
Physics Letters A 376 (2012) 2451–2454

Contents lists available at SciVerse ScienceDirect

Physics Letters A

www.elsevier.com/locate/pla

Towards a large deviation theory for strongly correlated systems

Guiomar Ruiz a,b,∗, Constantino Tsallis a,c

a Centro Brasileiro de Pesquisas Fisicas and National Institute of Science and Technology for Complex Systems, Rua Xavier Sigaud 150, 22290-180 Rio de Janeiro, RJ, Brazil
b Departamento de Matemática Aplicada y Estadística, Universidad Politécnica de Madrid, Pza. Cardenal Cisneros s.n., 28040 Madrid, Spain
c Santa Fe Institute, 1399 Hyde Park Road, Santa Fe, NM 87501, USA

a r t i c l e i n f o a b s t r a c t

Article history:
Received 12 March 2012
Received in revised form 20 June 2012
Accepted 22 June 2012
Available online 28 June 2012
Communicated by C.R. Doering

Keywords:
Probability theory
Statistical mechanics
Entropy

A large-deviation connection of statistical mechanics is provided by N independent binary variables, the
(N → ∞) limit yielding Gaussian distributions. The probability of n �= N/2 out of N throws is governed
by e−Nr , r related to the entropy. Large deviations for a strong correlated model characterized by indices
(Q , γ ) are studied, the (N → ∞) limit yielding Q -Gaussians (Q → 1 recovers a Gaussian). Its large

deviations are governed by e
−Nrq
q (∝ 1/N1/(q−1), q > 1), q = (Q − 1)/(γ [3 − Q ]) + 1. This illustration

opens the door towards a large-deviation foundation of nonextensive statistical mechanics.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In his 1902 historical book Elementary Principles in Statistical Me-
chanics [1], Gibbs emphasizes that systems involving long-range
interactions are intractable within the Boltzmann–Gibbs (BG) the-
ory, due to the divergence of the partition function. Amazingly
enough, this crucial remark is often overlooked in most textbooks.

To solve related complexities it was proposed in 1988 [2–5] a
generalization of the BG theory, currently referred to as nonexten-
sive statistical mechanics. It is based on the nonadditive entropy

Sq = kB
1 − ∑W

i=1 pq
i

q − 1

(
q ∈ R;

W∑
i=1

pi = 1

)
, (1)

which recovers SBG = −kB
∑W

i=1 pi ln pi for q → 1. If A and B
are two probabilistically independent systems (i.e., p A+B

i j = p A
i pB

j ,

∀(i, j)), definition (1) implies the nonadditive relation Sq(A+B)

kB
=

Sq(A)

kB
+ Sq(B)

kB
+ (1 − q)

Sq(A)

kB

Sq(B)

kB
. Moreover, if probabilities are

all equal, we straightforwardly obtain Sq = kB lnq W , with lnq z ≡
z1−q−1

1−q (ln1 z = ln z). If we extremize (1) with a constraint on its
width (in addition to normalization of the probabilities {pi}), we
obtain
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pi = e
−βq Ei
q∑W

j=1 e
−βq E j
q

, (2)

ez
q being the inverse function of the q-logarithmic function, i.e.,

ez
q ≡ [1 + (1 −q)z]1/(1−q) (ez

1 = ez); {Ei} are the energy levels; βq is
the effective inverse temperature.

Complexity frequently emerges in natural, artificial and social
systems. It may be caused by various geometrical–dynamical in-
gredients, which include nonergodicity, long-term memory, mul-
tifractality, and other spatial–temporal long-range correlations be-
tween the elements of the system. During the last two decades,
many such phenomena have been successfully approached in the
frame of nonextensive statistical mechanics. Predictions, verifi-
cations and various applications have been performed in high-
energy physics [6–11], spin-glasses [12], cold atoms in optical
lattices [13], trapped ions [14], anomalous diffusion [15], dusty
plasmas [16], solar physics [17,18], relativistic and nonrelativistic
nonlinear quantum mechanics [19], among many others.

Large-deviation estimates are important in order to quantify the
rates of convergence to equilibrium. They are therefore relevant
for addressing the rigorous derivation concerning simplified mod-
els to describe complex systems. In fact it is known since several
decades that the mathematical foundation of BG statistical me-
chanics crucially lies on the theory of large deviations (see [20,21]
and references therein). To attain the same status for nonextensive
statistical mechanics, it is necessary to q-generalize the large devi-
ation theory itself. The purpose of the present effort precisely is to
make a first step towards that goal through the study of a simple
model.
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This Letter is organized as follows. In Section 2 we make some
considerations about relative entropy associated with binary ran-
dom variables, and a possible generalization for non-BG entropic
random variables. In Section 3 we report some results of large
deviation theory in a well-known model assuming independent
probabilities and consequently a BG type relative entropy; we ex-
tend these results to a modified model that presents complexity
due to strong correlations in Section 4. Finally, in Section 5 we
summarize our results and conclusions.

2. Relative entropy

The relative entropy or mutual information for a random variable
with discrete W events with probabilities {pi} (i = 1, . . . , W ) is
defined as

I1 = −
W∑

i=1

pi ln
p(0)

i

pi
, (3)

where p(0)
i is a reference distribution [22]. By choosing {p(0)

i } as

the uniform distribution (i.e., p(0)
i = 1/W ), we have

I1 = ln W −
W∑

i=1

pi ln
1

pi
= ln W − S1

kB
. (4)

Definition (3) and the nonadditive entropy Sq naturally lead to
the generalization [24]

Iq = −
W∑

i=1

pi lnq
p(0)

i

pi
=

W∑
i=1

pi
[(pi/p(0)

i )q−1 − 1]
q − 1

, (5)

where by once again choosing as {p(0)
i } the equiprobability distri-

bution (i.e., p(0)
i = 1/W ), we have

Iq = W q−1
[

lnq W − Sq

kB

]
. (6)

For W = 2 (e.g. tossing a coin to have head or tail), I1 reads

I1 = ln 2 + p1 ln p1 + p2 ln p2 (7)

and by identifying (p1, p2) → (x,1 − x), we establish [23]

r1(x) = ln 2 + x ln x + (1 − x) ln (1 − x), (8)

as the inset of Fig. 1 shows. Generalized mutual information (5)
now reads

Iq(x) = 1

1 − q

[
1 − 2q−1[xq + (1 − x)q]], (9)

which recovers expression (8) for q → 1.
In the following, we will apply these results to the problem

of studying large deviations when tossing N times a fair coin or,
equivalently, tossing one time N independent fair coins (BG en-
tropic system) and when tossing N strongly correlated fair coins
(non-BG entropic system).

3. Large deviations in N uncorrelated coins

Let us now exhibit some large deviation theory results on a
standard example which consists in tossing N times a fair coin.
This well-known model presents independent probabilities of ob-
taining n (n = 0,1, . . . , N) heads, that are given by

pN,n =
(

N
n

)
1

2N
. (10)

Fig. 1. Tossing N independent coins: the large-deviation probability P (N;n/N < x)
decays exponentially with N , and the slopes of the logarithms, ln P (N;n/N < x),
provide the rate function numerical values r1(x), represented in the inset as dots.
Continuous curve in the inset corresponds to Eq. (8).

The probability of having the ratio n/N smaller than x with 0 �
x � 1/2 (the case 1/2 � x � 1 is totally symmetric) is given by

P (N;n/N < x) =
∑

{n| n
N <x}

pN,n, (11)

and it is straightforward to obtain that, in the N → ∞ limit,

P (N;n/N < x) 
 e−Nr1(x) (0 � x � 1/2), (12)

where the subindex 1 in the rate function r1(x) will soon become
clear. In fact, this exponential decay with N , deeply related with
the exponential decay with energy of the BG weight (namely, the
q = 1 particular case of Eq. (2)), is verified in Fig. 1. In Section 2,
it has been shown the analytical calculation of the rate function
r1(x) for the present trivial model (8). The high-precision numeri-
cal calculation can be verified in Fig. 1.

4. Large deviation in N correlated coins

Let us now extend the above model to the case where the coins
present strong correlations, so as to introduce complexity through
a specific system and study the large-deviation behavior in a sim-
ple non-BG system. To deal with this problem, it is appropriate to
refer to the recently proposed families of probabilistic models [31,
32] having q-Gaussians as limiting probability distribution. Let us
incidentally mention that probabilistic scale invariance is not suffi-
cient for obtaining q-Gaussians. Indeed, in [28] the model is scale
invariant but the limit distribution is not q-Gaussian, whereas in
[31,32] the models are scale invariant and yield q-Gaussians.

The simple model that we have just reviewed yields, for N →
∞, a Gaussian distribution. This conforms to the Central Limit The-
orem, valid for sums of many independent random variables whose
variance is finite. This classical theorem has been q-generalized
[27] (see also [28], as well as [29,30]) for a special class or cor-
relations referred to as q-independence (1-independence recovers
standard independence). The attractors in the probability space of
q-independent models are q-Gaussians, which precisely extremize
the (continuous form of the) entropy Sq when an appropriately
generalized q-variance is maintained fixed. It is then this class of
correlations that we are going to focus on here in order to illus-
trate how the classical large deviation theory can be generalized.
We adopt the specific class of binary variable models introduced
in [31]. These models consist in discretized forms of Q -Gaussians
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