arXiv:1202.2154v2 [cond-mat.stat-mech] 18 Jun 2013

Eur. Phys. J. C manuscript No. (will be inserted by the editor)

Black hole thermodynamical entropy

Constantino Tsallis^{1,2,a}, Leonardo J.L. Cirto^{1,b}

1Centro 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 2Santa Fe Institute, 1399 Hyde Park Road, Santa Fe, NM 87501, USA

Received: date / Accepted: date

Abstract As early as 1902, Gibbs pointed out that systems whose partition function diverges, e.g. gravitation, lie outside the validity of the Boltzmann-Gibbs (BG) theory. Consistently, since the pioneering Bekenstein-Hawking results, physically meaningful evidence (e.g., the holographic principle) has accumulated that the BG entropy S_{BG} of a (3 + 1) black hole is proportional to its area L^2 (L being a characteristic linear length), and not to its volume L^3. Similarly it exists the area law, so named because, for a wide class of strongly quantum-entangled d-dimensional systems, S_{BG} is proportional to lnL if d = 1, and to L^{d−1} if d > 1, instead of being proportional to L^d (d ≥ 1). These results violate the extensivity of the thermodynamical entropy of a d-dimensional system. This thermodynamical inconsistency disappears if we realize that the thermodynamical entropy of such nonstandard systems is not to be identified with the BG additive entropy but with appropriately generalized nonadditive entropies. Indeed, the celebrated usefulness of the BG entropy is founded on hypothesis such as relatively weak probabilistic correlations (and their connections to ergodicity, which by no means can be assumed as a general rule of nature). Here we introduce a generalized entropy which, for the Schwarzschild black hole and the area law, can solve the thermodynamic puzzle.

1 Introduction

The entropy of a black hole presents intriguing aspects that are being currently discussed since several decades. Indeed, since the pioneering works of Bekenstein [1, 2] and Hawking [3, 4], it has become frequent in the literature the (explicit or tacit) acceptance that the black-hole entropy is anomalous in the sense that it violates thermodynamical exten-

ae-mail: tsallis@cbpf.br be-mail: cirto@cbpf.br

sivity [5–20]. We frequently read and hear claims that the entropy of the black hole is proportional to the area of its boundary instead of being proportional to the black-hole volume. To discuss this interesting question within a thermodynamically proper context, let us first remind a typical form of the thermodynamical energy G of a generic ddimensional system [21]: G(V,T, p, μ,H,...) = U(V,T, p, μ,H,...)+ − T S(V,T, p, μ,H,...) + pV − μN(V,T, p, μ,H,...)+ − HM(V,T, p, μ,H,...) − ··· , (1)

where T, p, μ,H are the temperature, pressure, chemical potential, external magnetic field, and U,S,V,N,M are the internal energy, entropy, volume, number of particles (in turn proportional to the number of degrees of freedom), magnetization. We identify three classes of variables, namely (i) those that are expected to always be extensive (S,V,N,M,...), i.e., scaling with V = L^d, where L is a characteristic linear dimension of the system (clearly, V ∝ A^{d/(d−1)}, where A is the area), (ii) those that characterize the external conditions under which the system is placed (T, p, μ,H,...), scaling with L^θ , and (iii) those that represent energies (G,U), scaling with L^ε . It trivially follows

ε = θ + d . (2)

If we divide Eq. (1) by L^{θ+d} and consider the large L limit (i.e., the thermodynamical limit), we obtain g ( T L^θ , p L^θ , μ L^θ , H L^θ ,... ) = u ( T L^θ , p L^θ , μ L^θ , H L^θ ,... ) + − T L^θ s ( T L^θ , p L^θ , μ L^θ , H L^θ ,... ) + p L^θ + − μ L^θ n ( T L^θ , p L^θ , μ L^θ , H L^θ ,... ) − H L^θ m ( T L^θ , p L^θ , μ L^θ , H L^θ ,... ) − ··· , (3)

where g ≡ lim_{L→∞} G/L^{θ+d}, u ≡ lim_{L→∞} U/L^{θ+d}, s ≡ lim_{L→∞} S/L^d, n ≡ lim_{L→∞} N/L^d , m ≡ lim_{L→∞} M/L^d. The correctness of all the scalings appearing in this equation has been profusely verified in the literature for (both short- and long-range interacting) thermal [22–28], diffusion [29] and geometrical (percolation) systems [30, 31].

Next, let us illustrate relation (2) through four different physical situations. First, for a standard thermodynamical system (e.g., a real gas, a simple metal) we have θ = 0 (i.e., usual intensive variables), and ε = d (i.e., usual extensive variables). This is the answer that is found in the textbooks of thermodynamics.

Second, for a classical many-body Hamiltonian system with two-body long-range (attractive) interactions asymptotically decaying with distance r like 1/r^α (0 ≤ α < d) we have indeed [22–32] θ = d − α, hence, using relation (2), ε = 2d − α. These peculiar scalings are a consequence from the fact that such potential is not integrable, i.e., from the fact that the integral ∫ ∞ constant dr r

d−1 r^{−α} diverges, and therefore the Boltzmann-Gibbs (BG) canonical partition function itself diverges. In his 1902 book Elementary Principles in Statistical Mechanics [33], Gibbs himself emphatically points out that whenever the partition function diverges, the BG theory can not be used (in his words “the law of distribution becomes illusory"). As an illustration of his remark he refers specifically to the case of Newtonian gravitation [34].

Third, for a Schwarzschild (3 + 1)-dimensional black hole, the energy scales like the mass M_{bh} (where bh stands for black hole), which in turn scales with L [37–39], hence ε = 1, hence, using Eq. (2),

θ = 1 − d . (4)

If the black hole is physically identified with its event horizon surface, then it is to be considered as a genuine d = 2 system, then θ = −1, which precisely recovers the usual Bekenstein-Hawking (BH) scaling T ∝ 1/L ∝ 1/M_{bh}. If however the black hole is to be considered as a genuine d = 3 system (which makes sense given that the corresponding space-time is (3+1)-dimensional), then θ = −2, i.e., T scales like 1/L^2 ∝ 1/M^2_{bh}, in variance with the BH scaling. This is a manner for understanding why such a puzzle exists since decades related to the entropy of a black hole. Let us be somewhat more specific. Wide and physically meaningful evidence (e.g., the holographic principle) exists that the Boltzmann-Gibbs entropy (for quantum systems, also referred to as von Neumann entropy) S_{BG} ≡ k_B lnW ∝ L^2, and more generally that S_{BG} ≡ −k_BTrρ lnρ ∝ L^2, W being the total number of internal configurations, and ρ being the density matrix. For strongly quantum-entangled d-dimensional systems we similarly have what is currently referred to as the area law [40], i.e., the fact that S_{BG} ≡ −k_BTrρ lnρ frequently scales with L^{d−1} for d > 1, and with lnL for d = 1, instead of scaling, for d ≥ 1, with L^d . This fact also generates a closely related intriguing question. The above remarks might be considered the heart of the ongoing discussion for the entropy of a black hole. Indeed, if the system is to be physically considered a (d − 1)-dimensional one, then the (additive) entropy S_{BG} certainly is to be identified as its thermodynamical entropy. But if the system is to be physically considered a d-dimensional one, then S_{BG} can not be identified as its thermodynamical entropy, and, as we shall soon see, a nonadditive entropic functional is needed to play that role.

Fourth, a (2 + 1)-dimensional “black hole" has been discussed as well [41–43]. It has been shown that the energy scales like L^2, hence ε = 2 and, using Eq. (2) once again,

θ = 2 − d . (5)

This case provides an event horizon which is one-dimen-sional. If, due to this fact, this black hole is to be considered a genuine d = 1 system, then θ = 1, which corresponds to the (2+1) version of BH scaling, i.e., T ∝ L ∝ M^{1/2}_{bh} . Indeed, this is precisely the scaling that has been obtained [41–43] for this simplified system. If, however, this black hole is to be considered as a d = 2 system, we have θ = 0, and, in this case, T is expected to be an intensive variable. Consistently, if we assume the system to be a d = 1 one, then clearly S_{BG} plays the role of its thermodynamical entropy, since S_{BG} ∝ L (as obtained in [41–43]). But, similarly to the (3 + 1) case discussed above, if we consider it to be a d = 2 one, then once again a nonadditive entropic functional is needed to play the thermodynamical role.

The physical system we primarily focus on in the present paper is a (3 + 1) black hole like that of Schwarzschild. As emphasized above, if we are to consider it as a genuine d = 2 system, then S_{BG} = k_B lnW ∝ L^2 corresponds indeed to the (extensive) thermodynamical entropy S, the BH scaling T ∝ 1/M_{bh} is to be expected, and there are no controversial or intriguing facts to be further analyzed. If however, this black hole is to be considered a genuine d = 3 system, then S_{BG} can not be the thermodynamical entropy S, since the latter must scale like L^3 while S_{BG} scales like L^2. Within this standpoint, a crucial question then arises, namely, what is then the microscopic mathematical expression of the thermodynamical entropy S of this 3-dimensional system? The purpose of the present paper is to provide a thermodynamically admissible answer to this important question.

From a historical perspective, we observe that, strangely enough, Gibbs’s crucial remark and the dramatic theoretical features to which it is related are often overlooked in textbooks. Similarly, the thermodynamical violation related to the area law frequently is, somehow, not taken that seriously. Indeed, not few authors seem inclined to consider that, for such complex systems, the entropy is not expected to satisfy thermodynamical extensivity. However, various physical and mathematical facts exist which reveal such standpoint as kind of bizarre. The specific goal of the present paper is to address this important issue and develop a path along which the difficulty can be overcome. The fact (repeatedly illustrated in various manners for strongly entangled systems, black holes and, generically speaking, for systems satisfying the above mentioned area law) that the Boltzmann- -Gibbs-von Neumann (additive) entropy is not proportional to the volume L^d precisely shows that, for such strongly correlated systems (hence the total number of admissible states in phase space is sensibly reduced), the thermodynamical entropy can not be identified with the usual one but with a substantially different (nonadditive) one.

An argument reinforcing the correctness of using nonadditive entropic forms in order to re-establish the entropic extensivity of the system can be found in the results achieved by Hanel and Thurner [44, 45] by focusing on the Khinchine axioms and on complex systems with surface-dominant statistics.

A further indication we can refer to is the analogy with the time t dependence of the entropy of simple nonlinear dynamical systems, e.g., the logistic map. Indeed, for the parameter values for which the system has positive Lyapunov exponent (i.e., strong chaos and ergodicity), we verify S_{BG} ∝ t (under appropriate mathematical limits), but for parameter values where the Lyapunov exponent vanishes (i.e., weak chaos and breakdown of ergodicity), it is a nonadditive entropy (S_q, discussed below) the one which grows linearly with t (see [46–55] and references therein), and consistently provides a generalized Pesin-like identity. If we take into account that, in many such dynamical systems, t plays a role analogous to N in thermodynamical systems, we have here one more indication which aligns with the extensivity of the entropy for complex systems.

Finally, one more recent result exists [56–58], related to the so called Large Deviation Theory in theory of probabilities, which also is consistent with the extensivity of the entropy, even in the presence of strong correlations between the elements of the system.

2 Nonadditive entropies

Let us now turn onto the fact that entropies generalizing that of BG become necessary in order to recover thermodynamic extensivity for nonstandard systems. Let us first describe briefly an entropic functional form, S_q, generalizing that of BG, which has been successfully applied for many complex systems, as illustrated below. After that we shall address another such generalization, S_δ (see Eq. 16), which constitutes in fact one of the contributions of the present work.

As a possibility for addressing complexities such as those illustrated above, it was proposed in 1988 [59] (see also [32, 60, 61]) a generalization of the BG theory, currently referred to as nonextensive statistical mechanics. It is based on the nonadditive entropy

S_q = k_B

1 − ∑^W_{i=1} p^q_i q − 1

= k_B W ∑_{i=1}^pi^{ln}q^1_{pi} ( q ∈ R; W ∑_{i=1}^pi^{= 1} ) , (6) with ln_q z ≡ (z^{1−q} − 1)/(1 − q) (ln_1 z = lnz). S_q recovers S_{BG} = −k_B ∑^W_{i=1} p_i ln p_i for q → 1. If A and B are two probabilistically independent systems (i.e., p^{A+B}_{i j} = p^A_i p^B_j , ∀(i, j)), definition (6) implies S_q(A + B)

k_B = S_q(A) k_B + S_q(B) k_B

+ (1 − q)

S_q(A) k_B

S_q(B) k_B

. (7)

In other words, according to the definition of entropic additivity in [62], S_q is additive if q = 1, and nonadditive otherwise.

If probabilities are all equal, we straightforwardly obtain

S_q = k_B ln_q W . (8)

If we extremize (6) with a (finite) constraint on the width of the probability distribution {p_i} (in addition to its normalization), we obtain

p_i = e^{−βq Ei} q ∑^W_{j=1} e^{−βq E j}q

, (9)

e^z_q being the inverse of the q-logarithmic function, i.e., e^z_q ≡ [1 + (1 − q)z]^{1/(1−q)} (e^z_1 = e^z); {E_i} are the energy levels; β_q is an effective inverse temperature.

Complexity frequently emerges in natural, artificial and social systems. It may be caused by various geometricaldynamical ingredients, which include non-ergodicity, longterm memory, multifractality, and other spatial-temporal longrange correlations between 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, verifications and various applications have been performed in high-energy physics [63– 72], spin-glasses [73], flux of cosmic rays [74], turbulence in pure-electron plasma [75], self-organized criticality in biological evolution [76], cold atoms in optical lattices [77], trapped ions [78], anomalous diffusion [79–84], dusty plasmas [85], solar physics [86–88], relativistic and nonrelativistic nonlinear quantum mechanics [89–91], among many others.

If a physical system is constituted by N elements, and these elements are independent (or quasi-independent in some sense), we have that

W (N) ∼ Aξ^N (A > 0; ξ > 1; N → ∞). (10)

(For example, for N independent coins, we have W = 2^N.) Therefore, by illustrating the present point for the particular case of equal probabilities, we immediately verify that

S_{BG}(N) = k_B lnW (N) ∼ k_B(lnξ )N ∝ N (N → ∞), (11)

Fig. 1 Entropy S_δ as a function of the index δ and the probability p of a binary variable (W = 2). Concavity is lost for δ > 1 + ln2.

hence thermodynamical extensivity is satisfied. This reconfirms that, for such systems, the thermodynamically admissible entropy is precisely given by the additive one, S_{BG}, as well known. If, however, strong correlations are present (of the type assumed in the q-generalization of the Central Limit and Lévy-Gnedenko Theorems [92, 93]), we can have

W (N) ∼ BN^τ (B > 0; τ > 0; N → ∞). (12)

In this case, we straightforwardly verify that, for q = 1 −^1_τ ,

S_q(N) = k_B ln_q W (N) ∝ N (N → ∞), (13)

which satisfies thermodynamical extensivity, in contrast with S_{BG}(N) ∝ lnN, which violates it. Probabilistic and physical models which belong to this class are respectively available in [61] and [94, 95].

It is clear that, for N ≫ 1, expression (12) becomes increasingly smaller than (10).

However there are cases which are described neither by Eq. (10) nor by Eq. (12). Such is the case if

W (N) ∼ Cν^{Nγ} (C > 0;ν > 1; 0 < γ < 1), (14)

which also becomes increasingly smaller that (10) (though larger than (12)). More precisely, we have

BN^τ ≪ Cν^{Nγ} ≪ Aξ^N (N ≫ 1; A > 0; B > 0;

C > 0; ξ > 1; ν > 1; τ > 0; 0 < γ < 1).

(15)

The entropy associated with γ → 1 is of course S_{BG}. What about 0 < γ < 1 ? A simple answer is in fact already available in the literature (footnote of page 69 in [32]), namely,

S_δ = k_B W ∑_{i=1}^pi ( ln 1 p_i )_δ (δ > 0). (16)

The case δ = 1 recovers S_{BG}. This entropy is, like S_q for q > 0, concave for 0 < δ ≤ (1 + lnW ). And, also like S_q for q ≠ 1, it is nonadditive for δ ≠ 1. Indeed, for probabilistically independent systems A and B (hence W^{A+B} = W^AW^B), we verify S_δ (A + B) ≠ S_δ (A) + S_δ (B). For equal probabilities we have

S_δ = k_B ln^δ W , (17)

hence, for δ > 0,

S_δ (A + B)

k_B = {[ S_δ (A) k_B ]_{1/δ} + [ S_δ (B) k_B ]_{1/δ} }δ . (18)

It is easily verified that, if W (N) satisfies (14), S_δ (N) is extensive for δ = 1/γ. This is in fact true even if

W (N) ∼ ϕ(N)ν^{Nγ} (ν > 1; 0 < γ < 1), (19)

ϕ(N) being any function satisfying lim_{N→∞}^{lnϕ(N)}_{Nγ} = 0, for example ϕ(N) = BN^τ . Let us now unify S_q (Eq. (6)) and S_δ (Eq. (16)) as follows:

S_{q,δ} = k_B W ∑_{i=1}^pi ( ln_q 1 p_i )_δ . (20)

S_{q,1} and S_{1,δ} respectively recover S_q and S_δ ; S_{1,1} recovers S_{BG}. Obviously this entropy is nonadditive unless (q,δ ) = (1,1), and it is expansible (see, for instance, [32]), ∀q > 0, ∀δ > 0. It is concave for all q > 0 and 0 < δ ≤ (qW^{q−1} − 1)/(q − 1). In the limit W → ∞, this condition becomes 0 < δ ≤ 1/(1 − q), ∀q ∈ (0,1), and any δ > 0 for q ≥ 1; see Figs. 1 and 2. For equal probabilities we have

S_{q,δ} = k_B(ln_q W )^δ . (21)

The above results for the equal-probabilities case may be summarized as follows. If we have

W (N) ∼ BN^τ ν^{Nγ} (B > 0; τ ≥ 0; ν > 1; 0 ≤ γ ≤ 1), (22)

S_{q,δ} is extensive (i.e., S_{q,δ} ∝ N, for N → ∞) for (q,δ ) = (1,1) if (γ,τ) = (1,0) (notice that τ > 0 is inadmissible if γ = 1, since no occupancy of phase space can be larger than full occupancy), for (q,δ ) = (1 − 1/τ,1) if γ = 0 and τ > 0, and for (q,δ ) = (1,1/γ) if 0 < γ < 1.

Let us mention at this point that several two-parameter entropic functionals different from S_{q,δ} are in fact available in the literature (see, for instance, [44, 45, 96, 97]; see also [98]). In particular the asymptotic behaviours of S_{q,δ} in the thermodynamic limit coincide, for all values of (q,δ ), with those of the recently introduced Hanel-Thurner entropy S_{c,d} [44, 45] for appropriate values of (c,d).

Fig. 2 Parameter space (q,δ ) of the entropy S_{q,δ} . At the point (1,1) we recover the Boltzmann-Gibbs entropy S_{BG}. At δ = 1 (q = 1) we recover the nonadditive entropy S_q (S_δ ). For any fixed W there is a frontier q(δ ) such that, for δ values at its left, the entropy S_{q,δ} is concave, and, at its right, it neither concave nor convex. The W = 2 and W → ∞ frontiers are indicated in the plot. The entropy S_δ is concave for 0 < δ ≤ 1 + lnW . If we impose the extensivity of S_{q,δ} for the class of systems represented by Eq. (19), it must be δ = 1/γ ≥ 1. If S_{q,δ} is used for other purposes, the region 0 < δ < 1 is accessible as well.

3 Discussion and conclusion

We can address now the area law. It has been verified for those anomalous d-dimensional systems that essentially yield lnW (L) ∝ L^{d−1} (d > 1), which implies that W (L) is of the type indicated in (19), more precisely that

W (L) ∼ ϕ(L^d )ν^{Ld−1} = ϕ(L^d )ν^{(Ld )(d−1)/d} (23)

Therefore, S_δ = S_{1,δ} for δ = d/(d −1) is extensive, thus satisfying thermodynamics. For equal probabilities, we straightforwardly verify that

S_{δ =d/(d−1)}

k_B ∝ ( S_{BG} k_B

)_{d/(d−1)} (d > 1). (24)

Moreover, for such anomalous systems, the entropy S_{δ =d/(d−1)} is expected to be extensive for arbitrary density matrices, and not only for the simple equal-probability case. For d = 3, it can be connected with the well-known Bekenstein-Hawking entropy S_{BH} through

S_{δ =3/2}

k_B ∝ ( S_{BH} k_B )_{3/2} , (25)

where

S_{BH} = k_B 4 A_H Gh̄/c^3

, (26)

A_H being the event horizon area. It is important to stress that Eq. (25) has not been imposed in an ad hoc manner just to transform L^{d−1} into L^d : it has been derived from a new entropic functional, namely S_δ . This entropy S_δ has been defined under the assumption that the current blackhole result lnW ∝ A_H is correct. Also, by using the fact that d/(d − 1) > 0, we verify that S_{δ =d/(d−1)} increases monotonically with S_{BH} . This is consistent with the second principle of thermodynamics, namely that whenever S_{BH} increases with time, so does S_{δ =3/2} (and the same happens in general with S_{δ =d/(d−1)}).

At the present state of knowledge we cannot exclude the possibility of extensivity of S_{q,δ} for other special values of (q,δ ), particularly in the limit δ → ∞.

For a block of a d = 1 gapless fermionic system, it has been analytically proved [94] the extensivity of S_q for a specific value of q < 1 which depends on the central charge of the universality class that is being focused on (see also [95] for a different type of d = 1 system). For a d = 2 gapless bosonic system, it has been numerically found [94] that, once again, it is S_q (with a value of q < 1) the entropy which is extensive and consequently satisfies thermodynamics. This kind of scenario might be present in many d-dimensional physical systems for which lnW (N) ∝ ln_{2−d} N (i.e., ∝ lnL for d = 1, and ∝ L^{d−1} for d > 1).

Summarizing, classical thermodynamics and the thermostatistics of a wide class of systems whose elements are strongly correlated (for instance, through long-range interactions, or through strong quantum entanglement, or both, such as black holes, quantum gravitational dense systems, and others) can be reconciled (along lines similar to those illustrated in [60, 61, 94] for simple cases). It is enough, for such complex systems, to identify the thermodynamical entropy with nonadditive entropies such as S_{q,δ} , and not necessarily with the usual Boltzmann-Gibbs-von Neumann one, which corresponds to q = δ = 1. This statement is by no means in conflict with the well accepted relation that, for a Schwarzschild (3 + 1)-dimensional black hole, S_{BG} ∝ area.

Acknowledgements We acknowledge useful conversations with M. Jauregui. One of us (CT) also acknowledges (recent and old) conversations with L. Bergstrom, F. Caruso, H. Casini, A. Coniglio, E.M.F. Curado, M.J. Duff, A.S. Fokas, G. ’t Hooft, F.D. Nobre, N. Pinto Neto, G. Ruiz, H. Saida, I.D. Soares, L. Thorlacius and J. Zanelli. We have benefited from partial financial support from CNPq, Faperj and Capes (Brazilian agencies).

References

1. J.D. Bekenstein, Phys. Rev. D 7, 2333 (1973) 2. J.D. Bekenstein, Phys. Rev. D 9, 3292 (1974) 3. S.W. Hawking, Nature 248, 30 (1974) 4. S.W. Hawking, Phys. Rev. D 13, 191 (1976) 5. G. ’t Hooft, Nucl. Phys. B 256, 727 (1985)

6. G. ’t Hooft, Nucl. Phys. B 355, 138 (1990), and references therein.

7. L. Susskind, Phys. Rev. Lett. 71, 2367 (1993) 8. J. Maddox, Nature 365, 103 (1993) 9. M. Srednicki, Phys. Rev. Lett. 71, 666 (1993) 10. A. Strominger, C. Vafa, Phys. Lett. B 379, 99 (1996) 11. J. Maldacena, A. Strominger, J. High Energy Phys. 2, 014 (1998) 12. S. Das, S. Shankaranarayanan, Phys. Rev. D 73, 121701 (R) (2006) 13. R. Brustein, M.B. Einhorn, A. Yarom, J. High Energy Phys. 01, 098 (2006) 14. L. Borsten, D. Dahanayake, M.J. Duff, H. Ebrahim, W.

Rubens, Phys. Rep. 471, 113 (2009) 15. T. Padmanabhan, arXiv: 0910.0839 (2009) 16. H. Casini, Phys. Rev. D 79, 024015 (2009) 17. L. Borsten, D. Dahanayake, M.J. Duff, A. Marrani, W.

Rubens, Phys. Rev. Lett. 105, 100507 (2010) 18. C. Corda, J. High Energy Phys. 08, 101 (2011) 19. S. Kolekar, T. Padmanabhan, Phys. Rev. D 83, 064034 (2011) 20. H. Saida, Entropy 13, 1611 (2011) 21. H.B. Callen, Thermodynamics and an Introduction to Thermostatistics 2nd edn. (Wiley, New York, 1985) 22. P. Jund, S.G. Kim, C. Tsallis, Phys. Rev. B 52, 50 (1995) 23. S.A. Cannas, F.A. Tamarit, Phys. Rev. B 54, R12661 (1996) 24. L.C. Sampaio, M.P. de Albuquerque, F. S. de Menezes, Phys. Rev. B 55, 5611 (1997) 25. C. Anteneodo, C. Tsallis, Phys. Rev. Lett. 80, 5313 (1998) 26. J.R. Grigera, Phys. Lett. A 217, 47 (1996) 27. S. Curilef, C. Tsallis, Phys. Lett. A 264, 270 (1999) 28. R.F.S. Andrade, S.T.R. Pinho, Phys. Rev. E 71, 026126 (2005) 29. C.A. Condat, J. Rangel, P.W. Lamberti, Phys. Rev. E 65, 026138 (2002) 30. H. H. A. Rego, L. S. Lucena, L.R. da Silva, and C. Tsallis, Physica A 266, 42 (1999) 31. U.L. Fulco, L.R. da Silva, F.D. Nobre, H.H.A. Rego, L.S. Lucena, Phys. Lett. A 312, 331 (2003) 32. C. Tsallis, Introduction To Nonextensive Statistical Mechanics - Approaching A Complex World, (Springer, New York, 2009) 33. 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), p. 35. Notice that Newtonian gravitation generates a double difficulty, namely at vanishing distances and at diverging distances. The mathematical difficulty at short distances, where the potential decreases without limit, is nowadays considered to be solved due to the quantum nature of physical laws; this was of course unknown by Gibbs at his time. The mathematical difficulty at long distances remains still today in what concerns the thermostatistical properties, in fact intensively studied nowadays.

34. From the microscopic (classical) dynamical point of view, this anomaly is directly related to the fact that the entire Lyapunov spectrum vanishes in the N → ∞ limit, which typically impeaches ergodicity (see [35, 36] and references therein). This type of difficulty is also present, sometimes in an even more subtle manner, in various quantum systems (the single hydrogen atom constitutes, among many others, an elementary such example; indeed its BG partition function diverges due to the accumulation of electronic energy levels just below the ionization energy).

35. C. Anteneodo, C. Tsallis, Phys. Rev. Lett. 80, 5313 (1998) 36. A. Campa, A. Giansanti, D. Moroni, C. Tsallis, Phys.

Lett. A 286, 251 (2001) 37. L.P. Hughston, K.P. Tod, An Introduction to General Relativity (Cambridge University Press, Cambridge, 1990) 38. E.F. Taylor, J.A. Wheeler, Exploring Black Holes: Introduction to General Relativity (Addison Wesley, San Francisco, 2000) 39. S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity (John Wiley & Sons, New York, 1972) 40. J. Eisert, M. Cramer, M.B. Plenio, Rev. Mod. Phys. 82, 277 (2010) 41. M. Banados, C. Teitelboim, J. Zanelli, Phys. Rev. Lett.

69, 1849 (1992) 42. S. Carlip, Class. Quantum Grav. 12, 2853 (1995) 43. S. Carlip, Quantum Gravity in 2+1 Dimensions (Cambridge University Press, Cambridge, 1998) 44. R. Hanel, S. Thurner, Europhys Lett. 93, 20006 (2011) 45. R. Hanel, S. Thurner, Europhys. Lett. 96, 50003 (2011) 46. U. Tirnakli, C. Tsallis, M.L. Lyra, Eur. Phys. J. B 11, 309 (1999) 47. G. Ruiz, C. Tsallis, Eur. Phys. J. B 67, 577 (2009) 48. F. Baldovin and A. Robledo, Europhys. Lett. 60, 518 (2002) 49. G. Casati, C. Tsallis, F. Baldovin, Europhys. Lett. 72, 355 (2005) 50. E.P. Borges, C. Tsallis, G.F.J. Ananos, P.M.C. de Oliveira, Phys. Rev. Lett. 89, 254103 (2002) 51. G.F.J. Ananos, C. Tsallis, Phys. Rev. Lett. 93, 020601 (2004) 52. F. Baldovin, A. Robledo, Phys. Rev. E 66, R045104 (2002)

53. F. Baldovin, A. Robledo, Phys. Rev. E 69, 045202(R) (2004) 54. E. Mayoral, A. Robledo, Phys. Rev. E 72, 026209 (2005) 55. E. Mayoral, A. Robledo, Physica A 340, 219 (2004) 56. G. Ruiz, C. Tsallis, Phys. Lett. A 376, 2451 (2012) 57. H. Touchette, Phys. Lett. A 377, 436 (2013) 58. G. Ruiz, C. Tsallis, Phys. Lett. A 377, 491 (2013) 59. C. Tsallis, J. Stat. Phys. 52, 479 (1988) 60. C. Tsallis, in Nonextensive Entropy - Interdisciplinary Applications, ed. by M. Gell-Mann, C. Tsallis (Oxford University Press, New York, 2004) p.4 61. C. Tsallis, M. Gell-Mann, Y. Sato, Proc. Natl. Acad. Sci.

USA 102, 15377 (2005) 62. O. Penrose, Foundations of statistical mechanics: A deductive treatment (Pergamon, Oxford, 1970), p.167 63. C.-Y. Wong, G. Wilk, Acta Phys. Polonica B 43, 2043 (2012) 64. C.-Y. Wong, G. Wilk, Phys. Rev. D 87, 114007 (2013) 65. V. Khachatryan et al (CMS Collaboration), Phys. Rev.

Lett. 105, 022002 (2010) 66. V. Khachatryan et al (CMS Collaboration), J. High Energy Phys. 05, 064 (2011) 67. K. Aamodt et al (ALICE Collaboration), Eur. Phys. J. C 71, 1655 (2011) 68. K. Aamodt et al (ALICE Collaboration), Phys. Lett. B, 693, 53 (2010) 69. G. Aad et al (ATLAS Collaboration), New J. Phys. 13, 053033 (2011) 70. A. Adare et al (PHENIX Collaboration), Phys. Rev. D 83, 052004 (2011) 71. A. Adare et al (PHENIX Collaboration), Phys. Rev. C, 83, 064903 (2011) 72. M. Shao, et al J. Phys. G: Nucl. Part. Phys. 37, 085104 (2010) 73. R.M. Pickup, R. Cywinski, C. Pappas, B. Farago, P Fouquet, Phys. Rev. Lett. 102, 097202 (2009) 74. C. Tsallis, J.C. Anjos, E.P. Borges, Phys. Lett. A 310, 372 (2003) 75. C. Anteneodo, C. Tsallis, J. Mol. Liq. 71, 255 (1997)

76. F.A. Tamarit, S.A. Cannas, C. Tsallis, Eur. Phys. J. B 1, 545 (1998) 77. P. Douglas, S. Bergamini, F. Renzoni Phys. Rev. Lett.

96, 110601 (2006) 78. R.G. DeVoe, Phys. Rev. Lett. 102, 063001 (2009) 79. J.S. Andrade, G.F.T. da Silva, A.A. Moreira, F.D. Nobre, E.M.F. Curado, Phys. Rev. Lett. 105, 260601 (2010) 80. Y. Levin, R. Pakter, Phys. Rev. Lett. 107, 088901 (2011) 81. J.S. Andrade, G.F.T. da Silva, A.A. Moreira, F.D. Nobre, E.M.F. Curado, Phys. Rev. Lett. 107, 088902 (2011) 82. M.S. Ribeiro, F.D. Nobre, E.M.F. Curado, Phys. Rev. E 85, 021146 (2012) 83. M.S. Ribeiro, F.D. Nobre, E.M.F. Curado, Eur. Phys. J.

B 85, 399 (2012) 84. M.S. Ribeiro, F.D. Nobre, E.M.F. Curado, Entropy 13, 1928 (2011) 85. B. Liu, J. Goree, Phys. Rev. Lett. 100, 055003 (2008) 86. L.F. Burlaga, A.F. Vinas, N.F. Ness, M.H. Acuna, Astrophys. J. 644, L83 (2006) 87. L.F. Burlaga, N.F. Ness, Astrophys. J. 737, 35 (2011) 88. A. Esquivel, A. Lazarian, Astrophys. J. 710, 125 (2010) 89. F.D. Nobre, M.A. Rego-Monteiro, C. Tsallis, Phys. Rev.

Lett. 106, 140601 (2011) 90. F.D. Nobre, M.A. Rego-Monteiro, C. Tsallis, Europhys.

Lett. 97, 41001 (2012) 91. R.N. Costa Filho, M.P. Almeida, G.A. Farias, J.S. Andrade Jr., Phys. Rev. A 84, 050102(R) (2011) 92. S. Umarov, C. Tsallis, S. Steinberg, Milan J. Math. 76, 307 (2008) 93. S. Umarov, C. Tsallis, M. Gell-Mann, S. Steinberg, J.

Math. Phys. 51, 033502 (2010) 94. F. Caruso, C. Tsallis, Phys. Rev. E, 78, 021102 (2008) 95. A. Saguia, M.S. Sarandy, Phys. Lett. A 374, 3384 (2010) 96. E.P. Borges, I. Roditi, Phys. Lett. A 246, 399 (1998) 97. V. Schwammle, C. Tsallis, J. Math. Phys. 48, 113301 (2007) 98. P. Tempesta, Phys. Rev. E 84, 021121 (2011)