. Physicists in this area are traditionally
committed to both obtaining fundamental knowledge about new classes of
materials and equally to the development of materials which might be of
practical use. High temperature superconductors promised to be very
exciting from both points of view. They showed a quite distinctive
behavior, and they might be of economic importance. Hence both
experimentalists and theorists rushed in to work on them. This

Draft: Constructions V2.2 page 2 May 28, 2002



scientific/technical area was defined (by a social agreement, of course)
to be a central problem of condensed matter physics.

In the following years, further major discoveries about these materials
were made by the experimentalists. In contrast, the theoretical work in
this area remains rather disappointing. Indeed, previously accepted
knowledge about superconductors and related materials had to be
discarded in the light of new knowledge gained from the thin-sheet
materials. This period of dissolution of theoretical certainties has
continued for the past sixteen years.

Theorists in this field of science lack neither the mathematical and
technical skills of other physicists, nor the social skills to negotiate and
achieve consensus. But to everyone's embarrassment, both in personal
terms and in terms of the prestige of the scientific area, it appears that
so far theory has not begun to reach its goals. There is no theory that
looks mathematically respectable and also explains a broad range of
phenomena in these superconductors. Nature has not been kind, and that
unkindness has hurt this particular sub-field of physics quite
substantially. In contrast to the view presented in the epitome, the
particular group of excellent scholars working on superconductivity
theory has not reached an “understandable version of reality” within their
subject. Negotiation is not enough.

Next, let us turn back to HEP. In this field people perform accelerator
experiments in which high energy particles are allowed to collide with
one another and the debris coming off the collision is examined?. | would
argue that there was and remains a substantive agreement among the
practitioners about the purpose of their area.8 With a singleminded
intensity they view their task as expressing the fundamental laws of
nature. They expect to find these laws in the smallest and “most
elementary” constituents of the universe and in the interactions between
these constituents. If some collision among particles throws off a
shower of pieces, they want to understand the basic forces that underlie
the process rather than the details of the repeated communication of one
particle to another. There was a sort of revolution in 1974 which
changed the focus of high energy physics. The newer view rejects the
study of the final stages of the shower and focuses instead upon the
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preceding processes, which involve fewer and more exotic particles and
hence are considered to be more basic. The newer view uses the
theoretical approach called Lagrangian field theory as an apt description
of the structure of the early stage and turns away from the some other
theoretical approaches as less appropriate for the task at hand. As this
newer view has become more broadly accepted, the somewhat tentative
scientific consensus of 1974 turned into what is called “the standard
model” of particle physics.? As if it were intended to deflate skeptics,
the standard model has proved to be remarkably successful in predicting
new results and explaining old ones. It is a somewhat complicated
construction, containing twenty-two parameters, i.e. numbers, which must
be determined by experiment. But, given those numbers, everything else
predicted by the theory seems to come out in the experimental
observations and to come out correctly. After very extensive study, no
discrepancies between experiment and this standard model have been
observed to date. So the mathematical predictions produced by this new
area of physics have, in the last quarter century been borne out. This
success seems to support the contention of natural scientists that
“sophisticated mathematical techniques” can produce meaningful
predictions about the world.

Perhaps one might argue that this apparent success is not a product of
nature speaking in the language of mathematics, but is instead a
demonstration of the social and political skills of the high energy physics
community. Maybe they have produced this agreement by a process of
negotiation, and then supported it in order to maintain their position in
the world of scholarship. Not so. The very success of particle physics in
solving its problems as defined in 1974 or thereabouts has been a
sociological disaster for the whole field. As Kuhnl0 argued, the
continued success of any field of “normal science” depends upon its
generation of fruitful little puzzles for the practitioners to solve. The
complete success of the standard model has left no room for such puzzles.
It explains everything it touches. There is no room to find what is called
“new physics” or even to see really new phenomena within the old physics.
And so their very successll has left the community with less visible work
to do, leaving it with reduced financial support and reduced prestige. The
community continues to believe in its goals of producing new and
fundamental knowledge. By and large, it is not willing to compromise by
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studying phenomena it regards as “less fundamental”, like the production
of large numbers of particles in scattering events. So by sticking to its
guns, the community has seen its place in the world erode. The particle
experimentalists need large accelerators to make their science, but have
not gotten the accelerators and funding they want and need. Both
theorists and experimentalists have found it hard to attract the graduate
students needed to form the next generation of scholars. No amount of
negotiation and consensus building can hide the fact that the HEP
community has, in a very substantial fashion, lost out.

As HEP has lost, other areas of scholarship have gained. The
experimental cosmologists, who study the behavior of the whole universe,
have gained in relative prestige in the experimental world and have begun
to do quite well in the funding sweepstakes. In particle theory, the
most prestigious roles have passed away from the people who study the
outputs of the accelerators and instead reappeared in the grasp of
theoretical cosmologists and of a whole new breed of theoretical people
called string theorists. The latter study phenomena in a region of
energies beyond the hope of experiment, and look for much of their
justification to their allies in mathematics.

My third example of the insufficiency of consensus formation is
provided by string theory itself. Its subject of study lies within particle
physics. It is focused upon the presumed-to-be-fundamental part of
particle physics at very high energies, far beyond the reach of present-day
experiments. This scientific area has attracted some of the best minds
working on applications of mathematics to the physical world. These
people have formed important alliances with mathematicians. Of course,
all string theorists have to believe with that mathematics provides a
portal to nature, and even a road to understanding truly exotic processes,
far from intuition and imagination. @ They must expect that considerations
based upon mathematics, and mathematical beauty, will provide
sufficient information to permit making useful predictions about a part of
the world entirely alien from experience and from experiment. Moving
into this field requires a big act of faith.

Despite (or perhaps because of) this high entry feel2, the joint work of
string theory and mathematicians has proven quite important. It has
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revitalized an entire area of mathematical sciences. It wins some of the
very best students entering both fields. Excellent minds and powerful
people have concentrated in string theory, and worked to build further
their prestige and power. Nonetheless, this group has not regained the
previous strength of theoretical particle physics. Their subject of study
remains a somewhat controversial and precarious academic endeavor. It
lacks a basis in day to day experimental reality, and for this reason cannot
command the unquestioned prestige of the old particle physics.

Everything would be changed were string theory able to predict the
twenty-two numbers required by the standard model. But, so far, string
theory seems hopelessly far from generating these numbers or other
experimentally testable predictions. Despite the fact that a successful
prediction would improve the standing of this scientific field, no viable
number-generation has been achieved by consensus, negotiation, or any
other strategy. Thus in HEP, in high temperature superconductivity, and
in string theory nature, as represented by experimental reality, has
proved to be an important force, determining the social prestige to be
conferred upon her votaries. All three fields have been hurt, respectively
because nature has not supported the position of any one of the theories,
or because she has not provided new puzzles, or because she stands too
far away to be brought into the picturels.

In the above discussion, | have stressed the agencyl4 of nature in the
determination of the views reached by the natural scientists in the three
areas considered. But there is no doubt that these views are reached by a
social process which includes negotiation and consensus formation. In
fact the strength of the consensus reached by physicists is quite
remarkable. The great majority of people in each area agree about the
content of the field, about what is known and what remains beyond reach.
The content of the statements made above about the three major subfields
of physics are polite, but hardly flattering. Nonetheless, | think they
represent a consensus view. In my own area, which one might describe as
the study of chaos and complexity, | have participated in public
statements15 that there is no science of complexity, and this view is
accepted as a constructive contribution toward reaching a consensus
about that field.  Thus physicists’ public statements are part of a process
of negotiation, which often ends in consensus formation.
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The consensus, however, is about the scientific content of the different
areas. Everyone is willing to accept the practitioners’ views that recent
superconductivity theories have opened possibilities but not proven
themselves, that the standard model has stood up to testing, or that
while amazing structure has been revealed by the mathematics of string
theory, it too remains unproved. There are also disagreements and border
wars. They are unseemly arguments about the relative value and different
values of the different areas of theoretical physics. But we physicists
have mostly agreed to accept one common view of the scientific facts (or
“facts”).

How is it that negotiation and consensus formation16é is such a fully
recognized and accepted part of the world of physics? History provides
a partial answer. Look back to when Boyle formed the British Royal
Societyl7, and thereby presided at the birth of organized experimental
science. Boyle was working in part to devise a method to negotiate and
gain consensus for experimental “facts.” These would be generated by the
experiments and demonstrations performed by Hook18, and also generated
from the contributions of the Society’s members and correspondents. This
Society’s work was intended to be a model for the process of negotiation
and agreement which might work in the political society of the modern,
plural, state. = Hobbes, on the other hand criticized this Royal Society
process as necessarily divisive, and proposed a more authoritarian model
as the only way of avoiding destructive discord. My discussion is intended
to suggest that, at least in the operation of physics, Hobbes was wrong.19
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