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mensional extended objects, or **strings.”’S
String theory is usually expressed as
*‘superstring theory.”’ Superstrings usual-
ly incorporate the constraint of supersym-
metry, which relates bosons (particles with
quantum spins that can be expressed in
whole integers) to fermions (particles with
quantum spins that are expressed in half in-
tegers). They also usually incorporate
more than the four dimensions of length,
width, depth, and time; the ‘‘extra’’ dimen-
sions are ‘‘rolled up’’ into inconceivably
small spaces.” (p. 150-61)

Superstrings can manifest themselves as
subatomic particles: the different vibrations
of the strings and whether they are ‘‘open’’
(like a curve) or “‘closed’” (like a loop) ac-
count for the differences between parti-
cles.5 They currently comprise the only
theories mathematically capable of uniting
the force of gravity with electroweak theory
(which combines electromagnetism with the
weak force, responsible for the transmuta-
tion of subatomic particles) and quantum
chromodynamics (the description of the
strong force that binds quarks permanently
together inside nuclear particles) in a quan-
tum model that describes all four forces as
facets of a single, fundamental phenome-
non.8

String and superstring theories have been
around for several years but, according to
Jeffrey A. Harvey, Princeton University,
New Jersey, they had gone into ‘‘a sort of
hibernation.””® The emergence of super-
string theory in this year's study represents
an important new development in the field.
An indication is the very prominence of the
term *‘superstring.”’ In our study of the 1983
papers most cited in 1983 and 1984,2 not
a single research front or paper contained
the words *‘string’’ or ‘‘superstring’’ in its
title. However, by the following year, in our
study of the 1984 papers most cited in 1984
and 1985,3 ‘‘superstrings’’ appeared in the
title of one research front and in the titles
of two papers. This year, **string’’ or “‘su-
perstrings’’ appear in 24 article titles.

This terminology shift can be seen in a mi-
crohistory of the field, shown in Figure 2.
Such a shift in terminology does not hap-

pen accidentally, and several other indica-
tors signal that something important is go-
ing on in this field. For example, 4 of the
10 research fronts in Table 1 concern vari-
ous aspects of string theory—including the
two largest fronts, ‘‘Supersymmetry, com-
pactification, supergravity, low-energy su-
perstring models, and related superstring
theory”’ (#86-0706), which has 736 citing
documents, and ‘‘Two-dimensional confor-
mal invariance and related superstring
theory”’ (#86-0702), which has 487.
Another sign of the heightened interest in
string theory is that all 5 of the most-cited
papers in the study are core to front
#86-0706; it has a total of 38 papers in
its core—14 of which appear in the
Bibliography.

It should be noted, however, that there are
several other large research fronts devoted
to other topics. For example, ‘‘Diffu-
sion-limited aggregates and fractal growth™’
(#86-1385) has 486 citing documents; 3 of
its 55 core papers appear in the Bibliogra-
phy, including articles by E. Ben-Jacob,
University of Michigan, Ann Arbor, and
colleagues; Johann Nittmann, Dowell
Schlumberger Research and Development
Center, St. Etienne, France, and colleagues;
and Leonid A. Turkevich and Harvey Scher,
Corporate Research Center, Standard Oil
Company, Cleveland, Ohio. These papers
concern the dynamics of the interactions be-
tween materials of different deansities, such
as the flow of a fluid through a denser fluid
medium.

Another large research front in Table 1
is ‘*Anderson localization, quantum oscilla-
tions, and electron-electron interaction in
disordered systems’’ (#86-0097). This front
has 475 papers published on this topic.
There are 5 of its 37 core papers in the Bib-
liography. The core papers were written by
M. Biittiker, IBM Thomas J. Watson Re-
search Center, Yorktown Heights, New
York, and colleagues; Patrick A. Lee, Mas-
sachusetts Institute of Technology, Cam-
bridge, and T.V. Ramakrishnan, Banaras
Hindu University, Varanasi, India; Lee and
A. Douglas Stone, IBM Thomas J. Watson
Research Center (the latter of whom also
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Table 1: The 1985 and 1986 SCI® /SSCI® research fronts that include 1985 most-cited physical-sciences papers
as core documents. The 1985 research fronts contain at least two papers from the Bibliography; 1986 research
fronts contain at least three. A =number of papers in the Bibliography included in the core of each research front.
B=total number of core documents. C=total number of citing documents for the year designated by the prefix

in the research-front number.

Number Name A B C

85-0507 Icosahedral order and symmetry properties of quasicrystals and crystals 2 22 164

85-1259 Levitation, confinement, and cooling of atoms, aerosols, and particles by laser 2 27 196
radiation pressure

85-2347 Compactification, supersymmetry, and anomalies in the superstring theory of 2 10 183
supergravity

86-0097 Anderson localization, quantum oscillations, and electron-electron interaction in 5 37 475
disordered systems

86-0523 Structure and stability of icosahedral Al-Mn alloys, Penrose tilings, and other 12 44 345
quasicrystals

86-0527 Ultrashort optical pulses and mode-locking of various lasers 3 53 325

86-0702 Two-dimensional conformal invariance and related superstring theory 5 35 487

86-0706 Supersymmetry, compactification, supergravity, low-energy superstring models, and 14 38 736
related superstring theory

86-1385 Diffusion-limited aggregates and fractal growth 3 55 486

86-1690 Covariant and gauge-invariant string field theories 4 20 202

was the sole author of another core paper);
and R.A. Webb and colleagues, all of the
IBM Thomas J. Watson Research Center.
These articles concern the properties and
conditions that affect electrical conductance
in various materials.

Nevertheless, this year’s study is domi-
nated by papers concerning string theory.
And perhaps the most dramatic indication
that something important has occurred in the
superstring field is that the five top-cited pa-
pers are all related and that three have re-
ceived an unprecedented number of citations
for a two-year study in the physical sciences.
The most-cited paper on this year’s list re-
ceived 304 citations. But more typical of past
studies were the 170 citations collected in
two years by the paper announcing the
discovery of the W+ and W - particles.10
These particles mediate the weak force, and
their discovery constituted experimental
proof of the electroweak theory. Incidental-
ly, Sheldon Glashow, Harvard University,
Cambridge, Massachusetts; Steven Wein-
berg, University of Texas, Austin; and Ab-
dus Salam, Imperial College of Science and
Technology, University of London, UK,
and the International Centre for Theoretical
Physics, Trieste, Italy, shared the 1979 No-
bel Prize in physics for developing the the-
ory.!l Carlo Rubbia of Harvard and the
multinational European Organization for
Nuclear Research (CERN), Geneva, Swit-

Figure 1: The 1987 citations to the paper by Gross
D Jin Phys. Rev. Lert. 54:502-5, 1985, at bimonthly
intervals.

50
48
44
40 -
38
3
«» 30 -
c
k]
8
O 204
10 =
o ¥ L L L]
Jan-  Mar- May- July-
Feb  April  June Aug

zerland, and Simon van der Meer, also of
CERN, won the prize in 1984 for design-
ing CERN's Proton-Antiproton Super-
collider and confirming the theory. 12
The superstring field had been plagued by
competing theories, all of which had math-
ematical difficulties and none of which
seemed more plausible than any of the
others. But as so often happens in science,
one discovery set the stage for the advances
that followed. In a breakthrough paper en-
titled *“Infinity cancellations in SO(32) su-
perstring theory,”” Michael B. Green, Queen
Mary College, University of London, and
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Figure 2: Historiograph showing the development of superstring theories and the shift in terminology from *‘super-
symmetry,’’ ‘‘supergravity.”’ and ‘‘Yang-Mills theories’” to *‘superstrings.’’ Numbers at the bottom of each box
refer to the number of cited/citing papers for each research front.
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John H. Schwarz,-California Institute of
Technology, Pasadena, demonstrated that a
particular variant of superstring theory was
free of mathematical anomalies, thus
strengthening the theory’s claim to validi-
ty.

As noted by Frank E. Close, formerly the
senior principal scientist, Rutherford Apple-
ton Laboratory, Oxfordshire, UK, and
Queen Mary College, now (thanks to the
brain drain) of the Oak Ridge National
Laboratory, Tennessee, this marks ‘‘the first
time...that a unique mathematical structure
had been imposed on the theories, as if the
universe itself actually required this struc-
ture and no other.’’4 Green and Schwarz’s
description also ‘‘required a detailed in-
terdependency of [gravity and the other three
fundamental forces. of -nature], making
unification of the forces both a profound and
necessary ingredient in superstring
theory.”’4 Their paper, published in Janu-
ary 1985, received 28 citations in that year
and 87 in 1986 for a total of 115. Schwarz,
by the way, was named to a fellowship by
the John D. and Catherine T. MacArthur
Foundation in 1986 and will receive
$280,000 over the next five years.!13

However, the .superstring theory for
which Green and Schwarz provided such
compelling mathematical evidence did not
fully describe the reality of electric charges
and other attributes of subatomic particles.4

"Laboratories,

This problem was solved, however, less
than a month later (in February 1985), when
this study’s most-cited paper, a letter on
“‘Heterotic string,’’ was published. It was
coauthored by David J. Gross, Harvey, Emil
Martinec, and Ryan Rohm, Joseph Henry
Princeton—a group also
known as the Princeton string quartet.!4

The theory is called ‘‘heterotic’’ because
it borrows ‘‘desirable features from the
Green-Schwarz theory to make a vigorous
hybrid’’4 with another type of string
theory, known as bosonic string.? Heterotic
string shows that it is possible to construct
a model from Green and Schwarz’s descrip-
tion that not only disposes of anomalies
naturally but also may account for the
observed physical phenomena of the real
universe—although, as pointed out by Heinz
R. Pagels, adjunct professor of physics, The
Rockefeller University, New York, and ex-
ecutive director, New York Academy of
Sciences, ‘‘it is difficult to connect these
string theories with observations. [However,
although] string theories have made no ex-
perimental predictions, their structure is
leading physicists into new areas of
mathematics.’’6 Gross and colleagues con-
clude that heterotic string theory “‘is perhaps
the most promising candidate for a unified
field theory.”’

In addition to being core papers for re-
search front #86-0706, the paper by the
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Table 2: The number of authors per paper for the 1985
physical-sciences articles most cited in the SCI®,
1985-1986.

Number of Number
Authors of
per Paper Papers
29 !
19 1
16 1
14 1
13 2
11 1
8 1
7 3
6 4
5 7
4 20
3 19
2 25
1

Princeton group and the one by Green and
Schwarz are also core to the 1985 front on -
‘‘Compactification, supersymmetry, and
anomalies in the superstring theory of su-
pergravity'’ (#85-2347), which has eight
other core papers. Gross and colleagues also
published an article in Nuclear Physics B,
entitled **Heterotic string theory,’” in which
they give a fuller treatment of the theory
outlined in their letter to Physical Review
Letters; published in July 1985, it was cited
only 7 times that year but 192 times in 1986.
Gross, incidentally, was also the 1986 re-
cipient of a five-year MacArthur Founda-
tion fellowship of $285,000.13

The features of the heterotic string theory
are so fertile and promising that they have
opened up many new avenues of research.
Some of this work was done in the other two
top-cited papers in the Bibliography, which
build on the work by Green and Schwarz
and the Princeton quartet.

One is entitled **Vacuum configurations
for superstrings’’ and was written by Philip
Candelas, Center for Theoretical Physics,
University of Texas, and the Institute for
Theoretical Physics, University of Califor-
nia, Santa Barbara; Gary T. Horowitz, Uni-
versity of California, Santa Barbara; An-
drew Strominger, Institute for Advanced
Study, Princeton; and Edward Witten, Jo-
seph Henry Laboratories. The authors con-
sider some of the implications that must nec-

essarily result if heterotic string theory is in-
deed valid and perform calculations that sup-
port the theory. Their paper, published in
August 1985, collected only 11 citations that
year but 258 in 1986. Witten was the sole
author of the other top-cited paper, entitled
*‘Symmetry breaking patterns in superstring
models,”’ that further explores the implica-
tions of heterotic string. It was also pub-
lished in August 1985. It was cited only 3
times that year but received 110 more in
1986.

It is worth noting that Witten has consis-
tently been among the most prolific authors
in our physical-sciences studies over the last
few years. Along with Martinec, one of the
authors in the Princeton quartet, Witten has
more papers in this year’s Bibliogra-
phy—four—than any other author. This is
the same number of papers he had in the
Bibliography of last year’s essay;3 he also
had four papers in the Bibliography of the
study of the 1983 articles most cited in 1983
and 1984.2 Witten received a MacArthur
fellowship in 1982.13

Dearth of High-Energy Experimental
Physics Affects Study Statistics

The virtual absence of high-energy exper-
imental physics papers from this year’s list
had several effects on the statistics we usu-
ally report in these studies. For instance,
since such papers generally have a large
number of authors (three of those by
CERN’s UA1 Collaboration that appeared
in last year's study had over 130 authors
each), the average number of authors per
paper in the study of the 1983 papers? was
over 11 and for the essay on the 1984 pa-
pers3 was almost 9. In this year’s study,
however, the average dropped to just under
four (see the graph in Figure 3 for a year-
by-year comparison of the total number of
author bylines from 1983-1985). There are
367 unique authors in this year's study—
see Table 2 for a compiete breakdown of the
number of authors per paper.

In addition, in last year’s study,3 the
most-cited paper was produced by the UA1
Collaboration at the multinational CERN fa-
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Figure 3: Year-by-year comparison of the total number
of author bylines for the most-cited physical-sciences
papers from 1983 to 1985.
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cility, which topped the list of institutional
affiliations appearing in both the 1983 and
1984 Bibliographies.2-3 This year, howev-
er, the many campuses of the University of
California were first, with 18 papers.
AT&T’s Bell Laboratories in Murray Hill,
Holmdel, and Crawford Hill, New Jersey,
was next with 13 papers. CERN, which had
15 papers in last year’s study, has 7 in this
one. Table 3 lists the national affiliations of
the institutions listed by authors in the Bib-
liography.

The table shows some other interesting
features of the national affiliations in this
year’s study. For example, India, which was
absent from our reports from the previous
six years, appears in this year’s Bibliogra-
phy with one paper; the same is true of New
Zealand. Also noteworthy is the number of

countries that appeared in the 1984 study3-

but have dropped out of this year’s essay:
the People’s Republic of China, Finland,
Grecece, Spain, Sweden, and Venezuela.
Since many of the authors from these coun-
tries in the 1984 study? participated in the
large, international collaborations in high-
energy experimental physics, the disappear-
ance of such papers from this year’s report

was a key factor influencing the number of
papers these countries placed on our list.

The same two journals that have dominat-
ed our physical-sciences studies for many
years once again published a majority of the
papers in this year’s study (Table 4 lists the
journals and gives a breakdown of the num-
ber of papers each placed in the study).
Physical Review Letters published 38 out of
104 papers (36.5 percent), and Physics Let-
ters B published 18 (17.3 percent) for a total
of 53.9 percent of all the articles in the
study.

Quasicrystals

Another exciting, emerging area of inter-
est reflected in this year’s study concerns
quasicrystals, a new phase of solid matter
never seen before.!5 At least a dozen arti-
cles and two research fronts concern the
structure and properties of quasicrystals.
One front is entitled ‘‘Icosahedral order and
symmetry properties of quasicrystals and
crystals’’ (#85-0507) and has 22 core pa-
pers; the other is named **‘Structure and sta-
bility of icosahedral Al-Mn alloys, Penrose
tilings, and other quasicrystals’’ (#86-0523),
with 44 core papers (12 of which appear in
this study).

Icosahedral structures and coordination in
liquids and glasses have long been dis-
cussed.!6 Crystallographer Alan L.
Mackay, Birkbeck College, University of
London, has compiled a 695-item
bibliography of this literature.!? Icosahe-
dral alloys were discovered in 1984 by D.
Shechtman and 1. Blech, Department of
Materials Engineering, Israel Institute of
Technology, Haifa; D. Gratias, Center for
the Study of Chemical Metallurgy, CNRS,
Vitry, France; and J.W. Cahn, Center for
Materials Science, National Bureau of Stan-
dards, Gaithersburg, Maryland, and were
reported in a paper!8 that appeared in last
year’s physical-sciences hit parade.3 They
are unique for several reasons.

A crystal is a solid in which the atoms or
molecules are arranged in a regularly repeat-
ing pattern.19 To be more precise, accord-
ing to Mackay, atoms or molecules in a
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crystal ‘‘are repeated by translations in three
non-coplanar directions that generate a
three-dimensional lattice. Each lattice point
has identical surroundings, and the crystal
is assumed to have so many repetitions that
the presence of a surface makes no ap-
preciable difference. A lattice can belong to
only 1 of 14 different types with various
symmetries; none of these lattices has sym-
metries other than two-, three-, four-, and
six-fold axes. Accordingly, none but these
symmetry axes appear in diffraction patterns
from crystals.’’16

One way in which crystals may be grown
in the laboratory is through the solidifica-
tion of a molten metal.20 In metals, crys-
talline structure is typically based on cubic
(four-sided) or, at most, hexagonal (six-
sided) symmetry.2! But Shechtman and col-
leagues discovered that, when very rapidly
cooled, certain alloys of aluminum with spe-
cific percentages of manganese, iron, or
chromium form crystals with diffraction ef-
fects that have the full symmetry pattern of
an icosahedron!6—that is, they have a
three-dimensional symmetry that includes
six five-fold symmetry axes.22 Shechtman
and Blech have also coauthored a paper that
appears in this year’s Bibliography.

For a true crystal, this icosahedral ar-
rangement is not merely unusual; it is im-
possible. 18.22 Mackay and other crystallog-
raphers have pointed out that a tendency for
atoms to arrange themselves icosahedrally
during the formation of certain crystals is
familiar. However, it is common knowledge
among crystallographers that as the crystal
grows, the 20-sided arrangement is aban-
doned.2?

Mathematicians and others have neverthe-
less been attracted to the problem of calcu-
lating the structure of a ‘‘forbidden,’" ico-
sahedral ‘‘quasicrystal.’’?2 Among those
who did so, Dov Levine and Paul J. Stein-
hardt, University of Pennsylvania, Philadel-
phia, proposed the leading model to explain
icosahedral alloys. They also coined the
term ‘‘quasicrystal’’ and were the first to
suggest the model and compute its diffrac-
tion pattern.23 This model is based on con-
structions of mathematician Roger Penrose,

Table 3: National locations of the institutional affiliations
listed by authors in the Bibliography, according to total
appearances (column A). B=number of papers
coauthored with researchers affiliated with institutions
in other countries. C=national locations of institutions
listed by coauthors.

Country A B C

us 78 16 Canada, France, FRG,
India, Israel, New
Zealand, Switzerland,
UK

Switzerland 10 7 France, FRG, ltaly, US

France 8 6 The Netherlands,
Switzerland. UK, US

FRG 7 3 Switzerland, US

UK 7 4 France, US

Canada 3 1 US

Japan 3 0

Israel 2 2 Us

Taly 2 2 Switzerland

USSR 20

Denmark 1 0

India 1 1 US

The Netherlands 1 1 France

New Zealand 1 1 Us

University of Oxford, UK, who in 1974 pro-
posed what he termed a *‘randomly period-
ic’’ arrangement of geometrically shaped
tiles.24 Another well-known version of
Penrose’s tiling pattern appeared in an arti-
cle by science writer Martin Gardner in
1977.25

Mackay states that, in three dimensions,
the Penrose tiling is an arrangement of two
kinds of rhomohedra—a cube elongated
along its body diagonally and the same cube
compressed along its diagonal axis.16
‘‘Penrose described definite rules for the
construction of a tiling [pattern] of infinite
extent that was not periodic,’” Mackay said.
‘It was regular, having rules, but was not
a crystal lattice, not having translational
symmetry.’'16 Indeed, according to Stein-
hardt, the arrangement of tiles that Penrose
devised is quasiperiodic, not ‘‘randomly
periodic’’ as he described it.23

Thus, according to Mackay, this Penrose
tiling arrangement has the same diffraction
pattern as the icosahedral symmetry ob-
served by Shechtman and his colleagues for
their alloy. 16 It also proved useful to Levine
and Steinhardt in performing the theoretical
work necessary to properly identify the
quasiperiodic translational order that could
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Table 4: The 21 journals that published the papers listed in the
Bibliography. The numbers in parentheses are the 1985 impact
factors for the journals. (The 1985 impact factor equals the
number of 1985 citations received by the 1983-1984 articles
in a journal divided by the number of articles published by the
journal during that same period.) Data were taken from the
JCR® . The figures at the right indicate the number of papers
from each journal that appears in the list.

Number
of

Journal Papers
Phys. Rev. Lett. (6.91) 38
Phys. Lett. B (3.92) 18
Phys. Rev. B—Condensed Matter (3.58) 9
Nucl. Phys. B (5.18) 6
Astrophys. J. (3.51) 4
Phys. Rev. D—Part. Fields (2.65) 4
J. Chem. Phys. (3.10) 3
Nature (12.86) 3
Phys. Rep.—Rev. Sect, Phys. Lett. 3

(6.24)

Rev. Mod. Phys. (20.74) 3
Appl. Phys. Lett. (3.59) 2
J. Appl. Phys. (1.92) 2
J. Phys. Soc. Jpn. (1.63) 1
J. Vac. Sci. Technol. A (2.49) 1
Met. Trans. A—Phys. Met. Mater. Sc. 1

1.2mn
Nucl. Phys. A (2.49)
Optics Letters (2.57)
Phil. Mag. B (2.94)
*Pisma Zh. Eksp. Teor. Fiz. (1.51)
Phys. Rev. A—Gen. Phys. (2.35)
Annu. Rev. Astron. Astr. (9.84)

—_—

*translated in JETP Lett.—Engl. Tr.
(1.51)

be extended to explain icosahedral and other
symmetries.23 (In case you wondered, the
original 1974 Penrose paper has been cited
only about 80 times since its publication.)
Although Levine and Steinhardt published
their paper detailing this diffraction pattern
at about the same time that Shechtman and
colleagues announced their discovery, the
two knew nothing of the work of the
Shechtman group.26 Nevertheless the
Levine-Steinhardt diffraction pattern was
virtually identical to that of the “*crystal”
that Shechtman’s group had grown.22
Levine and Steinhardt’s paper26 was in the
Bibliography of last year’s study,’ and the
two were among a group of six authors who
wrote a paper appearing in this year’s
Bibliography. A similar mathematical
discussion of the properties of icosahedral
symmetry, but one that took note of both the
Shechtman discovery!8 and the 1984

Levine-Steinhardt paper,26 was coauthored
by P.A. Kalugin, A.Yu. Kitaev, and L.S.
Levitov, L.D. Landau Institute of Theoret-
ical Physics, Academy of Sciences of the
USSR, Moscow; it also appears in this
year’s Bibliography.

Even in the paper in which they an-
nounced the discovery of an icosahedral
crystal, Shechtman and colleagues argued
that crystals ‘‘cannot and do not exhibit the
icosahedral point-group symmetry.’'18
They immediately investigated the possibili-
ty that the diffraction pattern was due to
twinning, a phenomenon in which several
different crystals grow together but appear
to be a single crystal.22

In fact, just such an explanation for the
occurrence of quasicrystals was proposed by
Nobel laureate Linus Pauling, Linus Paul-
ing Institute of Science and Medicine, Palo
Alto, California, whose paper appears in the
Bibliography. However, further study with
electron microscopes showed that this was
not the case—that, although quasicrystals
could not be true crystals (hence the name),
they nevertheless exhibited a highly orga-
nized structure and each one grew outward
from a single center, like an ordinary crys-
tal.22 Quasicrystals, in fact, have a regular,
crystalline formation along some axes of ro-
tation but lack the periodic arrangement of
atoms that true crystals have in all direc-
tions.

Astrophysics

Several interesting papers in astrophysics
appear on this year’s list. Two concern the
celestial object known as Cygnus X-3, an
object in the Cygnus constellation that is an
intense, periodic source of X rays. Cygnus
X-3 is thought to be a binary system in
which one partner is a massive neutron star
(a star composed of degenerate matter in
which the electrons have been crushed grav-
itationally into the nuclei) and the other is
a relatively normal companion.?” The sys-
tem generates a shower of X rays so ener-
getic that they are more properly known as
gamma rays; indeed, Cygnus X-3 is the
most powerful known source of such radia-
tion in the galaxy.
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However, even more energetic radiation
may be pouring out of the Cygnus X-3 sys-
tem, and in huge quantities. M.L. Marshak
and colleagues, University of Minnesota,
Minneapolis, and the Argonne National
Laboratory, Illinois, reported that high-en-
ergy particles, the nature of which is
unknown but which seem to be responsible
for the production of muons at the surface
of the earth, are being generated by Cyg-
nus X-3. A group from various locations
throughout Italy and Switzerland, headed by
G. Battistoni, National Laboratory, National
Institute of Nuclear Physics, Frascati, Ita-
ly, independently confirmed the Marshak
group’s observations. If the Marshak
group’s evidence (that Cygnus X-3 is emit-
ting radiation of a type not produced in the
solar system) is established conclusively, it
may have profound implications for theo-
reticians striving toward a grand unified
theory.

Another paper in astrophysics concerns
cold dark matter, which is thought to make
up the bulk of matter in the universe. Cold
dark matter is material that has mass but that
is invisible at virtually all wavelengths of the
spectrum, One of the main reasons that the-
oreticians have been led to postulate the ex-
istence of such peculiar matter is that *‘the
gravitational dynamics of galaxies and
clusters of galaxies seem to be inconsistent
unless there is additional mass present
beyond that seen,”’ according to Harvey.%
He notes that support is lent to this idea by
the inflationary model of the universe.23
This model predicts that the universe has a
certain total mass density—a value that
would require a great deal more mass than
has yet been observed. Indeed, the mass of
all the observable stars is not enough to
generate the gravitational force necessary to
hold galaxies in their observed shapes;
similarly, the gravity created by the mass
of galaxies themselves is not great enough
to result in the observed distribution of
galaxies in large ‘‘clusters’’ and ‘‘superclus-
ters” throughout the universe.28

To account for the ‘‘missing mass,”” as
well as the observed structure of galaxies
and their distribution throughout the uni-

verse, theoreticians have made various sug-
gestions concerning gas and dust. But for
a number of reasons, astronomers have ruled
out the possibilities that the matter might be
composed of such ordinary forms of mat-
ter. In fact, the idea that cold dark matter
might be made of enormous quantities of ex-
otic quantum particles—such as neutrinos,
gravitinos, photinos, or axions—has been
gaining acceptance in recent years, and the
calculations presented by Marc Davis, In-
stitute for Theoretical Physics, and col-
leagues support this conclusion.

The Earth’s Atmosphere

One of the controversial topics that ap-
peared in the study of the 1984 papers3 dis-
cussed the effects of massive injections of
smoke into the atmosphere after a global
thermonuclear war.29 Another paper that
concerns a controversy over the effects hu-
man activity may have on the atmosphere
also appears in this year’s list—observations
of the ozone layer over Antarctica by J.C.
Farman, B.G. Gardiner, and J.D. Shanklin,
British Antarctic Survey, Natural Environ-
ment Research Council, Cambridge, UK.
Ozone, a relatively rare form of oxygen
(O3 instead of O,), is a natural component
of the upper atmosphere and helps protect
life on the earth’s surface by absorbing the
sun’s ultraviolet radiation.30

However, ozone is broken down by nat-
ural chemicals (such as volcanic chlorine)
and pollutants (such as the chlorofluorocar-
bons found in refrigerants and aerosol pro-
pellants). In recent years, concern has grown
that the vital ozone layer is being depleted
or even destroyed by such chemicals. A pro-
longed reduction in atmospheric ozone
would permit more and more ultraviolet ra-
diation to reach the earth and might result
in an increase in the incidence of certain
forms of cancer and conditions caused by
genetic damage. The mechanics of ozone
formation and circulation in the atmosphere
are poorly understood, making interpreta-
tion of the British Antarctic Survey team’s
results problematic; but the team’s data do
show a sharp drop from October 1980
through March 1984—‘a feature entirely
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lacking in the 1957-1973 data set, "’ accord-
ing to the authors. We plan to discuss earth’s
ozone layer and its possible depletion in a
future essay.

Prospects for Future Studies

In speculating about what highly cited pa-
pers may grow out of those appearing in this
essay, we must take into account that some
fields will probably be able to take advan-
tage of the advances in this year’s group of
hot papers more quickly than others. For ex-
ample, we may have to await the comple-
tion of the Superconducting Super Collider

for even indirect experimental confirmation
of the tenets of superstring theory, but the
study of quasicrystals may have immediate
implications in the field of materials tech-
nology. As usual, only time will tell which
of these fields will continue at a high rate

~of activity over the next few years and which

will be subsumed by new, as-yet-un-
dreamed-of fields.

* Kk K ok Ok

My thanks to Stephen A. Bonaduce and
Eric Thurschwell for their help in the prep-
aration of this essay.
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