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In this paper we study the time series of sunspots by using two different approaches, analyzing its
self-affine behavior and studying its distribution. The long-range correlation exponent « has been
calculated via Detrended Fluctuation Analysis and the power law vanishes to values greater than 11
years. On the other hand, the distribution of the sunspots obeys a g-exponential decay that suggests a
non-extensive behavior. This observed characteristic seems to take an alternative interpretation of the

sunspots dynamics. The present findings suggest us to propose a dynamic model of sunspots formation
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based on a nonlinear Fokker-Planck equation. Therefore its dynamic process follows the generalized
thermostatistical formalism.

© 2013 Elsevier B.V. All rights reserved.

The sun is essential to have life on Earth. A sunspot is an
area on the photosphere that is marked by intense magnetic ac-
tivity, which inhibits convection, forming areas of reduced surface
temperature. They can be visible from Earth without the aid of
a telescope. Besides, sunspot populations quickly rise and more
slowly fall on an irregular cycle about every 11 years. The study
of sunspots in the photosphere is still an interesting research field,
as can be recognized in some recent papers on the properties
of sunspot and related phenomena [1-3]. However, analyzing the
time series of sunspots it can be noticed a noisy behavior that
can be compared to other fluidic systems, i.e., the accretion power
of stellar X-ray binary systems that are an important class of as-
trophysical objects [4-6] and the water liquid-vapor-phase transi-
tion [7].

The study of self-affinity of time series is long [8]. However
some methodologies have been proposed for non-stationary time
series with trends, such as detrended fluctuation analysis (DFA).
Thus, DFA was proposed [9] to analyze long-range power-law cor-
relations in nonstationary systems. One advantage of the DFA
method is that it allows the long-range power-law correlations in
signals with embedded polynomial trends that can mask the true
correlations in the fluctuations of a noise signal. The DFA method
has been applied to analyze DNA and its evolution [9,10], file edi-
tions in computer diskettes [11], economics [12], climate tempera-
ture behavior [13], phase transition [7], astrophysics sources [4,5]
and cardiac dynamics [14,15], proteins [16], among others.
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Fig. 1 depicts the scaling exponent o« behavior. It is interesting
to observe that the crossover behavior of the log-log plot of f(t)
versus time (t) for the sunspot time series is of t ~ 135 months.
Therefore, in this case, the scaling exponent o shows the sunspot
cycle. The upper inset shows that the data belong to a dataset col-
lected by the Sunspot Index Data Center (SIDC) from 1749 up to
the present [17]. If we use more elaborated methods like mul-
tifractal detrended fluctuation analysis (MF-DFA) [18] or Fourier
detrended fluctuation analysis (FDFA) [19] scaling exponents can
be obtained with a minor error, but we loose the crossover in the
log-log plot of f(t) as function of t. These three approaches allow
power laws from the non-stationary time series of sunspots and
anti-persistent scaling exponents can be observed [20].

The generalized thermostatistical formalism (GTS) proposed by
Tsallis [21] has received increasing attention due to its success in
the description of certain phenomena exhibiting atypical thermo-
dynamical features. For example, GTS was consolidated for com-
plex systems analysis [22-30]. But it was with regard to systems
with long-range interactions that GTS has been consolidated. In
fact, the first application of the Tsallis’ ideas to a concrete physical
problem was made by analyzing a type of astrophysical systems
with long-range interactions called polytropic stellar distributions
[31]. Within the conventional Boltzmann-Gibbs (BG) thermostatis-
tics, the entropy additivity law, valid for extensive systems, is not
appropriated for those submitted to long-range interactions as pro-
duced by gravitational forces. On the other hand, GTS covers this
class of systems since it postulates a non-extensive (non-additive)
entropy Sq such that

Sq(A+B) =S54(A) + Sq(B) + (1 — q)Sq(A)Sq(B), (1)

where A and B are two independent systems in the sense that
P(x,X)arp = P(X)aP(x')g. We recall that P(x) is the probability
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Fig. 1. The scaling exponent « for sunspot is o = 1.43 4 0.03. The upper inset rep-
resents the number of these sunspots.

density distribution of the macroscopic variable x, which charac-
terizes the system. In this context, the so-called entropic index
q is a measure of the degree of nonextensivity. In the BG statis-
tics, the entropy S = —k [ P(x)In P(x)dx, gives rise to exponential
probability density distributions, P(x) « exp(—x). Yet, within GTS
formalism, the maximization of the g-entropy

sq=k<1 —/[P(x)]qu>/(q—l), )

produces power-law distributions called g-exponential distribu-
tions, defined by:

Pe(w) ocel = [1+ (1 —qu]/""?, 3)

if1+(1—-qu>0and eg‘ =0 otherwise. In the limit ¢ — 1 the
usual BG entropy is recovered, S1 = Spg, and the g-exponential
distribution converges to the usual exponential distribution.

The long-range gravitational forces form unique structures in
the Universe called self-gravitating systems (SGS). Almost all the
relevant structures such as stars, binary systems, galaxies, clus-
ter or super-cluster of galaxies among others belong to this cat-
egory. The nonextensivity of SGS is reflected in their long-range
interactions. Moreover, there is another problem with the appli-
cation of the BG thermostatistics to SGS: these structures have
no absolute thermal equilibrium state, i.e. they are not isother-
mal displaying incomplete-equilibrium states characterized by time
scaling properties. In fact, SGS never stops its evolution toward
the absolute thermal equilibrium. Therefore, generalized thermo-
statistics formalism seems appropriate to study SGS since the
g-exponential distributions [Eq. (3)] arising from the maximiza-
tion of the g-entropy [Eq. (2)] are also solutions of the nonlinear
Fokker-Planck equation [32] used to study systems evolving to
thermal equilibrium. We remark that the usefulness of the Tsal-
lis approach is also supported by their wide utilization in diverse
astrophysical problems [33-35].

We propose a simple model to evaluate sunspots dynamics. Our
proposal is show that sunspots are build up by a diffusive process.
In this sense, as the sunspots time series presents a self-affine
behavior and the solar system is a non-extensive system then a
nonlinear Fokker-Planck equation is a natural candidate to evalu-
ate this dynamic process.
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where F is the distribution function of sunspots, K(x) the drift
coefficient and Q the diffusion coefficient (a positive quantity) [32]
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Fig. 2. The frequency of the number of sunspots. The g-exponential fitting (online
red line) and exponential decay fitting. We recall that ¢ = 1.11 £ 0.09, the cor-
relation coefficient of Pearson R = 0.99 and F-statistic value ~ 2500 to the
g-exponential fitting (red line). (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)

and y # 1 implies in a nonlinear solution to Eq. (4). In this sense,
in the stationary solution, if we rewrite y =2 —q and

oF
at
Eq. (4) presents as solution the following g-exponential distribu-
tion:

0. (5)

Fo =A[1 -0 —qV]/"? (6)

where A is a positive integration constant.

Fig. 2 shows the distribution of sunspots, i.e., its distribution de-
picts the frequency of number of sunspots ( f). Thus, the frequency
of number of sunspots catalogued from 1749 until today follows
a g-exponential distribution (online red line, Fig. 2) with a great
statistical significance. We note that an exponential fitting (online
blue line, Fig. 2) falls to f > 150 sunspots.

As the scaling exponent « indicates that the generation of
sunspots occurs in scale invariant media and as the entropic in-
dex q is known to reflect fractality [36] these results (Fig. 1 and
Fig. 2) strongly suggests that generation of sunspots follows a GTS.
In this sense, the sunspots time series shows a dynamic evolu-
tion explained by the nonlinear Fokker-Planck equation, since the
g-exponential behavior is obtained directly from stationary solu-
tion of this nonlinear equation [32].

In summary, sunspots generation obeys a complex and non-
linear diffusive process. Two complementary conclusions are ob-
served here. First, the power law obtained from the sunspots time
series vanishes to values greater than values close to 135 months.
This small value (close to 11 years) is related to the cyclical behav-
ior of the sunspots. This result seems to indicate a non-correlation
between two consecutive sunspots cycles. Therefore, it seems un-
predictable to say how sunspots are build up if we take into ac-
count time intervals greater than 135 months. On the other hand,
the second conclusion obtained is related to the sunspots dis-
tribution. As a SGS the sun obeys a nonextensive behavior and
its intense magnetic activity follows nonextensivity too. Thus, the
nonlinear Fokker-Planck equation seems to be the actual solution
for the diffusive process where sunspots are build up in the solar
corona.

At least, the intense magnetic activity in the solar photosphere
associated with the gravitational field turns the sunspots formation
a nonlinear diffusive process. The sunspots distribution follows a
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g-exponential decay that suggests a nonextensive behavior for the
sunspots.
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