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Abstract. The so called g¢-triplets were conjectured in 2004
[C. Tsallis, Physica A 340, 1 (2004)] and then found in nature in
2005 [L.F. Burlaga, A.F. Vinas, Physica A 356, 375 (2005)]. A rel-
evant further step was achieved in 2005 [C. Tsallis, M. Gell-Mann, Y.
Sato, PNAS 102, 15377 (2005)] when the possibility was advanced that
they could reflect an entire infinite algebra based on combinations of
the self-dual relations ¢ — 2 — ¢ (additive duality) and ¢ — 1/q (multi-
plicative duality). The entire algebra collapses into the single fixed point
q = 1, corresponding to the Boltzmann-Gibbs entropy and statistical
mechanics. For ¢ # 1, an infinite set of indices ¢ appears, correspond-
ing in principle to an infinite number of physical properties of a given
complex system describable in terms of the so called g-statistics. The
basic idea that is put forward is that, for a given universality class of
systems, a small number (typically one or two) of independent ¢ in-
dices exist, the infinite others being obtained from these few ones by
simply using the relations of the algebra. The g¢-triplets appear to con-
stitute a few central elements of the algebra. During the last decade,
an impressive amount of g-triplets have been exhibited in analytical,
computational, experimental and observational results in natural, arti-
ficial and social systems. Some of them do satisfy the available algebra
constructed solely with the additive and multiplicative dualities, but
some others seem to violate it. In the present work we generalize those
two dualities with the hope that a wider set of systems can be handled
within. The basis of the generalization is given by the selfdual rela-
tion ¢ = qa(q) = % (a € R). We verify that ¢g.(1) = 1, and that
g2(q) = 2 — q and go(q) = 1/q. To physically motivate this generaliza-
tion, we briefly review illustrative applications of g-statistics, in order
to exhibit possible candidates where the present generalized algebras
could be useful.
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1 Introduction

The goal of statistical mechanics is, starting from the microscopic natural rules (clas-
sical, relativistic, quantum mechanics, chromodynamics) and adequately using prob-
ability theory, to arrive to the thermodynamical relations. Along these connections
between the macro- and micro- worlds, the ultimate link is made through the funda-
mental concept of entropy. This finding, accomplished against a stream of criticism,
surely is one of the most powerful and fruitful breakthroughs of the history of physical
sciences. It was achieved by Boltzmann in the last three decades of the nineteenth
century. His result, currently known by every pure and applied scientist, and carved
on his tombstone in Vienna, namely,

SBG:]CIIIW, (1)

is the mathematical link between the microscopically fine description (represented
by W, the total number of accessible microscopic states of the system) and the
macroscopic measurable quantities (represented by the entropy Sp¢, the very same
quantity introduced by Clausius in order to complete thermodynamics!). Apparently,
equation (1) has been explicitly stated in this form for the first time by Planck, but it
was definitively known by Boltzmann and is carved in his tombstone in Vienna. The
index G stands for Gibbs, who put Boltzmann’s ideas forward and overspread the
(classical) statistical mechanics concepts through his seminal book [1]. Equation (1)
is a particular instance of a more general one, namely

w w
Spa = —k Zpi In p; (sz = 1) . (2)
im1 im1

When every microstate is equally probable, i.e., when p; = 1/W Vi, we recover equa-
tion (1). Evidently quantum mechanics was unknown to Boltzmann and it was just
birthing when Gibbs’ book was published. It was left to von Neumann to extend
equation (2) in order to encompass quantum systems. He showed that the entropy
for a quantum system should be expressed by using the density matrix operator p,
namely

Spa = —kTr[p Inp](Trp = 1), (3)
sometimes referred to as the Boltzmann-Gibbs-von Neumann entropy (or just von
Neumann entropy). Notice indeed that the above equation recovers equation (2) when
p is diagonal.

The optimization of the entropy with appropriate constraints provides the thermal
equilibrium distribution, namely the celebrated BG exponential distribution, whose
consequences are consistent with classical thermodynamics. In what follows we shall,
however, see that entropic functionals different from the BG one must be used in order
to satisfy thermodynamics for complex systems which strongly violate the probabilis-
tic independence (or quasi-independence) hypothesis on which the BG entropy is
generically based. This is typically the case whenever there is breakdown of ergod-
icity. Several dozens of non-BG entropic functionals have been studied along quite a
few decades. We focus here on the following one (introduced in [2] with the aim to
generalize the BG statistical mechanics):

1_ ZW » 144 1 W w
Sq:kﬁ:kZpilnq;:—kZp?lnqp,»:—kZpilng,qpi, (4)
i=1 * i=1 i=1
where ¢ € R, and Ing 2z = Zl;_q(;l (In; z =Inz). We straightforwardly verify that

limg 1 Sy = Spa. The inverse of the g-logarithmic function In, 2 is the g-exponential
function ef = [1+ (1 - q)z]ﬁ7 if 14 (1 —¢)z > 0, and zero otherwise (e = €*).
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An entropic functional S is said additive if it satisfies[3], for any two probabilis-
tically independent systems A and B, that S(A+ B) = S(A) + S(B); otherwise it is
said nonadditive. We easily verify that

Sy(A+B) _ S,(4)  S,(B) Sq(A4) S4(B)

k k PG i e ()

Therefore Sp is additive, and S, (with ¢ # 1) is nonadditive. The generalization
of the BG thermostatistical theory is currently referred to as nonextensive statistical
mechanics [2,4-10] (see [11] for a regularly updated Bibliography. The entropy S, sat-
isfies several interesting properties; among them, the uniqueness theorems proved by
Santos and by Abe [12,13], as well as the connection [14] with the Einstein likelihood
factorization principle deserve a special mention.

The natural, artificial and social complex systems to which S; and its associated
statistical mechanics have been applied are very diverse. They include long-range
interacting many-body Hamiltonian systems (see [15-36] for an overview) of vari-
ous types and symmetries (let us incidentally mention that long-range versions of
the interesting types focused on in [37,38] have not yet been handled), as well as
non-Hamiltonian ones [39], low-dimensional dynamical systems [40-56], cold atoms
[57-59], plasmas [60-68], trapped atoms [69], spin-glasses[70], granular matter [71],
high-energy particle collisions [72-80], black holes and cosmology [81,82], chemistry
[83], economics [84-86], earthquakes [87], biology [88,89], solar wind [90], anomalous
diffusion and central limit theorems [91-99], quantum entangled and nonentangled
systems [100-102], quantum chaos [103], astronomical systems [104,105], signal and
image processing [106-110], self-organized criticality [111], mathematical structures
[112-116], scale-free networks [117,118], among others.

2 g-triplets

The optimization of Spe under appropriate constraints yields exponential forms for
the probabilities, as well as for other relevant thermostatistical quantities (relaxation
behaviors and sensitivity to the initial conditions are typical dynamical ones). It
happens, however, that virtually all those natural, artificial and social systems usu-
ally considered as complex violate this behavior. Indeed they asymptotically present
slower behaviors such as (very frequently) power-laws, and (occasionally) stretched
exponentials, to only mention the most typical ones’.

Let introduce now the g-triplet along the lines of [6]. We consider the following
ordinary differential equation

dy
=ay (y(0)=1), (6)

! By the way let us mention a very frequent error in the literature, namely a confusion
between asymptotic and strict power-law behaviors. The original Pareto law refers to a
distribution which only asymptotically behaves like a power law, say 1/z°. In fact, no nonzero
distribution of a real positive unbounded random continuous variable can exist with a single
power law since it is non normalizable; indeed, fooo dx2~” diverges for any real value of 3.
The Lévy, g-exponential, g-Gaussian, (g, «)-stable distributions [92,94,97] are all different.
They constitute but a few among the infinitely many distributions which asymptotically
behave as a power law. They exhibit nevertheless important differences for finite values of
the random variable. It is therefore a severe misuse to plainly refer, as regretfully done very
frequently in the literature, to “Lévy distribution” every time that in a log-log plot a straight
line is observed along some decades. As said, Lévy distributions are only one case among
infinitely many which asymptotically behave as power-laws (for other similar misnomers, see
[119)).
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Table 1. Three possible physical interpretations of equation (7) within BG statistical
mechanics.

| 2| a | y(z) I
Equilibrium distribution E; -3 Zip(E;) = e PBE:
Sensitivity to the initial conditions t A1 E(t) =eMt
Typical relaxation of observable O t | —1/n Q) = e ¥/
whose solution is given by
y=e*". (7)

We may think of it in at least three different physical manners, related respectively
to the sensitivity & to the initial conditions, to the relaxation in phase space (of
say the BG entropy towards its value at thermal equilibrium), and, if the system is
Hamiltonian, to the distribution of energies (or analogous quantities such as the distri-
bution of velocities) at thermal equilibrium. In the first interpretation we refer to the
exponential divergence with time of two trajectories in phase space with slightly dif-
ferent initial conditions. In the second interpretation, we focus some relaxing relevant
quantity

0(t) ~ O(c0) .
0(0)—0(x0)° )
where O is some dynamical observable essentially related to the evolution of the
system in phase space (e.g., the time evolution of entropy while the system approaches
equilibrium). We typically expect

Qt) =

Q(t) =et/m, (9)

where 7 is the relaxation time (depending on the physical property that we are focus-
ing on, it might be 1/73 ~ A; or not, where \; is the maximal Lyapunov exponent).
Finally, in the third interpretation, we have

Zipi = e PP, (10)
where Z; = 23‘11 e~ PFi is the BG partition function. The various interpretations are

summarized in Table 1.
Let us now generalize these statements. The solution of the differential equation

W _ _
Wy (w0 =1) (1)
is given by
y=[1+(1—-qlaz]a=e". (12)

These expressions respectively generalize expressions (6) and (7). As before, we may
think of them in three different physical manners, related respectively to the sensi-
tivity to the initial conditions, to the relaxation in phase space, and, if the system
is Hamiltonian, to the distribution of energies at a stationary state. In the first in-

terpretation we reproduce? & = eq)‘jjfb" ‘. In the second interpretation, we typically

2 At the Feigenbaum point of z-logistic maps, the situation is more complex. Indeed, an
infinite number of {),,., }’s emerges for specific sequences of times (see Eq. (6) in [47]; see
further details in [50]).
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Table 2. Three possible physical interpretations of equation (12) within nonextensive sta-
tistical mechanics.

| ] a | y(z) |
Stationary state distribution E; -8 Zgoras D(E:) = e PEi
Sensitivity to the initial conditions || ¢ Adsen £(t) = e;;‘if;f" !
Typical relaxation of observable O t | —1/7q,.. Qt) = e;te/:q"e’
expect
—t
Q(t) = g, ™, (13)
where 7, is the relaxation time. Finally, in the third interpretation, we have
_ E;
qutatpi = e Pastar ) (14)
here Zy,,,, = S0, eqltstet i s th lized partition function. The vari
where Z, , , = ijl €qeror is the g-generalized partition function. The various

interpretations are summarized in Table 2. The set (@sen, @rel, Gstat) cOnstitutes what
we shall refer to as the g-triplet (occasionally referred also to as the g-triangle). In the
BG particular case, we recover ¢sen = @rel = Qstat = 1. The existence of these three ¢-
exponentials characterized by the g-triplet was predicted in 2004 [120], and confirmed
in 2005 [90] in the solar wind (by processing the data sent to Earth by the spacecraft
Voyager 1); more along these lines can be found in [121].

A plethora of g-triplets (or of at least one of its elements) have been found in
solar plasma [90,122], the ozone layer [123], logistic map (see [40-42,47-50,53-56]),
El Nifio/Southern Oscillation [124], geological faults [125], finance [126], and elsewhere
[127-129].

3 Generalizing the additive and multiplicative self-dual relations

Let us consider the following transformation:

(a+2)—agq
== 15
o= 0= (a—2)q’ (15)
or, equivalently,
1 1 a
SR 16
1—-¢q, q-—-1 + 2 (16)

We straightforwardly verify that g2 = 2 — g (additive duality) and g9 = 1/q (multi-
plicative duality) [6,7,9,130]. Also, we generically verify selfduality, i.e., g.(ga(q)) =
q,¥(a,q), as well as the BG fixed point, i.e., g,(1) = 1,Va: See Figure 1. The duality
(15) is in fact a ratio of linear functions of ¢ which satisfies these two important
properties (selfduality and BG fixed point). It transforms biunivocally the interval
[1, —00) into the interval [1, —%5]. Moreover, for a = 3 and a = 5 we recover respec-
tively g3 = % [98] and g5 = % [99].

Let us combine now two® transformations of the type (15) (or, equivalently, (16)):

(a+2)—aq 1 1 a
o (a-2q  T-ald a-1 ' 2 (an

b= qa(q) = 5

3 Tt is also possible to combine, along similar lines, three or more such transformations.
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|
BN
| | |
— a=-1 -1 |
| | |
a=0 | | | |
— a=1 | | | |
| -2t | |
—a=2 I I I I
——a=3 I | | |
| | | |
—a=4 | =3 | I
| | | |
| | | |
I Ll | I

Fig. 1. The self-dual transformation g, (g) as given by equation (15), for typical values of a;
g2(q) = 2 — q recovers the additive duality; go(g) = 1/q recovers the multiplicative duality.
For a > 2, when g varies within (—oo, 1], g, varies biunivocally within [-25, 1], when ¢ varies
within [1, ~25], ga varies biunivocally within [1, —00), and when ¢ varies within [%5,0), ga
varies biunivocally within [co, —%5]. For a < 2, when ¢ varies within (—oo, ﬁ], qq varies
biunivocally within [ﬁ, —00), when ¢ varies within [ﬁ, 1], ga varies biunivocally

within (oo, 1], and when ¢ varies within [1, 0], ga varies biunivocally within [1, —z"5].

and
_(b+2) —bq 1 1 b

T e Sl 1)

with b # a. It follows that
_(b—a)—(b—a—2)q 1 1 b—a

w0l = ) e T da@)  1-¢ 2 0 )
and
Vu—>qb(qa(q)):(aib)i(aibimq—> 1 _ 1 +a7b7 (20)

(a—b+2)—(a—b)g 1-a(qa(q)) 1-—gq 2

with p? = v? =1, vp = ()™, and g4(qa(q)) = ¢,V(a, q).
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For integer values of m and n, we can straightforwardly establish

(m) ~ m(b—a)—[m(b—a)—-2)q
()™ = 4,3 (@) = ¢a(@6(2a(as(--.)))) = (b= a) 2] - m(b = a)g (21)
. 1 1 _ 1 +mb—a (22)
1-¢"V(q) T 1 ga(w(@a(@())  1-g 27
and
)" = 620 = alanlalanl-) = eI o)
. 1 1 _ 1 —|—naib (24)
1- @Q() 1—(qa(es(ga(-)))  1—¢ 2

As we see, ¢} = gu(a(q)) and i) = a(aa(a)).
(

For a 7é b and any integer values for (m,n), the above general relations can be
conveniently rewritten as follows:
2 1 2 1

S +m (m=0,+1,+2,..), (25)
b—a1—¢{W(q) b-al-g

and

2 1 2 1
= +n (n=0,%£1,£2,..). (26)
a_b1*Qb,a(Q) a—bl—g

For m =n =1 and (a,b) = (2,0) we recover the simple transformations qé}g =2-

(see Eq. (7) in [92], and footnote in page 15378 of [130]) and q(()IQ) = iq

We can also check that, with m = 0,+1,£2, ..., ()™ u and v(pur)™ correspond
respectively to

1
q

2 1 2—a 2 1 2—a
- - - - Sm. (@
b_al—qgj;’“)(q) 2(b — a) [b—al—q 2(b—a)}
and
2 1 2—b 2 1 2-b
— = — - . 2
b—aq_ ("m)(q) 2(b—a) [b—al—q 2(b—a)} tm (28)

Analogously we can check that, with n = 0,+1, +2, ..., (vu)"v and u(vp)™ corre-
spond respectively to

2 1 2—-0 2 1 2-b
- = - - -n, 29
a_bl—qlgz’”)(q) 2(a =) [a—bl—q 2(a—b)} (29)
and
2 1 2—-a 2 1 2—-a
[bfalfq_2(afb)} (30)

a—b1_ glmm(g) C2(a—b)

As we see, the algebras that are involved exhibit some degree of complexity. Let
us therefore summarize the frame within which we are working. If we have a unique
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parameter (noted a) to play with, we can only transform ¢ through equation (15). If we
have two parameters (noted a and b) to play with, we can transform ¢ in several ways,
namely through equations (22), (24), (27), (28), (29) and (30), with m =0, £1,+2, ...
and n = 0,+1,£2,...; the cases m = 0 and n = 0 recover respectively equations (17)
and (18). The particular choice (a,b) = (2,0) yields the algebra introduced in [6,
7,9,130]. Also, the particular choice (a,b) = (—=1,0) within the transformation (19)
recovers the transformation ¢ — 3_ , which plays a crucial role in the g-generalized

Central Limit Theorem [94]. More generally, the relation b — a = 1 recovers the v =
1/2 case of equation (32) of [131] (see also [115,116,132,133]).

4 Some final remarks

The data observed in [90] for the solar wind are consistent with the g-triplet [130]
(q.sena Gstat qrel) = (_0'5) 7/4) 4)

If we identify, in equation (19), (g, q((z 2) = (¢sen, @re1) we can verify that, for
a — b = 2, the data are consistently recovered. Moreover, if we use once again equa-
tion (19) and a — b = 2, but identifying now (g, ‘L(z g) = (Grel, Gstat), ONCe again the
data are consistently recovered. The particular case (a,b) = (2,0) was first proposed
in [130]. In other words, it is possible to consider this g-triplet as having only one
independent value, say ¢sen; from this value we can calculate ¢,.; by using equation
(19); and from g¢,.; we can calculate gstq¢ by using once again equation (19). This
discussion can be summarized as follows:

1 1 1 1 —b
- — = S (31)
1- Gsen 1- Grel 1- Grel 1- qstat 2

It is occasionally convenient to use the e-triplet defined as (€sen, €stats €ret) = (1 —
Gsens 1 — Qstat, 1 — qrer). Let us mention that an amazing set of relations was found

- -1
among these by [134], namely, €t = <255l €0, = \/Estat €rel 5 €0 = EPIJF%
The emergence of the three Pythagorean means in this specific g-triplet remains still
today enigmatic.

Let us now focus on a different system, namely the well known logistic map at its
edge of chaos (also referred to as the Feigenbaum point). The numerical data for this
map yield the g-triplet (Gsen, @stats grer) = (0.244487701...,1.65 £ 0.05,2.249784109...)
[41,51,53,135] *

A heuristic relation has been found [142] between these three values, namely,
€sen + €rel = esen €stat (using € =1 —gq). This relation straightforwardly implies
Qstat = f’_” . Through this relation we obtain ¢4 = 1.65424... which is perfectly
compatlble with 1.65 £ 0.05. In the generalized algebra that we have developed here
above we have three free parameters (g, a, b) in addition to the integer numbers (m,n).
It is therefore trivial to make various analytical identifications with (gsen, Gstat, @ret)-
The real challenge, however, is to find a general theoretical frame within which such
identifications (and, through the freedom associated with (m,n), infinitely many
more, related to physical quantities) become established on a clear basis, and not
only through conjectural possibilities. Such a frame of systematic identifications re-
mains up to now elusive and certainly constitutes a most interesting open question.

4 The value of Qstat deserves a comment. It is neither obtained by doing
lim(q—q,.)—0 UMy 00 NOr imy 00 lim(g—q,)—0 [136-138], but through the simultaneous limit
limpy_ o0, (a—a.)—0, as numerically exhibited in [53] and argued in [139-141] on the basis of
the Huberman-Rudnick scaling.
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Along this line, a connection that might reveal promising is that, if we assume that ¢
is a complex number (see, for instance, [143,144]), then equation (15) corresponds to
nonsingular [with (a + 2)(a — 2) — a? = —4 # 0, Va] Moebius transformations, which

form the Moebius group, defining an automorphism of the Riemann sphere.

I have benefited from fruitful remarks by D. Bagchi, E.M.F. Curado, A.R. Plastino,
P. Rapcan, G. Sicuro, P. Tempesta, U. Tirnakli and C. Vignat. I also acknowledge par-
tial financial support from CNPq and Faperj (Brazilian agencies), as well as from the John
Templeton Foundation (USA). It is both a great pleasure and a honor to dedicate this man-
uscript to my friend Alberto Robledo, wishing him a very happy beginning for his second
70 years!

References

1. J.W. Gibbs, Elementary Principles in Statistical Mechanics — Developed with Especial
Reference to the Rational Foundation of Thermodynamics (C. Scribner’s Sons, New
York 1902; Yale University Press, New Haven 1948; OX Bow Press, Woodbridge,
Connecticut 1981)

2. C. Tsallis, J. Stat. Phys. 52, 479 (1988) [First appeared as preprint in 1987: CBPF-
NF-062/87, ISSN 0029-3865, Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro]

3. O. Penrose, Foundations of statistical mechanics: A deductive treatment (Pergamon,
Oxford, 1970), p. 167

4. C. Tsallis, Fractals 03, 541 (1995)

5. M. Gell-Mann, C. Tsallis, Editors, Nonextensive FEntropy - Interdisciplinary
Applications (Oxford University Press, New York 2004). There is a misname in the
title: it should be “Nonadditive Entropy”.

6. C. Tsallis, Introduction to Nonextensive Statistical Mechanics — Approaching a Complex
World (Springer, New York, 2009)

7. C. Tsallis, Braz. J. Phys. 39, 337 (2009)

. C. Tsallis, Eur. Phys. J. A 40, 257 (2009)

9. C. Tsallis, in Special Issue edited by G. Nicolis, M. Robnik, V. Rothos, H. Skokos, Int.
J. Bifurcation and Chaos 22, 1230030 (2012)

10. C. Tsallis, Contemporary Physics 55, 179 (2014)

11. See http://tsallis.cat.cbpf.br/biblio.htm for a regularly updated bibliography

12. R.J.V. dos Santos, J. Math. Phys. 38, 4104 (1997)

13. S. Abe, Phys. Lett. A 271, 74 (2000)

14. C. Tsallis, H.J. Haubold, EPL 110, 30005 (2015)

15. P. Jund, S.G. Kim, C. Tsallis, Phys. Rev. B 52, 50 (1995)

16. J.R. Grigera, Phys. Lett. A 217, 47 (1996)

17. L.C. Sampaio, M.P. de Albuquerque, F.S. de Menezes, Phys. Rev. B 55, 5611 (1997)

18. C. Anteneodo, C. Tsallis, Phys. Rev. Lett. 80, 5313 (1998)

19. L.R. daSilva, HH.A. Rego, L.S. Lucena, C. Tsallis, Physica A 266, 42 (1999)

20. F. Tamarit, C. Anteneodo, Phys. Rev. Lett. 84, 208 (2000)

21. C.A. Condat, J. Rangel, P.W. Lamberti, Phys. Rev. E 65, 026138 (2002)

22. U.L. Fulco, L.R. da Silva, F.D. Nobre, H.-H.A. Rego, L.S. Lucena, Phys. Lett. A 312,

331 (2003)

23. R.F.S. Andrade, S.T.R. Pinho, Phys. Rev. E 71, 026126 (2005)

24. M. Antoni, S. Ruffo, Phys. Rev. E 52, 2361 (1995)

25. V. Latora, A. Rapisarda, C. Tsallis, Phys. Rev. E 64, 056134 (2001)

26. A. Campa, A. Giansanti, D. Moroni, Physica A 305, 137 (2002)

27. A. Pluchino, V. Latora, A. Rapisarda, Physica A 340, 187 (2004)

28. L.G. Moyano, C. Anteneodo, Phys. Rev. E 74, 021118 (2006)

29. A. Pluchino, A. Rapisarda, C. Tsallis, Europhys. Lett. 80, 26002 (2007)

30. A. Pluchino, A. Rapisarda, C. Tsallis, Physica A 387, 3121 (2008)

o]



464

31.
32.
33.
34.
35.

36.
37.
38.

39.
40.
41.
42.

43.
44.
45.

46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

63.
64.
65.
66.

67.
68.
69.
70.

71.
72.
73.
74.
75.
76.
7.
78.

The European Physical Journal Special Topics

P.-H. Chavanis, A. Campa, Eur. Phys. J. B 76, 581 (2010)

A. Campa, P.-H. Chavanis, Eur. Phys. J. B 86, 1 (2013)

W. Ettoumi, M.-C. Firpo, Phys. Rev. E 87, 030102 (2013)

L.J.L. Cirto, V.R.V. Assis, C. Tsallis, Physica A 393, 286 (2014)

C.G. Antonopoulos, H. Christodoulidi, in Special Issue edited by G. Nicolis, M. Robnik,
V. Rothos, H. Skokos, Int. J. Bifurcation and Chaos, 21, 2285 (2011)

H. Christodoulidi, C. Tsallis, T. Bountis, EPL 108, 40006 (2014)

A.O. Caride, C. Tsallis, S.I. Zanette, Phys. Rev. Lett. 51, 145 (1983)

C. Tsallis, L.R. da Silva, R.S. Mendes, R.O. Vallejos, A.M. Mariz, Phys. Rev. E 56,
R4922 (1997)

G. Miritello, A. Pluchino, A. Rapisarda, Physica A 388, 4818 (2009)

C. Tsallis, A.R. Plastino, W.-M. Zheng, Chaos Solitons Fractals 8, 885 (1997)

M.L. Lyra, C. Tsallis, Phys. Rev. Lett. 80, 53 (1998)

M.L. Lyra, Ann. Rev. Comp. Phys., ed. D. Stauffer (World Scientific, Singapore, 1998),
p. 31

U. Tirnakli, C. Tsallis, M.L. Lyra, Eur. Phys. J. B 11, 309 (1999)

F. Baldovin, A. Robledo, Europhys. Lett. 60, 518 (2002)

E.P. Borges, C. Tsallis, G.F.J. Ananos, P.M.C. de Oliveira, Phys. Rev. Lett. 89, 254103
(2002)

G.F.J. Ananos, C. Tsallis, Phys. Rev. Lett. 93, 020601 (2004)

F. Baldovin, A. Robledo, Phys. Rev. E 66, R045104 (2002)

F. Baldovin, A. Robledo, Phys. Rev. E 69, 045202(R) (2004)

E. Mayoral, A. Robledo, Physica A 340, 219 (2004)

E. Mayoral, A. Robledo, Phys. Rev. E 72, 026209 (2005)

A. Robledo, Physica A 370, 449 (2006)

G. Casati, C. Tsallis, F. Baldovin, Europhys. Lett. 72, 355 (2005)

U. Tirnakli, C. Tsallis, C. Beck, Phys. Rev. E 79, 056209 (2009)

P. Grassberger, Phys. Rev. E 79, 057201 (2009)

G.F.J. Ananos, F. Baldovin, C. Tsallis, Eur. Phys. J. B 46, 409 (2005)

B. Luque, L. Lacasa, A. Robledo, Phys. Lett. A 376, 3625 (2012)

P. Douglas, S. Bergamini, F. Renzoni, Phys. Rev. Lett. 96, 110601 (2006)

G.B. Bagci, U. Tirnakli, Chaos 19, 033113 (2009)

E. Lutz, F. Renzoni, Nat. Phys. 9, 615 (2013)

B. Liu, J. Goree, Phys. Rev. Lett. 100, 055003 (2008)

U.N. Ghosh, P. Chatterjee, R. Roychoudhury, Phys. Plasmas 19, 012113 (2012)

U.N. Ghosh, D.K. Ghosh, P. Chatterjee, M. Bacha, M. Tribeche, Astrophys. Space Sci.
343, 265 (2013)

M. Emamuddin, A.A. Mamun, Astrophys. Space Sci. 351, 561 (2014)

O. Bouzit, L.A. Gougam, M. Tribeche, Phys. Plasmas 21, 062101 (2014)

S. Guo, L. Mei, Z. Zhang, Phys. Plasmas 22, 052306 (2015)

S.A. El-Tantawy, A.M. Wazwaz, R. Schlickeiser, Plasma Phys. Control. Fusion 57,
125012 (2015)

O. Bouzit, L.A. Gougam, M. Tribeche, Phys. Plasmas 22, 052112 (2015)

O. Bouzit, M. Tribeche, A.S. Bains, Phys. Plasmas 22, 084506 (2015)

R.G. DeVoe, Phys. Rev. Lett. 102, 063001 (2009)

R.M. Pickup, R. Cywinski, C. Pappas, B. Farago, P. Fouquet, Phys. Rev. Lett. 102,
097202 (2009)

G. Combe, V. Richefeu, M. Stasiak, A.P.F. Atman, Phys. Rev. Lett. 115, 238301 (2015)
CMS Collaboration, Phys. Rev. Lett. 105, 022002 (2010)

ALICE Collaboration, Phys. Lett. B 693, 53 (2010)

ATLAS Collaboration, New J. Phys. 13, 053033 (2011)

PHENIX Collaboration, Phys. Rev. D 83, 052004 (2011)

C.Y. Wong, G. Wilk, L.J.L. Cirto, C. Tsallis, Phys. Rev. D 91, 114027 (2015)

L. Marques, E. Andrade-II, A. Deppman, Phys. Rev. D 87, 114022 (2013)

J. Cleymans, G.I. Lykasov, A.S. Parvan, A.S. Sorin, O.V. Teryaev, D. Worku, Phys.
Lett. B 723, 351 (2013)



79.
80.
81.
82.
83.

84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.

96.

97.

98.

99.
100.
101.
102.
103.
104.
105.
106.
107.

108.

109.

110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.

123.
124.
125.

Nonlinearity, Nonequilibrium and Complexity 465

M.D. Azmi, J. Cleymans, J. Phys. G: Nucl. Part. Phys. 41, 065001 (2014)

L. Marques, J. Cleymans, A. Deppman, Phys. Rev. D 91, 054025 (2015)

H.P. Oliveira, I.D. Soares, Phys. Rev. D 71, 124034 (2005)

N. Komatsu, S. Kimura, Phys. Rev. D 88, 083534 (2013)

V.H.C. Silva, V. Aquilanti, H.C.B. de Oliveira, K.C. Mundim, Chem. Phys. Lett. 590,
201 (2013)

L. Borland, Phys. Rev. Lett. 89, 098701 (2002)

J. Ludescher, C. Tsallis, A. Bunde, Europhys. Lett. 95, 68002 (2011)

J. Ludescher, A. Bunde, Phys. Rev. 90, 062809 (2014)

C.G. Antonopoulos, G. Michas, F. Vallianatos, T. Bountis, Physica A 409, 71 (2014)
A. Upadhyaya, J.-P. Rieu, J.A. Glazier, Y. Sawada, Physica A 293, 549 (2001)

M.I. Bogachev, A.R. Kayumov, A. Bunde, PLoS ONE 9, 112534 (2014)

L.F. Burlaga, A.F.-Vinas, Physica A 356, 375 (2005)

G. Drazer, H.S. Wio, C. Tsallis, Phys. Rev. E 61, 1417 (2000)

L.G. Moyano, C. Tsallis, M. Gell-Mann, Europhys. Lett. 73, 813 (2006)

P.-H. Chavanis, Eur. Phys. J. B 62, 179 (2008)

S. Umarov, C. Tsallis, S. Steinberg, Milan J. Math. 76, 307 (2008)

S. Umarov, C. Tsallis, S. Steinberg for a simplified version, see S.M.D. Queiros,
C. Tsallis, AIP Conf. Proc. 965, 21 (2007)

S. Umarov, C. Tsallis, S. Steinberg for a necessary closing result, see S. Umarov,
C. Tsallis, J. Phys. A 49, 415204 (2016)

S. Umarov, C. Tsallis, M. Gell-Mann, S. Steinberg, J. Math. Phys. 51, 033502 (2010)
K.P. Nelson, S. Umarov, Physica A 389, 2157 (2010)

R. Hanel, S. Thurner, C. Tsallis, Eur. Phys. J. B 72, 263 (2009)

F. Caruso, C. Tsallis, Phys. Rev. E 78, 021102 (2008)

F.D. Nobre, M.A. Rego-Monteiro, C. Tsallis, Phys. Rev. Lett. 106, 140601 (2011)
A.S. Nayak, Sudha, A.K. Rajagopal, A.R. Uhsa Devi, Physica A 443, 286 (2016)
Y.S. Weinstein, S. Lloyd, C. Tsallis, Phys. Rev. Lett. 89, 214101 (2002)

A.S. Betzler, E.P. Borges, Astronomy and Astrophysics 539, A158 (2012)

A.S. Betzler, E.P. Borges, Mon. Not. R. Astron. Soc. 447, 765 (2015)

L.G. Gamero, A. Plastino, M.E. Torres, Physica A 246, 487 (1997)

A. Capurro, L. Diambra, D. Lorenzo, O. Macadar, M.T. Martin, C. Mostaccio,
A. Plastino, E. Rofman, M.E. Torres, J. Velluti, Physica A 257, 149 (1998)

J. Mohanalin, Beenamol, P.K. Kalra, N. Kumar, Computers and Mathematics with
Applications 60, 2426 (2010)

P.R.B. Diniz, L.O. Murta, D.G. Brum, D.B de Araujo, A.C. Santos, Brazilian J. Medical
Biological Research 43, 77 (2010)

W.L. Shi, Y. Li, Y. Miao, Y. Hu, Electrical Review 88, 29 (2012)

F.A. Tamarit, S.A. Cannas, C. Tsallis, Eur. Phys. J. B 1, 545 (1998)

L. Nivanen, A. Le Mehaute, Q.A. Wang, Rep. Math. Phys. 52, 437 (2003)

E.P. Borges, Physica A 340, 95 (2004)

P. Tempesta, Phys. Rev. E 84, 021121 (2011)

H. Touchette, Phys. Lett. A 377, 436 (2013)

G. Ruiz, C. Tsallis, Phys. Lett. A 377, 491 (2013)

D.J.B. Soares, C. Tsallis, A.M. Mariz, L.R. Silva, EPL 70, 70 (2005)

S. Thurner, C. Tsallis, EPL 72, 197 (2005)

C. Tsallis, Z.G. Arenas, EPJ 71, 00132 (2014)

C. Tsallis, Physica A 340, 1 (2004)

M.P. Leubner, Z. Voros, Astrophys. J. 618, 547 (2005)

G.P. Pavlos, A.C. Iliopoulos, G.N. Zastenker, L.M. Zelenyi, L.P. Karakatsanis,
M. Riazantseva, M.N. Xenakis, E.G. Pavlos, Physica A 422, 113 (2015)

G.L. Ferri, M.F. Reynoso Savio, A. Plastino, Physica A 389, 1829 (2010)

G.L. Ferri, A. Figliola, O.A. Rosso, Physica A 391, 2154 (2012)

D.B. de Freitas, G.S. Franca, T.M. Scherrer, C.S. Vilar, R. Silva, EPL 102, 39001
(2013)



466

126.

127.

128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.
143.
144.

The European Physical Journal Special Topics

G.P. Pavlos, L.P. Karakatsanis, M.N. Xenakis, E.G. Pavlos, A.C. Iliopoulos,
D.V. Sarafopoulos, Physica A 395, 58 (2014)

G.P. Pavlos, L.P. Karakatsanis, A.C. Iliopoulos, E.G. Pavlos, M.N. Xenakis, P. Clark,
J. Duke, D.S. Monos, Physica A 438, 188 (2015)

C. Tsallis, Prog. Theor. Phys. Suppl. 162, 1 (2006)

H. Suyari, T. Wada, Physica A 387, 71 (2007)

C. Tsallis, M. Gell-Mann, Y. Sato, Proc. Natl. Acad. Sc. USA 102, 15377 (2005)
C. Tsallis, Chaos, Solitons and Fractals 88, 254 (2016)

R.S. Mendes, C. Tsallis, Phys. Lett. A 285, 273 (2001)

C. Vignat, A. Plastino, Phys. Lett. A 365, 370 (2007)

N.O. Baella, private communication (2008); see also footnote of page 194 of [6].
P. Grassberger, Phys. Rev. Lett. 95, 140601 (2005)

M.A. Fuentes, A. Robledo, J. Stat. Mech., 2010, P01001 (2010)

M.A. Fuentes, A. Robledo, Eur. Phys. J. B 87, 40882 (2014)

A. Diaz-Ruelas, M.A. Fuentes, A. Robledo, EPL 108, 20008 (2014)

O. Afsar, U. Tirnakli, EPL 101, 20003 (2013)

O. Afsar, U. Tirnakli, Physica D 272, 18 (2014)

O. Afsar, D. Eroglu, N. Marwan, J. Kurths, EPL 112, 10005 (2015)

N.O. Baella, private communication (2010)

G. Wilk, Z. Wlodarczyk, Entropy 17, 384 (2015)

M.D. Azmi, J. Cleymans, Eur. Phys. J. C 75, 430 (2015)



