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1. Introduction

It has been shown that the nonextensive generalizationedBthizmann-Gibbs thermostatis-
tics, proposed by Tsallis, can be very relevant in many mgaysapplications where long-range
interactions, long-range microscopic memories and/atéifespace-time constraints are present
[1]. In particular, recently, many authors outline the plolgsconnection to the nonextensive statis-
tical framework with nuclear and high energy physical aggilons [2, 3, 4, 5, 6, 7]. The aim of this
work is to generalize the basic concepts of the nonextessatestical mechanics to the relativistic
regime and to investigate, through the obtained relakivieermodynamic relations, the relevance
of nonextensive statistical effects on the hadronic anchermquark-gluon plasma (QGP) equation
of state (EOS). As we will see, small deviations from the esie thermostatistics produce a
significant modification into the shape of the hadronic andP@guation of state with important
consequence on the deconfined phase transition and onlsavelesar astrophysical problems.

2. Nonextensive statisticsin hadronic matter and QGP

The motivation of the importance of non-standard statiéeffects in nuclear and high energy
physics lies in the fact the extreme conditions of density tmperature in high energy nuclear
collisions give rise to memory effects and long-range coil®ractions. These conditions imply
the presence of non—Markovian processes in the kinetictiequaffecting the thermalization pro-
cess toward equilibrium as well as the standard equilibmistribution. A rigorous determination
of the conditions that produce a nonextensive behaviortomeemory effects and/or long—range
interactions, should be based on microscopic calculatielaive to the parton plasma originated
during the high energy collisions and non-perturbative Q&ffects. Such an ambitious goal lies
out the scope of the present paper and, at this stage, welimsiélves to consider the problem from
a qualitative point of view. However, it is noteworthy to et that in proximity of the hadronic-
QGP phase transition, non—perturbative QCD calculati@a®ime important. Only a small number
of partons is present in the Debye sphere: the ordinary mekhapproximation of the plasma is
no longer correct and memory effects are not negligible.

From the above considerations it appears reasonable thegime of high density and tem-
perature both hadronic and quark-gluon EOSs must be affégt@onextensive statistical effects.
In the next two subsections, we will study the two EOSs saelgran the basis on the previously
obtained relativistic thermodynamic relations.

2.1 Nonextensive hadronic equation of state

Concerning the hadronic phase, we use a relativistic sgi§istent theory of nuclear matter in
which nucleons interact through the nuclear force medibtethe exchange virtual isoscalar and
isovector mesonsa(, w, p) [11, 12]. On the basis of Ref.[8], the pressure and the gneegsity
can be written as
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wheren(k, 1) andn(k, — ;) are the fermion particle and antiparticledeformed distribution [8]
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The nucleon effective energy is definedes= /k? + M;*?, whereM;* = My — 0s0. The ef-
fective chemical potentialg are given in terms of the vector meson mean figlds: " — g, F
gop (— proton,+ neutron), whergy; are the thermodynamical chemical potentigls= de/dp;.

At zero temperature they reduce to the Fermi enerBigs= 1/k2 +M*? and the nonextensive
statistical effects disappear. The isoscalar and isoveetson fieldsq, w andp) are obtained as
a solution of the field equations in mean field approximatiod the related couplingg§, 9. and
gp) are the free parameter of the model [11]. Finally, The bargensitiesog are given by

y/ k M (kv _ui*)] ) (24)

wherey is the spin/isospin multiplicity.

Note that statistical mechanics enter as an external irgred the functional form of the
"free" particle distribution of Eqg.(2.3). Because of aletkequations must be solved in a self-
consistent way, the presence of nonextensive statistiigait® in the particle distribution function
influence the many-body interaction in the self-obtainedandields.

In Fig. 1, we report the obtained hadronic EOS: pressure asdion of the baryon number
density for different values af. Because of previous phenomenological studies in heavgadi-
sions have brought to values @fjreater than unity [2], we concentrate our analysig to1l. The
results are plotted at fixed value 8f A = 0.4. The range of the considered baryon density and the
chosen values of the parameters correspond to a physigatisit that can realized in the recently
proposed high energy heavy-ion collisions experiment, feexample, Ref.[13]).

2.2 Nonextensive QGP equation of state

In the simple model of free quarks in a bag [14], the pressenergy density and baryon
number density for a Fermi gas of quarks in the framework oExtensive statistics can be written,
respectively, as

P= f_zu’d32n2/ ki (k. pr) +n(k, —pr)[k"dk— B, (2.5)
R T L Ak, — g )] 2
e _f;u’d an/o e [n9(K, s) + nI(k, — ) k2dk+ B, (2.6)
o = }i/m[n(k s ) — n(k, — s ) k2dk, (2.7)
1 L5q32m Jo ’



Nonextensive statistical effects on the nuclear equatiGtade and on nuclear astrophysical problems
Andrea Lavagno

0.75
0.5t -~ -~
0.25

Figure 1: Hadronic equation of state: pressure versus baryon nunensitgt (in units of the
nuclear saturation densipy) for different values ofy.

wherees = (k2 +m?2)Y/2, n(k, ps ) andn(k, i+ ) are the particle and antiparticle quark distributions.
The quark degeneracy for each flavoyis= 6. Similar expressions for the pressure and the energy
density can be written for the gluons as massless Bose gazevrid chemical potential and degen-
eracy factoryy = 16. Because of the fermion-boson nonextensive distrioy@o3), the results are
not analytical, also in the massless quark approximatitrerdfore, a numerical evaluations of the
integral must be performed. Note that a similar calculatmmy for the quark-gluon phase, was
also performed in Ref.[15] by studying the phase transitiagram.

In Fig. 2, we report the EOS for massless quarldl and gluons, for different values gf As
in Fig. 1, the results are plotted at fixed valueZgfA = 0.4; the bag parameter B/4=170 MeV.
In both the figures we can observe remarkable effects in thpesbf the EOS for small deviations
from the standard statistics.
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Figure 2: Same of Fig. 1 for the case of the quark-gluon equation of stat
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3. Conclusion

In this work we have studied the relativistic thermodynarelations and derived the EOS of a
gas of free patrticle at the equilibrium in the framework & ttonextensive Tsallis thermostatistics.
The results are applied to obtain a consistent generalizatf the EOS of strongly interacting
hadronic matter and of deconfined QGP. The range of dengityeamperature chosen are physical
values estimated in the recently proposed high energy kieavgollisions experiments at finite
baryon chemical potential [13]. We find that small deviasidrom the Boltzmann-Gibbs statistics
implies a sensible modification of the two considered EOSsofplete discussion on the nuclear
astrophysics consequence lies out the scope of this papeevier we want to outline that such a
modification of the EOSs can strongly affect different phgkiproperties, like, for example, the
critical phase transition density, the symmetry energg, ribiclear compressibility, connected to
experimental observables.
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