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ABSTRACT

Bose-Einstein condensation is considered within the Tsallis generalized thermostatis-
tics as an illustrative case of a situation where interactions are inexistent in the Hamil-
tonian and the system evolves in a fractal space. The (1—¢)/kT — 0 asymptotic behavior
is studied.
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The Boltzmann-Gibbs statistics and its connection with thermodynamics are powerful
tools in theoretical physics to study situations where the following conditions are satisfied
(i) the effective microscopic interaction is short-ranged or inexistent, (ii) the microscopic
memory is short-ranged or inexistent and (iii) the system evolves in a nonfractal space-
time. This is to say, whenever the extensive (additive) properties of thermodynamics
hold.

Whenever an Euclidean-like (nonfractal) space is involved, the ideal Bose-Einstein gas
(no interaction exists in the Hamiltonian) is the simplest exactly solvable continuous sys-
tem that has a phase transition. Therefore, it has its place in any course on statistical
mechanics including quantum statistics [1]. An elementary, but rigorous, calculation is
made in ref. [2] by controlling the difference between sums and integrals in the thermody-
namic limit. This phase transition is the well known Bose-Einstein condensation (most of
particles go to the zero momentum state). The Bose-Einstein condensation is a physical
situation in vogue nowadays because of important experimental advancements have that
ocurred recently [3].

Let us start by considering an ideal gas of particles that obey to the Bose-Einstein
statistics at temperature T" and chemical potential g, for a large (hyper)volume V and a
large number of particles Ny. The average number of particles is given by
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Here D is the dimension of the system and we assume D > 2 in order to have a non-
vanishing critical temperature; kg is the Boltzmann constant and A = h/2x (h is the

Planck constant). The function gp/; is defined as gp/2(y) = Y_ne, y" /nP/2. The quantity

ni? = 1/(exp(—u/kgT) — 1) is called the zero momentum state and can be macroscopi-
cally occupied. The phase transition happens as p — 0.

The occupation of the zero momentum state is of course the Bose-Einstein condensa-
tion. It occurs at temperature T' < Ty. The critical temperature T, is given by

Ta = ZTIZ (C(D%)v)Z/D' 2)

where ((x) is the Riemann function. It is worthy to recall that, for 7" > T, ngo) = 0;
for "< T., p = 0; and that, for T' = T4 + €, where ¢ — 0, ngo) x €, which could be
compared with the mean field approximation, namely e'/2.

The fraction of particles in the zero momentum state can be written

(0) D/2
ny T )
—=1- for T'< T4,.
Ny <Tc1 ’ or s =da (3)

Eqgs.(1)-(3) is the more interesting set of results on the problem within the Boltzmann-
Gibbs thermostatistics. Some thermodynamic properties of an ideal gas in D) dimensions
have been discussed in ref. [4]. Nevertheless, this formalism fails whenever the phys-
ical system includes (i) long-range force and/or (ii) long-memory effect and/or (iii) a
(multi)fractal space-time. In any of these cases, the system is expected to violate the
standard extensive properties.

More precisely [5], the difficulties and their consequences are classified as follows:
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(i) For a relevant Euclidean-like space-time and if either the forces or the memory (or
both) are long-ranged, but we are interested in an equilibrium state, the Boltzmann-
Gibbs statistics is weakly violated, the formalism can be used to obtain an approx-
imate description. However, if we are interested in a meta-equilibrium state [6], the
Boltzmann-Gibbs description is strongly violated. Other formalism must be used.

(ii) For a relevant (multi)fractal space, the Boltzmann-Gibbs formalism is strongly vio-
lated again and other formalism is needed.

The explicit need for a nonextensive thermodynamics has been well known in cosmo-
logy, gravitation and astrophysics [7], magnetic systems [8], Lévy-like anomalous diffu-
sion [9], etc.

As a possible solution, Tsallis proposed a nonextensive thermostatistics in his pa-
per [10]. This formalism has already received some applications. Among them, let us
mention: Self-gravitating systems, Stellar polytropes, Vlasov equation [11, 6]; Lévy-like
anomalous diffusion [9, 12]; Simulated annealing [13]. Furthermore, its connection within
quantum statistics [14], quantum groups [15], quantum uncertainty [16], fractals [17, 18],
etc., has been established.

The generalized statistics relies on the so called Tsallis entropy, namely

1_2Rp3% (4)
1—q

where ¢ € R; k is a positive constant and 5, recovers the standard form —kg >, prInpg,

Sy = —k

in the limit ¢ — 1.
Expression (4) has enabled various (nontrivial, though mathematically simple and
natural) generalizations of important properties such as ref. [14]

(i) The grand-canonical equilibrium distribution now becomes

PR = [1_6(1_Q)(5R_NN)]Q7 (5)

—
—
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with the generalized grand-partition function consistently given by

Zq(Bop) =3 [ = B(1—q)(er — uN)] ™7, (6)
R
where 8 = 1/ET > 0 and ecp is the spectrum (R represents a set of given real
numbers).

(ii) The thermodynamics associated with Eq.(4) is invariant under Legendre transfor-
mations and preserves thermodynamic stability [19]; in particular, the fundamental
equation for open system is

‘ %:pR D (Z,)7 O ®)

== ]
Q, = —kTﬁ. (7)
The g-expectation value of the particle number is given by,
00, _ 1 0
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(iii) The corresponding Hilhorst integral transformation of the grand-partition function
was obtained. In the same manner, the generalized distribution function as well as
the g-expectation values of some thermodynamic quantities were established. The
Hilhorst transformation (as discussed by Prato [20]) for the g-expectation value of
the particle number can be obtained in a closed form as

N::FG%JJ-fda—@fﬁﬁzm—M1—@znmw—ﬂﬂ—qﬂﬂ> )
B 2 e | |

Now, within this formalism, we study the Bose-Einstein system (no interactions in the
Hamiltonian) in a (non Euclidean) fractal space. The last fact makes necessary to use a
nonstandard Boltzmann-Gibbs statistics. The Tsallis formalism will be used, where the
information about the fractal dimension is kept in the parameter ¢ [17].

The generalization of Eq.(1) is

" D/2
Ny = +V (%) Go(D/2, 1), (10)
defining
Ky(m,z,p) = (L~ )" T/~ q)) < (KT — (1 — q)(H — pN))*™™ >,

/(1 =q)+2—m)

where, < O >, is the g-expectation values of the operator O. As before, ngo) is the
generalized occupation number of the zero momentum state and it is given by

=3 3 e

n=1m=0 m

K,(m,0, u), (11)

and

o] kT D/2 o] (nlu)m :

Go(D/2,p) =) | —] D Ky (m, D2, p). (12)
n=1 n m=0 m.

According to Eq.(10) and Eq.(12), the critical temperature is obtained by requiring the

following expression to be satisfied:

(13)

m

20mh?\"* N,
which is the generalization of Eq.(2). We can also obtain the generalization of Eq.(3),
this is:

WP < (T = (1= )PP >, 14
N, B < (kT — (1 = @)H)P/2 >
Furthermore, it is convenient to remark that the Eq.(13) for the critical temperature
is satisfied whenever the generalized fraction of particles in the zero momentum state

vanishes (ngo)/Nq =0).
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Due to the mathematical difficulties associated with a generic values of ¢, let us from
now focus the ¢ &~ 1 case. By using Eq.(7) from the ref. [21], Eq.(13) asymtotically
becomes

T Z0(T2) Y (l—l-(l—q)(D/Q—l) chq) = kpTa. (15)
cq

When T' < T, the internal energy U; for a Bose-Einstein system is written as a function

of the temperature, namely

D D/2

() =5V (S5) T RT)P(D2 4 1) (16)
Vs

for the same case, the thermodynamic potential is given by

m
o h?

So, as =1 = exp(—/€), the grand partition function is written as

=, = exp (v (m—kT) " (D)2 + 1)) . (17)

2 = v ( )Dm (KT)PI¢(Df2 4 1),
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Evaluating Eq.(15), we obtain an equation for 7,1, and by inverting for T.,, we have

chle—(l—q)<§+%—1)%

whenever k = kg by the first order correction in (1 — ¢). This approximation shows that,
if ¢ < 1 the critical temperature decreases. According to Eq.(2) there exists an apparent
modification on the density (i.e., if the average number of particles N; is constant the
volume increases as ¢ < 1) in the ¢ — 1~ limit . Now, we calculate

10 (T (D—22¢D/2+1)
Vl8_q<T_d)_ 2D ((D/2) ’

so, we remark that, the first derivative of T,, with respect to ¢ is positive for all values
of D > 2. In Fig.1 is depicted (solid line) the profile of the Eq.(19) as a function of the
D parameter; (if V = (P where ( is the side of a box in D dimensions) the quantity
Nf/S_Q/DTd(D)/Td(i%) versus D (dashed line).

Summarizing, the standard results are recovered from the generalized results when
g = 1, as it should be. It is shown that, in the present approximation, the critical tem-
perature for the phase transition of the Bose-Einstein condensation is modified whenever
the nonextensive thermostatistics is considered. Furthermore, the critical temperature

NI] Ta, (18)

(19)

in other problems change as well if ¢ # 1; for instance, in the canonical ensemble, the
self-dual planar lattice Ising ferromagnet within renormalization group calculation [22]
and a z-coordinated spin—% [sing ferromagnet within molecular field approximation [23]
suffer modifications perfectly consistent to our result. In particular, all these theoretical
approaches provide a critical temperature which increases with g¢.

The author is very indebted to C. Tsallis for valuable discussions and to C. Tsallis, S.
A. Cannas, T. J. P. Penna and M. Muniz for their helpful comments on the draft version
of this paper.
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D

Fig.1: Profile of the Eq.(19) (solid line) and the quantity le /3-2/ Drd DY/ T (3) (dashed
line) as a function of D




-6 - CBPF-NF-087/95

References

[1] L. E. Reichl, “A Modern Course in Statistical Mechanics”, Univ. Texas Press (1980)
262;
K. Huang, “Statistical Mechanics”, 2nd. ed. Willey, New York (19987) 288.

[2] G. Scharf, Am. J. Phys. 61 (1993) 843.

[3] W. Petrich, M. H. Anderson, J. R. Ensher and E. A. Cornell, Phys. Rev. Lett. 74
(1995) 3352.

[4] H. S. Robertson, “Statistical Thermophysics”, Englewood Cliffs (Prentice-Hall 1995)
Chapter 4;
M. C. de Souza Viera and C. Tsallis, J. Stat. Phys. 48 (1987) 97;
C. Tsallis, “Mecanica FEstatistica”, Edicao CBPF (1978).

[5] C. Tsallis, Physica A 221 (1995) 277.

[6] B. M. Boghosian, (to be published). E-mail to chao-dyn@xyz.lanl.gov with “get chao-
dyn/9505012” on subject line.

[7] D. Pavon, Gen. Relativ. Gravitation 19 (1987) 375;
P. T. Landsberg, J. Stat. Phys. 35 (1989) 843;
H. E. Kandrup, Phys. Rev A 40 (1989) 7265;
H. Bacry, Phys. Lett. B 317 (1993) 523.

[8] B. J. Hiley and G. S. Joyce, Proc. Phys. Soc. 85 (1965) 493;
S. A. Cannas, Phys. Rev. B 52 (1995) 3034.

[9] D. H. Zanette and P. A. Alemany, Phys. Rev. Lett 75 (1995) 366.
[10] C. Tsallis, J. Stat. Phys. 52 (1988) 479.

[11] A. R. Plastino and A. Plastino, Phys. Lett. A 174 (1993) 384 and A 193 (1994)
251;
J. J. Aly in “N-Body Problems and Gravitational Dynamics”, Proceedings of the Meet-
ing held at Aussois-France (21-25 March, 1993), eds. F. Combes and E. Athanassoula
(Publications de 1’Observatoire de Paris, 1993) 19.

[12] C. Tsallis, S. V. F Levy, A. M. C. de Souza and R. Maynard, Phys. Rev. Lett. 75
(1995) 3589

[13] T. J. P. Penna, Phys. Rev. E 51 (1995) 1 and Computers in Physics 9 (1995) 341.
[14] S. Curilef, Z. Phys. B (1996) in press.

[15] C. Tsallis, Phys. Lett. A 195 (1994) 329 .

[16] A. K. Rajagopal, Phys. Lett. A 205 (1995) 32.

[17] C. Tsallis, Fractals 3 (1995) 541.



-7 - CBPF-NF-087/95

[18] D.H. Zanette, Physica A 223 (1995) 87.

[19] C. Tsallis, Phys. Lett. A 206 (1995) 389.

[20] D. Prato, Phys. Lett. A 203 (1995) 165.

[21] C. Tsallis, F. C. Sa Barreto and E. D. Loh, Phys. Rev. E 52 (1995) 1447.
[22] S. A. Cannas and C. Tsallis, Z. Phys. B (1995) in press.

[23] E. F. Sarmento, Physica A 218 (1995) 482.



