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Introduction
Self-similarity signals the emergence of identity which re-enacts itself on different length-scales [1-2]. There is tremendous evidence for the self-similarity of the science system [3-6], both in terms 

of its social (collaboration) [7-8] and cultural (citation) [9-10] structure. Classical models [11-12], recently re-formulated and proven in network language [13-14], explain the emergence of these scale-
invariant formations through Preferential Attachment, the Matthew Effect, i.e., scientists or ideas gain in prestige or centrality the more prestigious or central they already are.

Other evidence for heavy tails in science has been discussed in the framework of Self-Organized Criticality [15-17]. It has been proposed [18] that Kuhn's phase model of scientific advance [19] 
resembles a Punctuated Equilibrium  [18], a self-organized critical process used to explain biological macroevolution [20]. According to Kuhn's model, periods of normal science, during which 
paradigms ensure a continuous and cumulative production of knowledge, are interrupted by scientific revolutions, during which an old canon of knowledge is replaced by a new one.

Natural punctualism presents itself, among other ways, in the scale-invariance of genera lifetimes (Fig. 4) and bursts of extinction events (Fig. 5) [21]. We model scientific advance using citations as 
concept symbols [22] and, inspired by natural punctualism, test whether knowledge macroevolution is bursty, using three hypotheses.

H1: A few publications are highly cited for a long time (Power-law distribution of citation lifetimes).
H2: A few extinct publications are highly cited (Power-law distribution of extinct publication citations).
H3: A highly cited publication is more likely followed by a highly cited publication than by a low cited publication and vice versa (Power-law correlation of maximum citation variations).
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Fig. 5: Bursts of family extinctions. The image is 
reproduced from [21] in fair use.

Fig. 4: Power-law distribution (γ≈2) of genera 
lifetimes. The Image is reproduced from [21] in fair 
use.

Cited Publications
(1500-1979)

Citing Publications
(1980-2007)

Fig. 6: Cited publications are the units of analysis.

Fig. 1: Citation lifetime distribution of the system of all sciences. 
Many publications are only cited for a few years while few 
publications are cited for many years. Scaling exponents range 
from 1.62 for all publications (Top 100%) over 1.27 for highly 
cited publications (Top 1%) to 1.01 for extremely highly cited 
publications (Top 0.01%). Distributions for disciplines are scale-
free but not universal (Tab. 1). H1 doesn't need to be rejected.

Fig. 2: Citation distributions of the system of all sciences. The 
distribution for all publications is scale-free, as expected [10, 14]. 
But also extinct publications (hardly getting cited since 1994) are 
scale-free. There are large extinction events. Regarding 
disciplines, exponents only exceed 4 in the humanities (Tab. 1). 
H2 doesn't need to be rejected.

Fig. 3: Normalized distributions of return intervals of maximum 
citations for different thresholds for the system of all sciences. 
The distributions, also for disciplines, decay exponentially. 
Therefore, there are no long-term correlations of maximum 
citation variations. H3 must be rejected.

Data is from the Web of Science® (WoS). The all science system, its 6 sciences and 32 disciplines, created by aggregating 260 available subjects, 
are the objects of study. Publications from <1980, cited by publications from 1980-2007 and indexed by the WoS, are the units of analysis  (Fig. 6). 
Unique cited publications are identified by transforming each reference in a citing publication into a string consisting of the first 4 initials of the first 
author's name, the publication year, the first initial of the source title, and the first page [23].

Citation and citation lifetime distributions are based on absolute citations. The citation lifetime is defined as the number of years that a publication 
belonged to the top 100%, 10%, 1%, 0.1%, or 0.01% of the most highly cited publications in the respective citing year. For disciplines only the lifetimes of 
highly cited publications (belonging to the Top 1%) are computed. Extinct publications  have accumulated at least 90% of their absolute citations in 
1980-1993. Scaling analysis  is the interpretation of exponents γ  in the fit function P(x) ~ x-γ. Exponents are fitted using logarithmic binning and least 
squares.

Long-term correlation analyses are based on mean normalized citation rates, i.e., for each publication and citing year 1980-2007 the absolute 
citation rate of a publication is divided by its corresponding expected citation rate and finally averaged over all 28 citing years. To account for the growth 
of science, expected citation rates are computed for exponentially growing normalization windows. Citation variations are studied using peak-over-
threshold analysis  [24]. Maximum normalized citations (Fig. 7) are first detrended by taking the common logarithm and subsequently subtracting a 
moving, 13 year average (Fig. 8). Values ≤ 0 are removed and the remaining values normalized and discretized (Fig. 9). For each threshold q = 0.2, 0.4, 
0.6, 0.8, 1 return intervals r and the average return intervals Rq are computed. If variations are correlated, the distributions Pq(r) are congruent stretched 
exponentials where the stretching exponent γ is the correlation exponent between 0 and 1 [24].

Discussion
It is well known that distributions of absolute citations that publications have accumulated in a 

certain period of time are scale-free [10, 14]. This was confirmed and also shown to be true for extinct 
publications which have accumulated 90% of all their citations in the first half of the citing window 1980-
2007. In other words, there are large extinction events (Fig. 1). There are differences between the 
sciences. Exponents in the humanities are much bigger than in human science (Tab. 1). Hence, change 
is not as pronounced in the humanities. In the following, change  is defined as the inverse of the 
extinction exponent.

Studying lifetimes it was shown that a  few publications are highly cited for a long time, in the all 
science system as well as in scientific disciplines (Fig. 2). Exponents (Tab. 1) can directly be interpreted 
as canonic plurality. Plotting plurality against change (Fig. 10) proofs a central message explicit in 
Kuhn's theory: Change in the soft sciences can never be big because their disciplines have not 
organized around canonical knowledge. Only in the hard monolithic sciences change can amount 
to scientific revolutions.

Highly cited publications are not long-term correlated (Fig. 3). The most likely reason is that the data 
is inadequate. After all, it's still a look back from 28 recent years. Historical publications following a 
breakthrough publication will likely remain in the shadow of the latter. Correlations may also be hidden 
by noise due to high levels of aggregation. But studying subjects instead of disciplines is not possible 
for reasons of statistical validity. The string used to identify unique cited publications, which requires first 
pages to match, is also expected to have an influence on the results. In general, the analyses are 
hampered by what Merton called Obliteration by Incorporation  [25]: Many important concepts are 
„undercited“ because they have become too institutionalized to still be cited [26].

Summing up, even though long-term correlations were not found, evidence for the burstiness of 
knowledge macroevolution was found in power-law distributions of citation lifetimes and citations to 
extinct publication. The ubiquity of self-similarity  indicates that science is an ever-dynamic system 
with births and deaths occurring on all spacial and temporal lenght scales. There are differences 
between different sciences and disciplines. Exponents smaller than those generated by pure 
Preferential Attachment processes call for models combining Preferential Attachment and Self-
Organized Criticality.
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Fig. 7: Super-exponential growth of maximum 
normalized citation rates in the system of all 
sciences.

Fig. 8: Detrended time series of maximum 
normalized citation rates for the system of all 
sciences.

Fig. 9: Time series of maximum normalized citation 
rates after detrending, normalization, and 
discretization for the system of all sciences. A return 
interval r for the threshold q = 0.8 is shown.

Tab. 1: Exponents for the citation distribution of all 
publications, of extinct publications, and for the 
citation lifetime distribution. A * marks fits to 
logarithmically binned data where the coefficient of 
determination is between 0.96 and 0.98. Otherwise it 
is better.

Fig. 10: Scientific disciplines along the dimensions change (inverse exponent of citations to extinct 
publications) and plurality (citation lifetime exponent). Only for disciplines in the lower right quadrant 
change can amount to scientific revolutions due to these disciplines' organization around a canon of 
knowledge.
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