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Citation networks in high energy physics
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The citation network constituted by the SPIRES database is investigated empirically. The probability that a
given paper in the SPIRES database kagations is well described by simple power lawk) k™, with
a~1.2 fork less than 50 citations ang~2.3 for 50 or more citations. A consideration of citation distribution
by subfield shows that the citation patterns of high energy physics form a remarkably homogeneous network.
Further, we utilize the knowledge of the citation distributions to demonstrate the extreme improbability that the
citation records of selected individuals and institutions have been obtained by a random draw on the resulting

distribution.
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[. INTRODUCTION spread of computer viruses, and a study of the structure of

the internet can be used to estimate the amount of damage

Recently, the study of networks has become a part of stacaused by router breakdown, the study of citation networks
tistical physics. This connection between sociology, wherecan help us understand and quantify scientific excellence.
social networks have been studied since late 196Qsand
and statistical physics, has arisen because the methods of
statistical physics have proven to be valuable tools when
analyzing a variety of complex systems; amongst these are Given the level of interest in complex networks and cita-
complex networks. The real world networks that have beetiion data, surprisingly few serious studies of citation net-
studied by physicists include the World Wide Web, the Inter-works have been performed by physicists. In 1957, Shockley
net (the physical connections between compuyteBmail  [9] argued that the publication rate for the scientific staff at
networks, phone call networks, movie-actor collaborationBrookhaven National Laboratory was described by a log-
networks, metabolic networks, the power grid of the unitednormal distribution. In 1998, Laherrere and Sorndtté]
states, and numerous other networks. For details and refestggested that the number of authors wittotal citations,
ences, the reader is referred to Rdif2,3]. Closer to the N(x), of the 1120 top cited physicists from 1981 to 1997
subject of the network of citations, the properties of scientificis described by a stretched exponentia{N(x)
co-author networks have been studied in R¢fs5] and  «exfg —(X/%)?],8~0.3). Note, however, that this study fo-
modeled in Ref[6]. cuses on the total number of citations of top cited authors

The present paper focuses on the topology of the networknd not on the distribution of citations of publications as is
of citations of scientific publications. In this network every the case in the present paper. Also in 1998, Redaé}
paper is a node, and an edg@e., a link between two nodgs considered data on papers published in 1981 in journals cata-
arises when one paper is cited by another. Clearly, this is bbgued by the ISI as well as data from Phys. Rev. D, \Vols.
directed network, that is, every edge has a direction; usuallf1-50, and concluded that the larigelegree distribution is
a reference from one paper to another actually rules out described by a power law, such tHa¢k) k™« with a~3.
reference in the other directidmeciprocity ~0). The data In the present paper, the statistical material is of a much
presented in this paper is the number of citations accumuhigher quality than in the papers mentioned above; we
lated by each paper; we do not have access to the list giresent the results of a study of the SLAC SPIRES database
reference for each paper. Therefore, we will mainly be con{19]. The ISI dataset studied in R¢fl1] is materially larger
cerned with the in-bound degree distribution of papers in th€783 339 papejsthan the SPIRES dataset. However, the ISI
SPIRES database. data used by Redner contains papers published in a single

In addition to the pure theoretical interest in complex net-year in a variety of scientific disciplinégcluding medicine,
works, the subject matter of this paper should be of interegbiology, chemistry, physics, ejc.There are neithea priori
to physicists for a completely different reason. It has beerarguments nor data to indicate that citation patterns in these
recognized since the early 1970s that citations can provide fields are sufficiently uniform to justify their treatment as a
quantitative measure of scientific excellei@é Many stud-  single dataset. The SPIRES hep data is collected from a well-
ies(e.g., Ref[8] and references thergihave shown that this defined area within physics, i.e., high energy physics, and
tool must be used with considerable care. Different scientifihhas been accumulated systematically by the SLAC library
environments have different publishing and citation habitssince 196412].
and these differences must be reconciled before comparisons To be specific, the data used below was retrieved from the
can be made across field boundaries. Nevertheless, citati@PIRES mirror at Durham University on August 14, 2002.
studies have become a standard measure for the evaluation\we will henceforth refer to this as the SPIRES database.
journal impact or of the quality of university departments. Since the SPIRES database is dedicated to papers in high
Just as a study of Email networks can enlighten us about thenergy physics, it is natural to assume that it is relatively

Past investigations
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TABLE I. The probability of a paper in the SPIRES databasethat we have not applied any correction for self-citation. The

havingk citations for O<k=4 as a function of subfield. The total removal of self-citations would make the fraction of uncited

number of papers in each subfield is 159 @dteory, 68 549(phe-  papers materially higher. In the same vein, 74% of the papers

nomenology, 28 527 (experiment, 19 637 (instrumentatioh and i our network have ten or less citations. In contrast, 6.2% of

5058(review papers The “total” data entries are obtained directly e
from the subfield data. The total number of papers in the dataset the papers have 50 citations or more, and only 131 papers

IE%O.OS%) are cited 1000 times or more. The mean number

281 71T, of citations in this sample is 14.6, which is considerably
P(0) P(1) P(2) P@3) P4 larger than the median of 2.3 citations, implying that a paper
with the average number of citations is substantially more
Theory 0.2884 0.1226 0.0815 0.0590 0.0472 cjted than the “average” paper. The large factor between
Phenomenology  0.2150 0.1103 0.0762 0.0618 0.0488mean and median citations suggests that the citation distri-
Experiment 0.2677 0.1023 0.0704 0.0518 0.0441 pytion has a very long tail with a small fraction of highly
Instrumentation ~ 0.6169 0.1206 0.0622 0.0385 0.0267 cited papers accounting for a significant fraction of all cita-
Review articles  0.2167 0.1038 0.0670 0.0496 0.0403 tjons. This is indeed the case. Approximately 50% of all
Total 0.2901 0.1171 0.0775 0.0574 0.0458 citations are generated by the top 4% of the all papers; the

lowest 50% of papers generates only 2% of all citations. The

homogeneous. One of the purposes of the present work is {ﬁgfisr gf C;?;gtgfg?d;c“%?dkr)g/aizssg fgo_l_%aerése (z)fbtsh:r\;jaagsﬁgt
determine the extent to which citation patterns in the catego- Y PP y :

ries of theory, phenomenology, experiment, instrumentationre.gar.dmg citations in SPIRES suggest that the _C|t§1t|on d.'s'
and reviews are, in fact, comparable. We will then presenE”bUt'on follows a power law. As we shall see, this is quali-

o . atively correct.
the citation probability for the SPIRES database. Figure 1 shows a log-log representation of the distribution

of citations in the SLAC SPIRES database. The data suggest
that this citation distribution is remarkably well described by
two power laws. The distributioN(k) is approximately pro-
tional to k+1) 13 for 0<k=<49 and to k+1) 22 for

49. Before turning to a more quantitative description, we
consider the homogeneity of the SPIRES data.

Il. THE DEGREE DISTRIBUTION

A. Basic statistics

The SPIRES database contains 501531 papers. Of theggr
papers there are 196 432 nonjournal pagers., preprints
and conference proceeding®r which citation information
is not available. A fraction of the remaining papers seem to
have been removed from the database. In other cases, sub-
field designations are not available. Thus, we have restricted Even though the SPIRES database is devoted exclusively
our attention in the following to the network of 281717 to papers in high energy physics, it is relatively easy to imag-

B. Homogeneity of the database

nodes(i.e., roughly 56% of the SPIRES databpf® which

ine mechanisms which could lead to different citation pat-

both degree information and subfield designations are avaiterns, and thus different network topologies in the five dif-

able. Table | shows the probabili§(k) of a SPIRES paper
having k citations for 0<k=<4. An “atomic” histogram of
the full citation data is shown in Fig. 1.

ferent subfields into which the SPIRES database is divided;
these fields are theory, experiment, phenomenology, reviews,
and instrumentation. Experiments in high energy physics are

One of the most striking features of this dataset is theexpensive and manpower intensive. Program committee ap-
large number of papersome 29% which are uncited. Note proval is tantamount to a pre-review of the work. The num-
ber of co-authors is large. Under such conditions, it might be
reasonable to expect rather fewer minimally cited papers. By
contrast, the number of co-authors of papers in the theory
and phenomenology sections of SPIRES is far smaller, and
the relatively low cost of such work permits the production
of papers which might not survive pre-reviewing. In short,
theory and phenomenology subfields might have a larger
probability for minimal citation. Similarly, one could argue
that review papers, which are often “commissioned” by
journals and frequently written by recognized experts, might
enjoy higher citation rates—just as one could conceive of

mechanisms such that the instrumentation subfield might in-
s ¢ s clude more minimally cited papers. With suehpriori ex-
soo o0 200 s kT pactations, it is of obvious importance to determine citation
distributions separately for each subfield. Fortunately,
SPIRES is well suited for such a study.

Some indications of the differences between the five cat-
egories can be seen from Table |. The probability of having
<4 citations is 59.9%, 53.6%, 51.2%, 47.7%, and 86.5%

P(k)
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FIG. 1. An “atomic” histogram of the citation distribution of the
total dataset showing the normalized probabilMyk+ 1) that a
paper hask+1 citations. The straight lines in the low and high
citation regimes have slopes1.29 and—2.32, respectively. Note
the logarithmic scales.
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FIG. 2. Degree distributions for the categories theaky) ( phe- FIG. 3. A binned histogram of the total dataset without review

nomenology W), and experiment({). and instrumentation papers.

a x? fit. This temptation should be resisted. The assumption
required for such an exercise to be meaningful is, of course,
Ithat the data in the various bins is statistically independent.
his assumption, which can be demonstrated to be false, is in
vident contradiction with our reason for studying citation
distributions in the first place. We believe that there is a
(Positive correlation between the intrinsic quality of a scien-
éific paper and the number of citations which it receives, and

surprisingly small. These trends are supported by the fullVve aIsp believe that .“9°°d" papers are produced by HQOOd"
dataset. We find, for example, that only 146 of the 19 g3cientists. The consistency of these three datasets is, how-

instrumentation papers<(0.7%) have 50 or more citations. €V&" sufficient fpr many applications. In the following, we
This is to be copmp%resg(with %_2% for the full data set. E,)ywnl work with this final dataset of 257 022 papers. The re-

. . ; sulting distribution is shown in Fig. 3.
contrast, approximately 14% of review papers haa®0 ci- . . . .
tations. The 3% of review papers with 1000 citations is There is another and quite different potential source of

significantly larger than the probability of 0.05% for the inhomogeneity in the SPIRES database. The distribution of

complete dataset. In short, instrumentation and review p the number of authors who have writtgipapers is a mono-

pers, which account for some 9% of the full dataset, clearl on_ic_ally decreasing function of Approximately 91% of the
follow different citation distributions. This can reflect a dif- ndividual authors in the theory dataset have written a total

ferent underlying dynamical picture for citations in these cat—mc less than 20 papers. Presumably, this effect is due to the

egories; it can also be an indication that review papers hav:g‘ggzitnhuerpt:fnrn?;gg:enlg F;Qh’g\';;ﬁts )[’;/]2?; I%ivg ag?drzggvg?ys'
a higher average quality and instrumentation papers have § Y 9 C y

lower. Whatever the explanation, we choose to exclude thes oon after. Thus, we have also considered citation probabili-
two small categories from further consideration. Any deci-t'es for papers collected author by author. The reason we

sion to use citation data as a measure of scientific “quality"ga}/aeutshoc:?lzaignj'qiiggat&e txgio?]’ s;bztrast Ibs tnfg ;huem%lg:]g;'
should not be made so lightly. Ultimately, however, it must y y gn pap y

be based on a subjective evaluation of the relative quam%j—authors. As we have noted earlier, the theory subset has

for theory, experiment, phenomenology, reviews, and instru
mentation, respectively. While the fraction of minimally
cited review papers is clearly smaller than that for the ful
dataset, this effect is not dramatic. Instrumentation paper
however, stand out. The probability that an instrumentatio
paper will receive=5 citations is almost three times smaller
than that for the full data. The differences between citatio
probabilities in theory, experiment, and phenomenology ar

and importance of papers published in the various categorie E\évezerxaztr?naresnfeszijgsgﬁyvﬁg?elZoln"tng 3;hgps’ LOJV'QS;?;Z'” as
The homogeneity of citation patterns in the categories o P pap y

. . 500 authors. For the theory data, the resulting distribution is
theory, experiment, and phenomenology is supported by théimilar to that of Fig. 3, but not identical. The virtue of such

binned histograms shown in Fig. 2. Given the logarithmic n author-b thor roach is that it allow 10 exclud
scale of this figure, the three in-degree distributions are e author-by-author approach Is that it allows us 1o exciude

sentially indistinguishable over the full range of 0—5000 ci-a:gz(;::segn ;2? g)?zirlﬁ CIJ; ﬂ::et?]t:\l/g%@r?]e;(r);g?r?:r;tg?gnh;\s
tations. This agreement is remarkable in view of the fact thal ., "’ ' P'e, omp .

it persists over almost seven orders of magnitude. Pheno [|but|ons.of papers by all au_thors with that of papers written
enology and experiment are in the best agreement with or co?wrltter) by authors with more tha”.z‘? total papers.
maximum discrepancy of some 15% found in the vicinity of he differences are extremely sméile., similar to those

k=50. The maximum discrepancy of approximately 500, 5€€N in Fig. 2and again indicated the striking homogeneity

between theory and the other two categories is also found i(r%f the SPIRES database.

the vicinity of k=50 with materially smaller discrepancies
for other values ok. It would be valuable to know if these
differences are “statistically significant.” To this end, it iS  Having established the homogeneity of the bulk of the
tempting to assign errors in each bin proportional to thedatabase or equivalently the homogeneity of subnetwork to-
square root of the number of papers in each bin and perforrpologies, we now turn to a closer look at the form of the

C. The form of the distribution
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distribution. It is clear from the figures that the distribution Y« Zipf plot of SPIRES data
cannot be described by a single power law over the entires |-
range of citations. It is, however, approximated well by two
independent power laws in the lovk€50) and high k 2000
=50) domains. ThusP(k)~(1+Kk) ¢ in each region with
a-=1.20 anda- =2.31. If we insist on a relative normal-
ization such that the two forms are equakat50 and chose s
the global normalization to ensure that the total probability is
1, the data are reproduced with surprising accuracy. 200
We believe that these different power laws probably re-
flect differences in the underlying dynamics of citations in '®
the high and low citation regions. That different dynamics
rule the two regimes seems clear. The bulk of the papers ir 10 100 1000 10000
the minimally cited part of the distribution are “dead” in the _ . o _
sense that they have not been cited within the last year or FIG. 4 A Zipf plotlof the cnatlon.dlstrlbutlon_. For visual refer-
more (and will probably never be cited agairOf course, ence a line of slope- 5, corresponding tax=3, is also plotted.
this part of the distribution also contains vigorous young
papers of high quality, whose citation count is increasing55 000 in-bound edges. Assuming an asymptotic power law,
However, dead papers vastly outnumber the live populationthe probability of drawing 257 022 papers at random with no
In the highly cited region, virtually all papers are still alive, paper having more than 5242 citations is approximately
with even the oldest of them acquiring new citations regu-1g-14
larly. It seems highly likely that citation patterns for such  There is a simple explanation for the largetata, which
papers are quite different from those of minimally cited pa-seems reasonable for a dataset like the SPIRES, which con-
pers that are most often cited only by the author and closgyins 5 significant number of truly important papers. Papers
co-workers. Further considerations regarding the temporgis high quality and lasting importance can literally be “can-
evolution of citation networks can be found in REFL] and  opized” and pass into the received wisdom of physics which
for the SPIRES hep database in particular, in a forthcoming,, |onger requires citation. Many theoretical physicists pub-

1000

paper by the present authors. lish work on “Goldstone bosons,” but few feel the need to
o cite the original papers. Indeed, the careful reader will stop to
D. The asymptotic tail think what special point is being made when Einstein is cited

We now consider the large+ail of the distribution. Data  ©N special relativity{13]. Since only mortals are cited, the
are too sparse for a direct analysis in the region of 2000-P0Wer law must end. In the absence of such a cutoff, Ref.
5000 citations. Thus, in Ref11] a Zipf plot is used to high- [13] should have been cited by 20% of the papers in
light this section of the distribution. A Zipf plot is a plot of SPIRES. This seems to be reasonable.
the nth ranked paper versus the number of citations of this
paper,Y,. (The most cited paper is assigned rank The E. Ambiguity of representation

intuitive reason why the Zipf plot is well suited for analyzing  Because of the cutoff for the high-citation data, there is a
the largex data is that it provides much higher resolution of certain ambiguity in determining which mathematical repre-
the high citation end of the distribution. On a doubly loga- sentation should be chosen for the citation distribution. This
riFhmic scale, the high citation data are placed at the begi”ambiguity can be illustrated by an example. We have mod-
ning and are not as compressed as in the plotd(&) vsk  eled the citation distribution using modifications of the scale-
shown in Figs. 1-3. Figure 4 is a Zipf plot of the final free model proposed by Baratiaand Albert[14]. Model A
dataset. o _ starts out withm, papers with one citatiofone incoming

In Ref. [11] a similar Zipf plot is used to argue that the oqgg. At each time step a paper is added that has one cita-
Iargek tail of the ISI in-degree distribution for scientific Pa- tion andm= mo referencegoutbound edges Each of these
pers appeared to be governed by a power lak.IThis is  references link to a papéalready in the database with prob-
not the case for the SPIRES data. Indeed, Fig. 4 |nd|cate§bi|ity I1,(k;), proportional to the number of inbound edges
that the largek tail of this highly homogeneous dataset is noty. of nodei, raised to the powes, that is, T a(k;) ~k?”.
described by any asymptotic power law. The same conclu- 14 solve modelA analytically, one can, for instance, use
sion can be drawn from Fig. 3, where a simple power law ine rate equation approach proposed in Re8]. The solu-
the high citation region tracks the data accurately throughion that is relevant for our data is valid in the regime 0
four decades until the data begins to cut off. Although the_ »<1 and in the limit of many time steps; solving the rate

highk data are sparse, one can present more quantitativg, ation under these constraints yields the in-degree distri-
indications of this cutoff. If the power law seen in Fig. 3 ption

applied for arbitrarily largek, as proposed by Refl11], we

would expect to find 33 nodes with an in degree higher than k -1
the maximum 5242 citations actually found in the dataset. Pak) = s dil L+1) , (1
The most cited of these papers should have approximately m j=1\mj”
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0.1

FIG. 5. Comparison of model
A and data. The analytical solution
of the citation model(solid line)
and normalized data from the
theory subfield(data points The
dashed line is the functional ap-
proximation[Eq. (2)]. The param-
eters used for the model ama
=14.5, which corresponds to the
mean number of citations in the
theory subfield and;= 3/4.

0.001

0.00001

y k+1
1 10 100 1000

where w(#n) is defined (implicitly) by wp=32,-1k"P(k). for the citation distribution in modes.

This probability is well approximated by The probabilityPg(k) is an asymptotic power law; in the
L7917 limit k=1, we have thatPg(k)~k™?8, where yg=(w
Pk~ k- ”exp{ _ ﬁ—]_ (2) +2m)/m. The fit to the data not be as compelling as for
ptm m 1l-79 modelA, but it precisely illustrates the ambiguity in deciding

In Fig. 5, we have plotted the binned data from the theorny®" how to rgpresent 'Fhe data. We have.two represgntations of
subset along with the exact solutipBg. (1); solid ling] and the data withvery different mathematical propertieghe
the approximatioiEq. (2); dashed ling The fit is excellent. ~ Stretched exponential and the asymptotic powey) |amithin

Now, let us look at another variation of the model from the range ok’s available before the cutoff sets in, it is dif-
before, modeB, first suggested in Ref16]. In this version, ficult (quantitatively to discern the power law from the
each paper comes withi “ghost citations” andm references stretched exponential representation when comparing with
as before; we sep=1, so thatllg(k;)~k;+w. Proceeding the data—especially so on a log-log scale. In the highly cited
as in the case above, modglcan be solved to yieldwith ~ regime, where the exponential begins to dominate (2j.
the ghost citations subtracted and the differences of the two representations begin to mani-

fest themselves, the presence of the cutoff makes us unable

I'(w+k) to draw any conclusions on which representation to choose,
as is amply underlined in Figs. 5 and 6.

We believe that the mechanisms behind the cutoff are real,
but on the basis of the data available to us at the moment, it
3 is impossible to estimate its impact on the citation distribu-

(m+w)I’

w
3+w+ —
m

Pe(k)= -
(1+m+w+2mw)I'(w+ 1)F( 2+wW+ ﬁ+k)

FIG. 6. Comparing modeB
and data. Again the data from the
theory section is represented using
dots, whereas the dashed line is
given by Eq.(3). The values ofm
andw are set to 15 and 9, respec-
tively, this corresponds to an
asymptotic power law with slope
¥g=2.6

0.001

0.00001 ¢

107 b

1 10 100 1000 K+1
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tion. In the same vein, we find it probable that the two power TABLE Il. The search option *“citation summary” at the
laws reflect different dynamics in the high and low citation SPIRES website returns the number of papers for a given author in
regimes, but as it is reflected in the minimal models dethe categories in this table. The probabilities of getting citations in
scribed above, it is of course also possible to take a differerthese are intervals are listed in the third column.

stand and claim that the distribution of citations has stretched

exponential nature. Using arguments similar to those of th&aper category Citations Probability
last section, drawing on the probability distribution defined ;. nown papers 0 0.267
by Eg. (2), we would expect to find a little less than one | o<q known papers 1-9 0.444
paper with more than 5242 citations, if this distribution ap-known papers 10—49 0.224
plied to arbitrarily largek; with a dataset of 159 946 papers, Well-known papers 50-99 0 '0380
we would expect the maximally cited paper to have abou‘:amous papers 100-499 (')0250
4700 citations. Again, this fidelity to the data is alluring, but Renowned papers 500 0 00i84

with the data available to us at the moment it is impossible to
draw decisive conclusions either way.
This conundrum has been frequently encountered in th@itarent categoriesm,
literature. In the case of distributions of citations, in R&f] permutations. v
the distribution of citations of scientists was found to be a m
stretched exponential, whereas it was argued in [Réf.that P—m!T] P

the citation distribution of papers was described by an i mle
asymptotic power law. The same data was attempted fitted to If a total of M papers were drawn at random on the cita-

a curve~(k; +consty * In a later paper[l?]. As d.emon- tion distribution, the most probable resif,,, would corre-
strated above, our data are of a much higher quality than th, ond tom,=Mp, papers in each bin. The quantity
| I "

ISI and PRD datasets discussed in these two papers, but |
seems to be the case that even with access to the highly F = —10gy0( P/P o)
homogeneous SPIRES database, the cutoff mechanism still 1 ma

leaves room for speculation as to the topology of the citations 5 yseful measure of this probability, which is relatively
distribution. Arguments regarding the “microscopic” citation independent of the number of bins chosen. Sinpeovides
mechanisms will have to be made before any model of theompletely objective information about the probability of
citation ngtwork based on the data presently available can bgawing a given citation record at random given knowledge
taken seriously. of citation patterns in that field, it is particularly well suited
Proceeding to a more general arena, the very same prokyr comparisons between fields. It is equally meaningful to
lem also appears in other complex networks. For instancealculater for authors who publish in several fields. The leap
Newman describes the distribution of the number of collabofrom the improbability of a given author’s citation record to
rators per publication in different databasgesnongst these, conclusions regarding author quality requires certain as-
SPIRES as a stretched exponentfaB], but having acquired  symptions which cannot be tested. For example, to compare
more statistical material, the very same distribution is tentagitation records in the instrumentation category with those in
tively described as two power la4] (after inspiration from  the remainder of our dataset, it is necessary to make some
Ref.[6]). In conclusion: For the range @&fs available to us, priori assumption about the relative intrinsic quality of the
both the two power-law structures and the stretched expowo datasets. While the “democratic” assumption of equal
nential are reasonable fits to the data. It would be interestingytrinsic quality is easiest, it may or may not be accuréte.

to acquire more complete data to pinpoifdr instance, by 4 Bayesian sense, it is necessary to establish a prior distribu-
explicitly measuringy) which mathematical representation tjon )
reflects the true topology of the citation distribution in  consider the following two authors in the SPIRES data-
SPIRES. base. AuthorA has a total of 200 publications with 17, 70,
82, 23, 8, and 0 publications in each of the bins above and an
average of 26 citations per paper. Autli®has a total of 176
publications with 18, 79, 57, 10, 9, and 3 publications in
Having determined the form of the distribution of the each bin and an average of 46. A simple calculation reveals
SPIRES database and demonstrated its homogeneity, it ibatr =18.4 for authoA and 9.9 for authoB. The minimum
interesting to show that it can be put to practical use. Hereyalue ofr is evidently 0. The maximum value ofin the
we present one such application. The “citation summary”current dataset is found for auth@r who has a total of 217
option in the SPIRES database returns the number of papepsiblications with 5, 14, 38, 30, 97, and 33 publications in
for a given author with citations in each of six intervals. each of the bins above and an average of 259 citations per
These intervals and the probabilities revealed by our analysigaper. This leads to vastly improbable valueref181.3.
that papers will fall in these bins are given in Table Il. The With a total of 56 224 citations, auth@ accounts for more
probability P that an author’s actual citation record bf  than 1.5% of all citations in the dataset. There are also indi-
papers was obtained from a random draw on the citatioigations of less favorable correlations. Autlibhas a total of
distribution is readily calculated by multiplying the prob- 41 publications with 18, 23, 0, 0, 0, and 0 in each of the bins
abilities of drawing the author’s number of citations in the above and an average efl citation per paper. This result-

and correcting for the number of

Ill. AN APPLICATION
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ing value ofr =4.43 underscores the fact that an improbablehalf of the citations in the dataset. While it is a truism that
citation record is not necessarily a “good” one. progress in physics is driven by a few great minds, it can be

Given the total population of authors in SPIRES, thesedisturbing to confront this quantitatively. The picture which
numbers offer an objective indication of the extreme improb-emerges is thus a small number of interesting and significant
ability that the citation records of authofs-C were drawn  papers swimming in a sea of dead papers. This has the prac-
at random. These examples are far from exceptional. Therécal consequence that any study seeking to understand the
are strong correlations in the citation data, and they meritlynamics of interesting papers will be forced to discard most
guantitative study. The differences between aut#oedB  papers and accept the greatly increased statistical uncertain-
can appear surprising at first glance and emphasize the inties. In the case of the SPIRES dataset, this would amount to
portance ofa priori criteria. Although authoB has an aver- roughly 10 000 papers.
age citation rate almost twice that of auth®y his citation In fact, the situation is even more dramatic due to the
record ismore probable by a factor of £0 This is a natural  strong correlations in the dataset when considered as a func-
consequence of the power law distribution which makes ition of individual authors or individual institutions. As we
far more improbable to have ten papers with 100 citationdave seen in the case of authGrabove, a single author
each than one paper with 1000 citations. The question ofccounts for more than 1.5% of all citations in the SPIRES
which of these options is “better” requires a subjective an-dataset. Seven authors, not necessarily the highest cited, ac-
swer, and it is unlikely that any single quantitative measurecount for 6% of all the citations. We have suggested the
will satisfy everyone. Thus, although the interpretation ofmeasure of “unlikelihood,’r, defined above as a useful in-
nonstatistical fluctuations in individual citation records isdicator of the presence of such correlations. Further, this
subjective, the likely presence of such fluctuations can beneasure offers a tool for comparing citation records in dif-
identified with ease and objectivity. ferent fields with a known and controllable bi&&ny com-

It is as easy to calculate thefor departments as for indi- parison across field boundaries must necessarily involve un-
vidual authors. Physics Departmefit which includes au- supported assumptions and biases. It is best to make such
thor C, published a total of 1309 papers from 1980 to 2000,assumptions visible and to discuss themh.would be ex-
distributed with 81, 324, 474, 175, 216, 39 papers in thdremely valuable to perform “longitudinal” studies of cita-
citation summary bins. This results irra 285. Physics De- tion data collected as separate everisn “event” here
partmentI’, which includes author#é\ and B, published a would be the citation record of a single individual or single
total of 1309 papers during the same period with 81, 388jnstitution,) This would permit a far more systematic study of
378, 77, 28, and 3. This yields the somewhat smaller valughe nature of the statistically independent correlations and
of r=65.9. Such information can be of practical value sincethe probabilities with which they occur. These strong corre-
it seems likely that the “most improbable” departments will lations in the network separates this particular network from
have the greatest success in attracting the most improbabieany other small-world networks, and constitute yet another
authors. difference between the www and the network of scientific

citations.
IV. SUMMARY AND CONCLUSIONS We emphasize that no single measure, such as outhe
more traditional average number of citations per paper, can

We have considered the citation distribution for 257 022¢|aim to capture the richness of either the full citation dataset
papers in the SPIRES database and demonstrated the homg-individual citation records. While this is obvious from the
geneity of topologies in the categories of theory, experimentpresence of strong correlations in the data, it is also sup-
and phenomenology. Further, the resulting dataset is weported by the dramatic difference between the mean and me-
described by a simple power law with different exponents indian number of citations in the global distributions reported
the low- and high-citation regions. This power-law topology here. For this reason, we believe that the value of large da-
is a trait that the SPIRES database shares with many Oth%bases' such as SPIRES and ISI, would be greaﬂy enhanced
real world networks, most notably the world wide web if global citation distributions, such as those given in Fig. 3

(www). It is clear that the structures of these two networksabove, were collected by subfield and made available to the
are similar in many ways, with scientific papers correspondysers of these databases.

ing to html documents. There are differences, however. For
example, because scientific papers are printed, links are

rarely bjdir_ectional; this is not the case for.tr_le www, V\{here. a ACKNOWLEDGMENTS
nonvanishing fraction of web pages are bidirectional in spite
of the directed nature of hyperlinks. The authors would like to thank the helpful staff at the
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