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Abstract. The dynamics of complex systems are founded Wanliss, 2005, Wanliss et al., 2005; Balasis et al., 2006),
on universal principles that can be used to describe disparateolar corona (Vassiliadis et al., 1998; Isliker et al., 2001;

problems ranging from particle physics to economies of so-Baiesi et al., 2006) and lithosphere (Turcotte, 1997; Sornette,
cieties. A corollary is that transferring ideas and results from2004; Eftaxias et al., 2009, 2010), respectively. Nonexten-
investigators in hitherto disparate areas will cross-fertilizesive statistical mechanics provides a solid theoretical basis
and lead to important new results. In this contribution, we in-for describing and analyzing complex systems out of equilib-

vestigate the existence of a universal behavior, if any, in solarium, systems exhibiting long-range correlations, memory, or
flares, magnetic storms, earthquakes and pre-seismic elefractal properties (Tsallis, 2009). Recently, there have been
tromagnetic (EM) emissions, extending the work recently promising applications of the nonextensive Tsallis statistics
published by Balasis et al. (2011a). A common character{Tsallis, 1988, 2009) to magnetic storms (Balasis et al., 2008,
istic in the dynamics of the above-mentioned phenomena i2009; Balasis and Eftaxias, 2009), solar wind (Leubner and
that their energy release is basically fragmentary, i.e. the asvoros, 2005), solar flares (Balasis et al., 2011a), crustal seis-
sociated events are being composed of elementary buildingnicity (Telesca, 2010; Telesca and Chen, 2010) and pre-
blocks. By analogy with earthquakes, the magnitude of theseismic EM emissions (Kalimeri et al., 2008; Papadimitriou

magnetic storms, solar flares and pre-seismic EM emissionst al., 2008). Consequently, the nonextensive statistical me-
can be appropriately defined. Then the key question we carchanics is an appropriate mathematical tool to investigate
ask in the frame of complexity is whether the magnitude dis-universality, if any, associated with the occurrence of mag-

tribution of earthquakes, magnetic storms, solar flares andhetic storms, solar flares, earthquakes and pre-failure EM
pre-fracture EM emissions obeys the same law. We show thatmissions in the solar-terrestrial system.

these apparently different extreme events, which occur in the A model for earthquake dynamics consisting of two rough

solar-terrestrial system, follow the same energy distributionprofiles interacting via fragments filling the gap has been re-
function. The latter was originally derived for earthquake dy- cently introduced by Sotolongo-Costa and Posadas (2004).
namics in the framework of nonextensive Tsallis statistics. Based on this model, an energy distribution function, which

gives the Guttenberg-Richter empirical law (Guttenberg and
Richter, 1944) as a particular case, has been analytically
deduced in the framework of Tsallis statistical mechan-

ics (Sotolongo-Costa and Posadas, 2004). More recently,

A central property of the magnetic storm, solar flare, andSHva et al. (2006) have revised the model introduced by

earthquake preparation process is the possible occurrenc%omlpngo'COSta and Ppsadas (2004). Theiranalysis resulted
of coherent large-scale collective behavior with a very rich ina d|ffe(rjegt r::)nebxtenslé\_/eh(tsutttenbelrg-Rl_c htSer ttylpe IaWéThte
structure resulting from the repeated nonlinear interactiondOPOS€d LULtenberg-Richter type faws in Sotolongo-L.osta

among their constituents taking place in the magnetospher?rld Eosadgs (2.0.0.4) b gt. al. (2.0 06)|provide an engl—
(Chang et al., 2003, 2006, 2010; Consolini et al., 2005; €Nt fit to seismicities generated in various large geographic
areas usually identified as “seismic regions”, each of them

covering many geological faults. We emphasize that the em-
Correspondence td3. Balasis pirical statistical relationship by Guttenberg-Richter does not
BY (gbalasis@space.noa.gr) bury any information about a specific activated fault.
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The primary question we can ask in the context of com- For subsystems that have special probability correlations,
plex systems theory is whether the aforementioned nonexterextensivity
sive laws not only successfully describe the magnitude dis-
tribution of earthquakes in various seismic regions in Earth"1(4+8)=51(4)+51(8)
but also magnetic storms, solar flares and pre-seismic EMs not valid for S1, but may occur forS, with a particular
emissions, rooted in the activation of a single fault, in thevalue of the indey. Such systems are sometimes referred to
solar-terrestrial system. A subsequent question is whethess nonextensive (Tsallis, 1988, 2009).
these laws successfully describe the magnitude distribution The caseg > 1 andg < 1, correspond to sub-additivity, or
in all the cases under study with a similar nonextensive ensuper-additivity, respectively. We may think gfas a bias-
tropic paramete. We show that both key questions accept parameter:q < 1 privileges rare events, while > 1 privi-
a positive answer. It is worth mentioning that the estimatedleges prominent events.
g nonextensive parameter values are in full agreement with
the upper limit,g < 2, obtained from several independent

studies involving the Tsallis nonextensive framework (Tsal-3 Calculation of Tsallis entropy using symbolic
lis, 2009). dynamics methods

The basic idea of symbolic dynamics is simple. One divides
2 Principles of Tsallis statistical mechanics the phase space into a finite number of partitions and la-

bels each partition with a symbol (e.g. a letter from some
The aim of statistical mechanics is to establish a direct |inka|phabet)_ Instead of representing the trajectories by infinite
between the mechanical laws and classical thermodynamsequences of numbers-iterates from a discrete map or sam-
ics. One of the crucial properties of the Boltzmann-Gibbspled points along the trajectories of a continuous flow, one
entropy in the context of classical thermodynamics is extenatches the alteration of symbols. Of course, in so doing
sivity, namely proportionality with the number of elements one loses an amount of detailed information, but some of the
of the system. The Boltzmann-Gibbs entropy satisfies thisnvariant, robust properties of the dynamics may be kept, e.g.
prescription if the subsystems are statistically (quasi-) inde-periodicity, symmetry, or the chaotic nature of an orbit (Hao,
pendent, or typically if the correlations within the system are 1989).
essentially local. In such cases the system is called exten- |n the framework of symbolic dynamics, time series are
sive. In general, however, the situation is not of this type andiransformed into a series of symbols by using an appropriate
correlations may be far from negligible at all scales. partition, which results in relatively few symbols. After sym-

It has been established that physical systems, which argolization, the next step is the construction of “symbol se-
characterized by long-range interactions or long-term mem-quences” (“words” in the language symbolic dynamics) from
ories, or are of a multi-fractal nature, are best described bythe symbol series by collecting groups of symbols together in
a generalized statistical-mechanical formalism proposed byemporal order.

Tsallis (1988, 2009). More precisely, inspired by multifrac-  Herein, we estimates, based on the concept of sym-
tals concepts, Tsallis introduced an entropic expression chamolic dynamics: from the initial measurements we gen-
acterized by an indey, which leads to nonextensive statis- erate a sequence of symbols, where the dynamics of the

tics (1988, 2009): original (under analysis) system has been projected (Hao,
1 w 1989). More precisely, the origindls; time series of length
Sy :k—l (1—pr>, (1) N, (X1,Xo2,...,Xy), is projected to a symbolic time series
q9- i=1 (A1,As,...,Ayn) with A, from a finite alphabet of. letters
where p; are probabilities associated with the microscopic (0,...,A —1) (see for example Balasis et al., 2008, 2009).
configurations,W is their total numberg is a real number After symbolization, the next step in identification of
called the entropic index aridis Boltzmann’s constant. temporal patterns is the construction of symbol sequences

The entropic index describes the deviation of Tsallis en-with size L. We use the technique of lumping. Thus,
tropy from the standard Boltzmann-Gibbs entropy. Indeedwe stipulate that the symbolic sequence is to be read
using pi(q—l) = @ DING) ~ 14 (g — D)In(p;) in the limit  in terms of distinct successive “blocks” of length,

g — 1, we recover the usual Boltzmann-Gibbs entropy: A1, A2, AL[ALy1, . AL ALy, AL
W The number of all possible blocks of lengthin a A-letter
Sy = _kZI" In(p;). ) alphabet isN; = AL. We determine the probabilities of oc-
e A currence of each a¥;, different kind of blocks,

. . _P(L) Ay 4,,.... =
The entropic indey characterizes the degree of nonexten Number & biocks of the fOrMiy.4y....4;, encounter by lumping

sivity reflected in the following pseudo-additivity rule: Total number of blocks encountered by lumping
1—g To be more concrete, the simplest possible coarse grain-
Sq(A+B)=Sq(A)+S8q(B)+ ——5,(A)Sq(B). (3)  ing of the D index is given by choosing a threshotd
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(usually the mean value of the data considered) and assign- 3. The motion of the fault planes can be hindered not only

ing the symbols “1” and “0” to the signal, depending on by the overlapping of two irregularities of the profiles,
whether it is above or below the threshold (binary partition). but also by the eventual relative position of several frag-
Thus, we generate a symbolic time series from a 2-letter ments. Thus, the mechanism of triggering earthquakes
(» = 2) alphabet (0,1), e.g. 0110100110010110 Read- is established through the combination of the irregular-
ing the sequence by lumping of length= 2 one obtains ities of the fault planes on one hand and the fragments
01/10/10/01/10/01/01/10/.... The number of all possible between them on the other hand.

kinds of blocks istt =22 =4, namely 00, 01, 10, 11. Thus,
the required probabilities for the estimation of the Tsallis en-
tropy poo, po1, 1o, p11 are the fractions of the blocks 00,
01, 10, 11 in the symbolic time series.

The S, for the word lengthL is

4. The fragments-distribution function, and consequently
the energy-distribution function, emerges naturally
from a nonextensive framework starting from first prin-
ciples, i.e. the maximum entropy formalism.

1 In the context of Sotolongo-Costa and Posadas
S, (Ly=k——|1— Z [(P(L) Ay Ara 19). (8 model (2004) Tsallis entropy has the form
q q_l 1,42 L

(A1,A2,...AL)
1— [pi(o)do
Broad symbol-sequence frequency distributions producegq =k g—1 ’ (6)
high entropy values, indicating a low degree of organization.
Conversely, when certain sequences exhibit high frequenciegvhere p(o) stands for the probability of finding a fragment

lower entropy values are produced, indicating a high degre®f relative surface (which is defined as a characteristic sur-
of organization. face of the system in Sotolongo-Costa and Posadas, 2004).

The maximum entropy formulation for Tsallis entropy in-
volves the introduction of the following two constraints. The

4 A nonextensive model for earthquake dynamics first one is the normalization gf(c):
The nonextensive formulation (1) seems to present an approfoop(a)da -1 @
priate theoretical tool to investigate complex systems in their /g

nonequilibrium stationary states, systems with multifractal
and self-similar structures, systems dominated by long-rang
interactions, as well as anomalous phenomena.

The process of shock fragmentation associated to earth-{* q _
quakes, especially when energies are high enough, leads ty{; opi(0)do =<<0>>4. 8)
the existence of long-range correlations between all parts o
the object being fragmented. Then the use of a nonextensivé
approach seems to be appropriate.

Guttenberg and Richter (1944) proposed an empirical |

and the other is the ad hoc condition aboutghmean value,
Shich can be expressed as

inally, based on the extremization of the entropy functional,
otolongo-Costa and Posadas (2004) obtained the follow-
aV\)'ng analytic expression for the energy distribution of earth-

that expresses the relationship between the magnitude an akes:

total number of earthquakes in any given region and time 2—q

period of at least that magnitude log(N (> m)) =logN + (1_q) x

log(N (> m)) =a — bm, (5) Iog[l—l—a(q—l) x (2—q)<1—4>/<‘1—2>102’"], (9)

whereN is the number of events having a magnitude greater \here N is the total number of earthquaked(> m)
thanm anda andb are constants. the number of earthquakes with magnitude larger than

Now, we focus on the seismicity model proposed by andm ~ log(e). This is not a trivial result, and incorpo-
Sotolongo-Costa and Posadas (2004) in the framework ofates the characteristics of nonextensivity into the distribu-
Tsallis statistical mechanics. Its theoretical ingredients readjgn of earthquakes by magnitudea is the constant of
as follows: proportionality between the earthquake energyand the
size of fragmenty. More precisely, Sotolongo-Costa and
Posadas (2004) assume that r.

Sotolongo-Costa and Posadas (2004) successfully
2. The space between fault planes is filled with the used Eq. §) to describe the relative cumulative number
residues of the breakage of the tectonic plates, fromof earthquakes to different seismic regions withvalues
where the faults have originated. ranging from 1.6 to 1.65. It is very important to observe the

similarity in the value of the nonextensivity paramejefior
the three seismic catalogs of the different seismic regions

1. The mechanism of relative displacement of fault plates
is the main cause of earthquakes.
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Fig. 1. Dst time series (upper panel). The 31 March and 6 November 2001 magnetic storms are marked with red. GOES-12 5-min averages
X-ray flux, X; (1-8 Angstrom) time series (middle panel). The 20 January 2005 solar flare is marked with red. Electromagnetic time series
recorded at 10 kHz (lower panel). The pre-seismic EM emissions are shown in red. The 7 September 1999 Athens earthquake is marked with

red.

used. We note that Eq9) describes the energy distribution 2010). Those results could provide hints for further inves-
in the full range of detectable (earthquake) magnitudestigation in discriminating tectonic from volcanic seismicity.
very well. On the contrary, for the smallest and largest Furthermore, Telesca and Chen (2010) found that the nonex-
magnitudes the empirical formula of Guttenberg-Richtertensive statistics furnishes a very good prediction of the cu-
fails to describe the seismic data (Kossobokov et al., 2000mulative magnitude distribution of crustal seismicity in Tai-
Sornette and Helmstetter, 2002). wan. Matcharashvili et al. (2011) investigated the seismic
As it is mentioned, Silva et al. (2006) have revised catalogues of Southern Caucasus using a nonextensive statis-
the fragment-asperity interaction model introduced bytical approach and foundgparameter equal to 1.81, a quite
Sotolongo-Costa and Posadas (2004). They consider thignportant value also from our point of view as it is shown
current definition of the mean value, i.e. the so-called next.
expectation value (see Abe and Bagci, 2005 for details).

Moreover, they introduce a different scale between the size o )
of the released relative energyand the size of fragmemt ~ © APPplication of the earthquake nonextensive model

i.e. ¢ ocr2. The magnitude-distribution function deduced in  {©© magnetic storms, solar flares and pre-seismic EM
their approach is given by emissions
Magnetic storms are initiated when enhanced energy transfer

log(N (> m)) = logN + ((i_q)) X from the solar wind (and the associated interplanetary mag-
a4 netic field-IMF) into the magnetosphere leads into intensifi-

log |:1_ <1—_61> (@)} (10)  cation of the ring current that flows around the Earth (e.g.

2—qg)\a?23 )| Daglis, 2006). Magnetic storm intensity is usually repre-

sented by an average of the geomagnetic perturbations mea-

which is different from Eq.¥) obtained by Sotolongo-Costa sured at four mid-latitude magnetic observatories, known as
and Posadas (2004). the hourly Dg; index (ttp://swdcwww.kugi.kyoto-u.ac.jp/

Silva et al. (2006) successfully tested the viability of this which serves as a proxy of the ring current intensity. In this
distribution function with data in various areas withvary- study, we consider 1-yDs; data (2001) that include two in-
ing between 1.6 and 1.7. By using the Tsallis-based nonextense magnetic storms, which occurred on 31 March 2001
tensive statistics, the analysis of the magnitude distribution ofwhen Dg; reached-387 nT) and 6 November 2001 (with a
several seismic catalogues in Italy was performed (TelescaDs; of —292 nT) (Fig. 1, upper panel).

Nonlin. Processes Geophys., 18, 5632 2011 www.nonlin-processes-geophys.net/18/563/2011/
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Fig. 2. We use the Gutenberg-Richter law (Eq. 5) to calculate the cumulative numtigg; ofata, N (> m) (upper panel). There is an
agreement of the aforementioned formula oz 0.93 with the Dst time series. We then use the Gutenberg-Richter law to calculate the
cumulative number of X-ray flux datay (> m) (middle panel). There is an agreement of the aforementioned formula=£d.94 with

the X-ray flux time series. Finally, the Gutenberg-Richter law is used to calculate the cumulative number of pre-seismic EM emission data,
N (> m) (lower panel). There is an agreement of the aforementioned formute=f@.57 with the pre-seismic EM emission time series.

Solar flares are highly energetic explosions from active re-days up to a few hours prior to this earthquake (Kapiris et
gions of the Sun in the form of EM radiation, energetic par- al., 2004a). The seismogenic origin of this EM activity has
ticle and plasma flows powered by strong and twisted magbeen supported by a series of papers (Eftaxias et al., 2001,
netic fields. A solar flare occurs when magnetic energy tha2004, 2007; Kapiris et al., 2004a, b, 2005; Karamanos et al.,
has built up in the solar atmosphere is suddenly released2005, 2006; Contoyiannis et al., 2005). The candidate pre-
In particular, radiation is emitted across virtually the entire cursory 10 kHz EM emission emerged on 1 September 1999
EM spectrum, from radio waves at the long-wavelength end (Karamanos et al., 2005, 2006) (Fig. 1, lower panel, signal in
through optical emission to X-rays andrays at the short- red). Figure 1 shows that the precursor launches from a long
wavelength end. Solar flares are classified as A, B, C, M omuration quiescence period concerning the detection of EM
X according to the peak flux (in Wn?) of 100-800 pm X-  disturbances at the kHz frequency band (Fig. 1, lower panel,
rays near the Earth, as measured on the GOES spacecra#tl data). This category of EM anomalies are related to the
Each class has a peak flux ten times greater than the precedeupled Earth’s ionosphere, atmosphere and lithosphere sys-
ing one, with X-class flares having a peak flux of the order oftem (Pulinets and Boyarchuk, 2004).
10~4Wm~2. The more powerful M- and X-class flares are Fi 5 | th licabilitv of the Guttenb
often associated with a variety of effects on the near—Eartihi lgure < exploreés the applicabliity of the Lutienberg-

space environment. Herein, we consider 3 months of GOES- chter law (Eq. 5) .to t.heDS‘Z X-ray flux andkHz E.M

. . anomaly data shown in Fig. 1, i.e. to the energy associated to
12 X-ray fluxes (5-min averages detected in 1-8 Angstrom)ma netic storms, solar flares and pre-seismic EM emissions
(Fig. 1, middle panel). We focus on a series of M- and X- 9 ' b '

class solar flares, which occurred in the single extensive ac[espectlvely. In th_e case of X-ray flux we take the integral of

. ; . _fluxes for calculating energy, whereas in the cas®gfthe
tive region 0720 between 10 and 23 January 2005. In partlc-S uare of the amplitude of the index (i.e. the square of the ge-
ular, the solar flare that occurred on 20 January 2005 released! P o q g

the highest concentration of protons ever directly measured.omagnetlc f.'eld) IS proporuopal to energy. Regardlng the kHz
EM anomalies we only consider the red part of the signal (cf.

Earthquakes are large-scale fracture phenomena in thEig. 1 lower panel), which is transformed into energy by tak-
Earth’s heterogeneous crust. Herein, we focus on the casig the square of the voltage. At each panel of Figv2s the
of Athens earthquake\{s = 5.9) that occurred on 7 Septem- total number of data anty (> m) the number of values ex-
ber 1999. EM anomalies at 10 kHz were detected from a fewceedingn. The threshold is-30 nT for theDs; index, which

www.nonlin-processes-geophys.net/18/563/2011/ Nonlin. Processes Geophys., 53258611
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Fig. 3. We use the Gutenberg-Richter (G-R) type law for the nonextensive Tsallis statistics (Eq. 10) to calculate the relative cumulative
number ofDst data,N (> m)/N (upper panel). There is an excellent agreement of the aforementioned formula wilk tiree series. The
threshold is—30 nT, which results in 164 events, and the associated parametetlis84. We then use Eq. (10) to calculate the relative
cumulative number of X-ray flux dat&/ (> m)/N (middle panel). There is an excellent agreement of the aforementioned formula with the
X-ray flux time series. The threshold is1®W m—2, which results in 141 events, and the associated parameter is82. Finally, Eq. (10)

is used to calculate the relative cumulative number of pre-seismic EM emissionNdatan)/N (lower panel). There is an excellent
agreement of the aforementioned formula with the pre-seismic EM emission time series. The threshold is 500 mV, which results in 626
events, and the associated parametgr=sl.84.

results in 164 events, 16 W m~2 for the solar fluxes, which magnitude larger tham, and« a proportionality constant.
results in 141 events and 500 mV for the kHz EM anomalies,There is an excellent agreement of the aforementioned for-
which results in 626 events. For the case offhgindex, the  mula with the Dg; time series (upper panel). The threshold
energy associated with each data point is given by the squars —30 nT, which results in 164 events, and the associated
of the difference between the field value and a backgroundrsallis value isy =1.84. There is an excellent agreement of
noise level (threshold). For the case of X-ray data, wherethe aforementioned formula with the X-ray flux time series
the measured quantity is the energy flux, there is no need t¢middle panel). The threshold is T®W m~—2, which results
use the square of the data. In both cases, we consider a sig 141 events, and the associated Tsallis valye44.82. Fi-
quence ofV consecutive values that surpass the threshold taally, there is an excellent agreement of the aforementioned
constitute an “event” and measure its energy by summing (informula with the pre-seismic EM emission time series (lower
tegrating) the individual data-point energies that comprise it.panel). The threshold is 500 mV, which results in 626 events,
We then use Gutenberg-Richter law to calculate the cumulaand the associated Tsallis valugyis-1.84.

tive number of each kind of energies. There is an agreement We clarify that the parameter itself is not a measure

of the Guttenberg-Richter formula fér=0.93 with theDst ¢ e complexity of the system but measures the degree of
data, forb = 0.94 with the X-ray fluxes and far = 0.57 with 1 ,heytensivity of the system. It is the time variations of the
the pre-seismic EM emission time series. Tsallis entropy for a giveq (S,) that quantify the dynamic
Figure 3 explores the applicability of the nonextensive changes of the complexity of the system. Lowgr val-
Guttenberg-Richter type law (Eq. 10) to the three differentues characterize the portions of the signal with lower com-
kinds of data used in Fig. 2, i.e. to the energy related to magplexity. Tsallis entropyS,, depends upon the choice of en-
netic storms, solar flares and pre-seismic EM emissions, retropic indexq (Eq. 1). The application of the nonextensive
spectively. The various data are transformed to energies aSuttenberg-Richter type law (Eq. 10) to the data of Fig. 1
in Fig. 2. For each category of extreme eveMss the total ~ presents a way to derive approprigtesalues for calculat-
number of dataN (> m) the number of values exceeding ing the corresponding Tsallis entropies for each phenomenon
N(>m)/N the relative cumulative humber of events with (Kalimeri et al., 2008; Balasis and Eftaxias, 2009). Figure 4

Nonlin. Processes Geophys., 18, 5632 2011 www.nonlin-processes-geophys.net/18/563/2011/
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Fig. 1.

shows the temporal evolution of Tsallis entropy for the time occurrence of a large solar flare is the growth of the correla-
series ofDg, X-ray flux and kHz EM recordings of Fig. 1. tion length in the system. The occurrence of less intense so-
The calculation of the entropy values is based on the use ofar flare events (as evidenced here by the decreases in Tsallis
Tsallis parameterg found when applying Eq. (10) to each entropy) represents a footprint related to the increase of the
type of data, i.e. 1.84 in the case of time series associated toorrelation length in the system.
magnetic storms, 1.82 in the case of time series associated The three time series analyzed herein include both quiet
to solar flares and 1.84 in the case of time series associateahd disturbed times of the magnetosphere, solar corona and
to pre-seismic EM emissions. We clarify that the compu- coupled Earth’s ionosphere, atmosphere and lithosphere sys-
tation of Tsallis entropy assumes stationarity for the signal.tem, respectively. The Tsallis entropy sensitively shows
In practice, the condition of stationarity for non-stationary the complexity dissimilarity among different “physiological”
signals can be satisfied by dividing the signal into blocks of (normal) and “pathological” states (intense magnetic storm,
short, pseudo-stationary segments (Akay, 1997). Then Tsalarge solar flare and destructive earthquake). The Tsallis en-
lis entropy values are calculated using formula (4) for thetropy implies the emergence of two distinct patterns at each
corresponding Tsallis parameter values. time series: (i) a pattern associated with the above mentioned
Figure 4 shows that in time intervals around extremeextreme events, which is characterized by a higher degree of
events (i.e. intense magnetic storms of 31 March 2001 andrganization, and (ii) a pattern associated with normal peri-
6 November 2001, solar flare of 20 January 2005, and eartheds, which is characterized by a lower degree of organiza-
guake of 7 September 1999) the corresponding Tsallis ention.
tropies of Dt data, X-ray fluxes and EM emissions, respec-
tively, attain lower values than for the rest of the time series.
Lower entropy means lower complexity or a higher degree6 Conclusions
of organization for the corresponding natural system (mag-
netosphere, solar corona and coupled Earth’s ionosphere, aEmpirical evidence has been mounting that supports the pos-
mosphere and lithosphere system, respectively) around thsibility that a number of systems arising in disciplines as di-
particular extreme event. verse as physics, biology, engineering, and economics may
One can observe in Fig. 4 (X-ray flux data) that Tsal- have certain quantitative features that are intriguingly simi-
lis entropy is reaching low values (0.2) a few times during lar. Universality relates to the uncovering of a universal for-
the considered interval, but only one minimum is associatednula that describes with good approximation the same prop-
with a large flare. A possible explanation for this observa-erty on different systems (Zhou et al., 2006). For instance,
tion is related to the fact that a necessary condition for thede Arcangelis et al. (2006) showed that the same empirical
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and solar flares parameters used for fitting Eq. (10) to the
data have quite close values while pre-seismic EM emissions
parameters values are a bit different. There has been a se-
ries of attempts to search for common features in different
natural phenomena. Kossobokov et al. (2000) explored the
similarities of multiple fracturing on a neutron star and on
the Earth. Starquakes provided the drastic extension of the
realm of multiple fracturing previously observed in an al-
ready broad variety of conditions, from the lithosphere of
the Earth through geotechnical and engineering construc-
tions to laboratory samples of solid materials. Kossobokov
et al. (2000) found similarities that may reflect a scenario

log(N(>m)/N)

©  Magnetic storms (4=1.34, 0=15.8)

Solar flares (q=1.34. 0=14.2) 4 of a critical transition, common for a broader class of non-

A Pre-seismic EM emissions (g=1.13, 0=29.9)
T T T T

o o1 oz os  o0a 05 o5 o7 05 o5 1 linear systems. Sornette and Helmstetter (2004) presented

-3

m

evidence of critical stochastic finite-time singularities in the

Fig. 5. Searching for the existence of a master universal curvelUPture of heterogeneous materials, in the largest sequence

by appropriately scaling the three different cumulative distribution Of Starquakes ever attributed to a neutron star, as well as in
functions of Fig. 4. earthquake sequences. Another interesting observation that

witnesses universality among different systems is the emer-

gence of discrete scale invariance. Discrete scale invariance
laws widely accepted in seismology also characterize, surhas been documented so far in ruptures, seismicity, financial
prisingly, the size and time occurrence of solar flares. Re-systems (for a review see Sornette, 2004) and also quite re-
cently, Balasis et al. (2011a) provided evidence for universal-cently for Dg; time series (Balasis et al., 2011b).
ity in solar flare, magnetic storm and earthquake dynamics. A number of authors (e.g. Nauenberg, 2003; Zanette and
Herein, we extend that work to also include pre-seismic EMMontemurro, 2004; Lavenda and Dunning-Davies, 2003a,
emissions. b) expressed different views on the significance of Tsallis

First, the applicability of the Guttenberg-Richter law to the entropy. However, since its launch more than 2 decades
Dg;, X-ray flux and kHz EM anomaly data is demonstrated. ago the theory of Tsallis statistics has been succesfully ap-
Then, we concentrate on signatures of universality in theplied to a wide range of phenomena in diverse disciplines
solar-terrestrial system using the nonextensive Tsallis statissuch as physics, chemistry, biology, medicine, economics,
tics (Tsallis, 1998). A previously derived equation describing geophysics etc. Herein, we have applied Tsallis statistical
earthquake dynamics of a single fault is used (Silva et al. mechanics in a variety of diverse natural phenomena in the
2006). This formula stands for a nonextensive Guttenbergsolar-terrestrial system. The theory gives promising results
Richter type law since it was developed in the frameworkwith respect to a commonly observed behavior around ex-
of nonextensive Tsallis statistical mechanics. Moreover, di-treme events related to these phenomena.
rect Tsallis entropy variations are provided for correspond- Efforts to infer a possible explanation for the observed
ing time series of various categories of extreme events. Weommon behavior of these extreme events in the solar-
show that geomagnetibs; index time series around intense terrestrial system poses a question about the origin of the
magnetic storms, X-ray flux data around large solar flaresccommon features observed in such different phenomena. The
and kHz EM emissions around strong earthquakes obey thpresented similarities suggest that these apparently diverse
same nonextensive energy distribution function. We thusphenomena may follow qualitatively similar physical mech-
provide evidence for universal behavior in the Earth’s mag-anisms. For instance, de Arcangelis et al. (2006) suggested
netosphere, solar corona and in the coupled Earth’s ionothat magnetic stress transfer in the solar corona plays the role
sphere, atmosphere and lithosphere system where magnetid elastic stress redistribution on the Earths crust. We suggest
storms, solar flares and pre-seismic kHz EM anomalies octhat plasma pressure distribution in the inner magnetosphere
cur, respectively. The presence of universality is further sup-could play the role of magnetic stress transfer in the solar
ported by the observation that all the different types of datacorona and elastic stress redistribution on the Earths crust.
considered here for the various phenomena obey the nonexXrherefore, diagnostic and forecasting ideas and methodolo-
tensive Guttenberg-Richter type law with an almost identicalgies can be transferred from one discipline to another thus
Tsallis entropic parameter valge which is equal to 1.8. helping to improve the present status of knowledge at each
Because the existence of a scaling ansatz would be intediscipline.

esting for its physical implications, we also search for the
existence of a master universal curve by appropriately scal-
ing the three different cumulative distribution functions of
Fig. 4. The results are presented in Fig. 5. Magnetic storms
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