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While co-citation analysis nas proved a powerful tool in the study of changes in
intellectual foci in science, the technique has never been used to study very rapid changes
in the theoretical structure of a scientific field. In this paper we present month-by-month
co-citation analyses of key phases in the weak-electromagnetic unification research program
within particle physics and show that these analyses capture and illuminate very rapid
intellectuai changes. These data provide yet another illustration of the utility of co-citation
analysis for understanding the history of science.

Introduction

The technique of co-citation analysis, developed by Henry Small and Belver
Griffith," has proven to be a powerful tool in understanding the intellectual struc-
ture of a scientific field at a given point in time. A sequence of annual co-citation
analyses, produced from the references in a year’s worth of scientific papers for a
series of years, can be an extremely sensitive indicator of intellectual change. We
have been heavy users of co-citation analysis to help us understand the intellectual
history of a specialty within elementary particle physics, the physics of weak inter-
actions, but until now our use of the technique has been conventional.> We have
wanted for some time, however, to examine a period in the history of weak inter-
actions where important intellectual changes occurred on a scale much smaller
than a year’s span of time to see if co-citation analysis would be sensitive to very
rapid shifts in intellectual focus.

*An earlier version of this paper was published in Information Choices and Policies (Know-
ledge Industries Publications, Inc., White Plains, N. Y.: 1979), Vol. 16, Proceedings of the 42nd
Annual Meeting of the American Society for Information Science. Knowledge Industries and the
ASIS have kindly given permission to us to seek a wider audience. This work was made possible
by NSF Grant GS-41697 to the Research Program on Social Analyses of Science Systems (SASS),
Cornell University, [thaca, New York and NSF Grant SOC76-84482 to Carleton College, North-
field, Minnesota.
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Historical background

The period from early 1971 through 1975 is ideal for this purpose in the field
of weak interactions because it was then that most of the physicists in the field
turned their attention to the weak-electromagnetic unification research program.’
Physicists have long wanted to find a theory which explains the four forces of na-
ture (gravitational, electromagnetic, weak, and strong nuclear) as different manifest-
ations of the same underlying phenomenon. In 1967 Steven Weinberg® and Abdus
Salam® each proposed a theory for the unification of two of these four forces:
the weak and electromagnetic. However, these two theories belonged to a class of
gauge theories in which singularities occurred (i.e., the equations describing the
process go to infinity at high energies), and it was thus impossible to use these
theories to make necessary calculations. This problem was responsible for a lack
of any theoretical interest in the Weinberg — Salam model in the first three years
after it was proposed.®

In 1971 Gerhard t’Hooft showed how the singularities in gauge theories could
be removed,” and interest in weak-electromagnetic unification grew dramatically.
Almost immediately the original Weinberg — Salam model ran into trouble. One of
its important predictions (that there should be strangeness-changing neutral current
particle decays)® was disconfirmed by experiment. No strangeness-conserving neu-
tral current decays had ever been seen either, but experiments of sufficient sensi-
tivity had not yet been conducted.

Theorists reacted in two ways to these early difficulties of the Weinberg — Salam
model. First, a number of theorists constructed alternative gauge theories without
neutral currents, and two of these models (one by Georgi and Glashow,® and an-
other by B.W. Lee'® and Prentki and Zumino'') began to receive a lot of atten-
tion. Second, some theorists remained interested in the original Weinberg — Salam
model, and they sought a mechanism whereby the Weinberg — Salam model could
be adjusted so as to forbid strangeness-changing neutral currents.

The Georgi — Glashow model allowed no neutral weak currents whatsoever but
required four new unobserved heavy leptons and five (or possibly even eight)
quarks, rather than the thrge or four quarks required by most models prominent
at the time. The B. W. Lee and Prentki — Zumino models, essentially identical, also
excluded the kind of neutral current present in the Weinberg — Salam model
(based on the existence of a heavy neutral transmitter of the weak force, the Z°
in Weinberg’s model), but included a neutral current which “shows up only as a
minute short-range parity violation in electromagnetism, and nowhere else.” This
latter characteristic of their model was crucial in keeping it in contention in the
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Fig.. 1. Charged and neutral current weak interactions

face of the first series -of experimental results which bore upon weak-electromag-
netic unification, as we shall see.

Meanwhile, a way had been found to preserve the essentials of the Weinberg —
Salam model (e.g., the existence of a Z®) and, at the same time, explain the non-
existence of strangeness-changing neutral current interactions: the so-called “GIM”
mechanism. The original Weinberg — Salam model was a three quark model. In
1970 Glashow, Iliopoulos and Maiani (GIM)'? proposed a four-quark model which,
though it assumed only charged currents in the weak interactions, nicely forbade
strangeness-changing neutral currents. The necessary modifications of the Wein-
berg — Salam model were reported in a paper by Bouchiat et al.'® In addition,
however, the new four-quark model (the fourth quark was called “charm”) re-
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quired that a whole new family of particles exist (charmed hadrons), and no can-
didates had ever been seen experimentally. So, in this rescue of the Weinberg —
Salam model, a new set of phenomena were required: a fourth quark and the as-
sociated charmed hadrons. The strangeness-conserving neutral currents were left
alone, although just then W. Lee'* published a paper reporting the analysis of
some old data in which their existence was questioned.

Analysis

The new innovation to be tested here has to do with the way we selected the
articles whose references make up our co-citation activity plots. Instead of the
usual practice of choosing all articles published within one calendar year (say
1973) in weak interactions as our citing article population, we created a long
series of moving twelve-month periods from 1-12/72 to 6/74—5/75. In other
words, a co-citation analysis was performed for a series of twelve month periods
of article production where the next period begins with the articles published one
month later than the beginning month of the previous period. A year’s worth of
citations were necessary for us to have enough data for precise analysis.

To produce the activity plots shown in Figs 2—9 we first did the usual co-cita-
tion analysis, where the co-citation matrix is transformed into a matrix of dissim-
ilarities and this matrix serves as input to a multi-dimensional scaling program.
This program produced a two-dimensional plot of the highly cited papers in each
moving twelve-month time period such that the highly co-cited papers were placed
near to each other and the little co-cited papers were placed farther apart. We in-
fer that the relative distances between papers in the plane is an indication of their
intellectual relatedness. Each paper was then'treateid as if it were a Gaussian hill
whose height was the number of times it was cited overall in that time period (its
visibility) and whose standard deviation was arbitrarily set so as to produce pictures
at an appropriate level of resolution. The Gaussians were then added together and the
resulting plot of hills and valleys gives a sense of how much activity was going on
in different parts of what might be called the “subject space”.

For lack of space we present only eight co-citation activity diagrams, chosen to
show the points in time where crucial changes in the configuration took place.
Fig. 2 shows the status of the-field of weak interactions during the calendar year
1972. The left hill represents the remainder of the older theoretical research
program in weak interactions which is being supplanted by weak-electromagnetic
unification, represented by the hill labeled “Weinberg — Salam Model”. The hill to
the right is made up of the experimental papers which showed that strangeness-
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*See Append_ix for fult bibliographic references for all articles
mentioned in co-citation activity plots.

Fig. 2. Weak interactions co-citation activity plot for 1972
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Fig. 3. Weak interactions co-citation activity plot for 6/73-5/74

changing neutral currents do,not exist. These papers were the ones which caused
the newly resurrected Weinberg — Salam model its first major difficulty, as out-
lined briefly above.

Shortly thereafter the activity plots change their structure dramatically to cor-
respond essentially to the configuration of Fig. 3, where the center is dominated
by a tall spike representing weak-electromagnetic unification, ¢'Hooft’s key paper
is the small hill off to the right, and all three models (Weinberg — Salam, Georgi —
Glashow, B.W. Lee — Prentki — Zumino) occupy center stage. What is new in Fig. 3
is the small hill to: the left (Hasert et al.). Hasert et al. reported the first, tentative,
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Fig. 4. Weak interactions co-citation activity plot for 7/73-6/74
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Fig. 5. Weak interactions co-citation activity plet for 8/73—7/74

evidence for the existence of strangeness-conserving neutral current particle decays.
In Fig. 4 we see the Hasert et al. hill moving closer to the center of the picture
(more highly co-cited with Weinberg) and getting larger (greater number of cita-
tions). The other new hills are crucial to a complete understanding of what is go-
ing on in the field at the time, but we cannot include all of the details here.

“In Fig. 5 we see a dramatic change. Hasert et al. has joined Weinberg — Salam
and B.W. Lee—Prentki—Zumino in the very center of the plot, while the Georgi —
Glashow model has been shoved out of the center arid remains as only a small
hill to the lower left. The Georgi — Glashow model, remember, strictly forbade neu-
tral current decays, while the B.W. Lee and Prentki — Zumino models allowed them,
though not in a strong way. These latter two models could not strictly be elimin-
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Fig. 6. Weak interactions co-citation activity plot for 2/74-1/75
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Fig. 7. Weak interactions co-citation activity plot for 3/74-2/75

ated by the neutral current experimental data, then, and they were not. Only
Georgi — Glashow was pushed out of the center of the plot.

In Fig. 6 the major additions are three more experimental papers reporting néu-
tral current events (another Hasert et al., Benvenuti et al., and Aubert et al.). At
this time the Georgi — Glashow model is joined in the small hill lower-left by the
B.W. Lee and Prentki— Zumino models. It is as if the weight of the neutral cur-
rent evidence, not really favorable to B.W. Lee and Prentki— Zumino if it showed
a broad range of neutral current processes, was also forcing the research commun-
ity to place this model in disfavor. One month later, however, the B.W. Lee —
Prentki — Zumino model is right back in the center as if, having decided that the
neutral current evidence did not completely rule that model out, the physicists put
it back in the center for additional consideration. (See Fig. 7).
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Fig. 8. Weak interactions co-citation activity plot for 7/74-6/75
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Fig. 9. Weak interactions co-citation activity plot for 9/74-8/75

With Fig. 8 a whole new kind of experimental evidence is shown emerging: the
discovery of charmed hadrons (the so-called November 1974 Revolution — the dis-
covery of the J/gp). These particles, which indicated the “charmed” or fourth quark,
were required by the revised Weinberg — Salam model and were not a part of either
Georgi — Glashow or B.W. Lee — Prentki — Zumino. With their discovery we see in
Fig. 8 the elimination of the Georgi — Glashow model completely and the move-
ment of B.W. Lee — Prentki — Zumino out of the center into a small hill behind
and to the left. Two months later, Fig. 9, all of the competition to the Weinberg—
Salam model has been eliminated, and Weinberg — Salam stands in the activity plot
of Fig. 9 surrounded by its experimental confirmations.
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Discussion

Based on extensive study of primary and secondary sources related to weak-
electromagnetic unification, the sequence of events highlighted by the co-citation
activity plots is a highly accurate rendition of the main features of what happened.
It is interesting to note that the publication dates of new and important papers
entering the plots were just about exactly the midpoints in the twelve-month pe-
riods from which we took citations. In other words, if one assigns the mid-point
of the twelve-month period as the “real” time of the picture, one comes very close
to the points in time at which at least the formal history of the field was taking
place.

It is clear, in conclusion, that at least in very fast-moving fields like weak intes-
actions annual co-citation plots necessarily obscure much of the dynamic of theory
change. In particle physics, when things are “hot”, changes of an important sort
occur on a monthly time scale, and sometimes even faster than that. We have
shown that co-citation analysis, suitably modified, is up to the task of aiding our
attempts to understand such fast-hoving intellectual change. This is certainly good
news to researchers looking to exploit quantitative science indicators fully in the
quest to understand the sociology and history of science.
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