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Abstract. The density of states and thermodynamic properties of an ideal gas system trapped in
a generic power-law potential in aadimensional space are studied. A unified description for the
Bose, Fermi and classical gases is given by using the grand potential of the system. Consequently,
notonly the results in current textbooks of statistical mechanics but also some new general important
conclusions, such as the conditions for the occurence of Bose—Eisntein condensation in a trapped
Bose system in any dimensional space, can be derived directly using the results of this paper.

1. Introduction

Itis very important to calculate the density of states of particles when the method of statistical
physics is used to investigate the thermodynamic properties of some systems. In general
textbooks and literature [1, 2], one mainly calculates the density of states of free particles (i.e.
in the absence of any external potential). However, real systems are often trapped in external
potentials with various different shapes, and their densities of states are very different from
those of free particles. For example, Bose—Einstein condensation (BEC), first observed in
1995 [3-5], was just an outcome of the mangetic trap and cooling techniques used to realize
the constrained role of the external potential for Bose atomic gases. Thus, it is necessary to
investigate the density of states of a system trapped in external potentials.

Although the interaction between the particles is extremely important in a real system, the
problems are made tractable and the essential physics is retained by assuming an ideal system
of non-interacting particles. It was pointed out [6] that the influence of the finite number of
particles and their interaction on the condensation temperature of BEC is several per cent, so
that it is a good approximation to treat such systems as ideal ones.

In this paper, we consider an ideal gas trapped in a generic power-law potential in an
n-dimensional space. A general expression for the density of states is derived. Starting
from the grand potential of the system, we give a unified description for the thermodynamic
properties of degenerate (Bose and Fermi) and non-degenerate systems.

This paper is organized as follows. In section 2 we derive the general expressions
of the density of states and the grand potential of an ideal system. The thermodynamic
quantities of the system are given in terms of the grand potential. In sctions 3 and 4 we
analyse the thermodynamic properties of degenerate Bose and Fermi systems, respectively.
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In section 5 the thermodynamic properties of weakly degenerate and non-degenerate systems
are straightforwardly derived from the above results. In section 6 the relation between the
density of states and the phase transition is determined. Finally, all the important results are
summarized and a short discussion given in section 7.

2. The density of states and thermodynamic quantities of an ideal system

We consider an ideal system trapped in a generic power-law potential irdamensional
space with a single-particle Hamiltonian

p K n
H = &0 (—) + U,‘

whereey, po, s, U;, L;, ands; are all positive constants, andandr; are the momentum and
the components of coordinate of a particle, respectively.

When the number of particles in the system is large and the potential energy of particles in
atrap is much smaller than their kinetic energy (this condition is often satisfied), the Thomas—
Fermisemiclassical approximationis valid [7]. Thus sums over quantum states may be replaced
by integrals over phase space. The total number of quantum statésfar may be expressed
as
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whereh is Planck’s constant anglis the spin degenerate factor. From the expression of the
volume of am-dimensional spher¥ (n, R) = C,R" = [7"/?/T'(n/2+1)] R", one can obtain

dV(n, R) = S(n, R)dR = nC,R"1dR (3)

whereS(n, R) is the surface area of thedimensional sphere. By using equation (3) and the
Beta function
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equation (2) may be expressed as
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r'() = [,° y'~te”dy is the Gamma function,
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The derivative of equation (4) with respectsgields the density of states as
93 (e) Y C(n/s+1) gl %
de r)

For the case of a spherical symmetric potential, the Hamiltonian of a single particle
H = go(p/po)* +Uo(r/Lo)'. By using the similar method mentioned above, the total number
of quantum states and the density of states can respectively be expressed by

F(n/s+1) oho

Xl =

D(e) =

Y(e) =
(&) =ap Mo+ 1) 8)
and
Fn/s+1) , 4
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where
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wo = £55 20 Lo 149 (10)
h go Uy
and
Ao =n/s+n/t. (11)

This is non-trivial. Only ifn = 1, = 2, ort; — oo can equation (7) be reduced to (9). For
other values of andt;, equation (9) cannot be deduced from (7).
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Now, we assume that the system may be described by a grand canonical ensemble. The
grand potential is defined by

q(z, B, o) =qo+ % / In(1 +bze ) D(e) de (12)
0

whereg = 1/kT, k is Boltzmann’s constant, is the absolute temperatute= exp(u/kT)
is the fugacityu is the chemical potentiab, is equal to—1, 1 and O for the Bose, Fermi, and
classical systems, respectively, apad= (1/b) In(1 +bz). Substituting equation (7) into (12),
one can obtain
_ +ozr‘(n/s+1) °
q(z, B, &) = qo b TGAD Jy
By using integration by parts, equation (13) may be expressed in the following form:

Fn/s+1) [ 1
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where
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N = [2—213 ) = No+al'(n/s + D)(kT)* x 3 f.(z) Fermi system (15)
’ z classical system

is the total number of particles in the system,
aqo Z
No=z|— = 16
0 Z[Bz]ﬂ_a 1+bz (16)
is the ground state occupation which is equal to zero comparedhivéhkcept in the case of
z = 1in the Bose systems,
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are the Bose and Fermi integrals, respectively.

Using the statistical expressions of the thermodynamic quantities, one can easily obtain the
thermodynamic quantities of the system from equation (14). For instance, the total &hergy
and entropys of the system are respectively given by

E=— |:8_qi| = NkTAB (20)
B 1. q
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and
S=k(g—NInz+BE)=Nk[B(A+1) —Inz]. (21)

3. Thermodynamic properties of a degenerate Bose gas

The fugacity; of a Bose system is decided by the characteristics of the distribution function. Its
value must be restricted to the range:@ < 1 and increases monotonically as the temperature
decreases. Whef is equal to the critical temperatufg, z = 1. WhenT < T,z = 1is
kept constant and the Bose integral becomes the Riemann Zeta functign(le= ¢(x).
In such a case, according My = z/(1 — z), there is a macroscopic quantity of particlég
with zero energy condensed into the ground state, while the number of particles in the excited
states decreases continuously as temperature decreases. This is the well known Bose—Einstein
condensation.

Using equations (15), (20) and (21), we obtain

_ {ar(n/s +1)(kT) g (2) T > T, 22
No+al(n/s + 1)(kT)*¢ () T<T,
E _ . { &+1(2)/8:.(2) T>T; 23)
(1= No/N)S(A+1)/5 () T<T
and
S _ { (A +Dg1(z)/8r(z) —Inz T>T, 24)
Nk | (1= No/N)A+ DA+ D) /c (M) T<Te.

From equation (22), we can find that the critical temperafueand the fraction of condensation
No/N are respectively determined by

1/
o= | e mrmos) (25)

Tk laT (/s + D)
and
No 7\*
~ =1- <7c) . (26)

It should be noted that wheh > T, z is a function of temperaturég,+1(z)/9Inz = g, (),
anddN/oT = 0, and whenl' < T, the number of particles of the excited states, which
contributes to the heat capacity, varies with temperature. Using equation (23), one can obtain
the heat capacity at a fixed external potential as

Ci [+ Dgin@)/8:(@) = 1281 (2)/811(2) T >Te o7
Nk | 2o+ Do+ /e T<Te.
From equation (27) the jump in the heat capacity at the critical temperature
[ACd] =2 g(d) (28)
Nk lr_r, ¢ -1

can be calculated. The method mentioned above may similarly be used for the case of a
spherical symmetric external potential. We can obtain a series of the corresponding results, as
long as the parametesisand. in (22)—(28) are replaced hyy andig [8], respectively.

According to equations (25) and (28), we can obtain two new criteria:



4074 Z Yan et al

(i) The criterion for BEC occurence
A> 1 (29)
(ii) The criterion on the discontinuity of the heat capacity at the critical temperature
A> 2 (30)

For a spherial symmetric external potential, equations (29) and (30) becpmé and
Ao > 2 [8]. Equations (29) and (30) indicate the dependance of BEC upon the dimensionality
of space, the kinematic characteristics of the particles, and the shapes of the external potentials.
For example, when atwo-dimensional non-relativistic Bose gas trapped in a spherial symmetric
harmonic external potential is considred= 2,s = 2 andr = 2, soAqg = 2 > 1. It can be
seen from criteria (i) and (ii) that BEC may occur in such a system, while the heat capacity
at the critical temperature is continuous. This differs from the case of a two-dimensional
non-relativistic Bose gas in the absence of an external potenetial, in which BEC cannot occur.
BEC of a three-dimension non-relativistic Bose gas trapped in a power-law potential was
discussed in [9, 10], and some significant results were obtained. It is of interest to note that
the results without interaction obtained in [9, 10] may be derived directly from the present
paper as long as8 = 3 ands = 2 are chosen. This shows that the results obtained here
are more general and may be used to discuss the BEC of Bose systems with different space
dimensionality and different kinematic characteristics. As an example, we consider a three-
dimension non-symmetric harmonic potential and chddge = (m/2)w? r? + (m/2)w?r?.
Then, if the experimental data in [6] are adopted, Ne= 40 000,w, = 234363 (s 1), and
w, = w./8Y2, we obtainT, = 288 nK for non-relativistic Bose systems. This theoretical
result is a very close approximation to the experimental reguls 271 nK, given in [6].

4. The thermodynamic properties of a degenerate Fermi gas

The fugacityz in the Fermi system is not restricted. It may become very large at low
temperatures. In order to obtain the Fermi integral as a quickly convergent series, we may
introduce the variable In = u/(kT) to replacez and use the Sommerfeld lemma [11] to
expand the Fermi integral as a series:

_ (np)" T2 1
fi@) = T(x+1) |:l+x(x - 1)€(|nz)2
=t 1
+x(x—l)(x—2)(x—3)%)w+~~i| (31)

At low temperatures, substituting the first two terms in equation (31) into equations (15), (20)
and (21) gives

2 (kT\?
M=Mo|:1—()»—1)%<—> } (32)
o
E A 72 (kT \?

and

= kT (34)
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where the Fermi energy

[ NPG+D
Ho= [arm/s v 1>}
is closely dependent on the space dimensionality of the system, the shapes of the external
potentials, and the kinematic characteristics of the particles. From equations (33) and (34) we
obtain the heat capacity as

2
< = )”ikT. (36)
Nk 3o
It can clearly be seen from equations (34) and (36) that both the heat capacity and entropy of the
Fermi system are the same at low temperatures. Thisimplies that they are all proportional to the
temperature. Thisisacommon characteristic which is independent of the space dimensionality,
kinematic characteristics of the particles, and shapes of the external potentials, while only the
proportionality coefficient depends on these parameters. The properties of the ideal Fermi gas
trapped in a spherial symmentric external potential was discussed in [12]. The results obtained
there may be included in the unified description of the present paper.

(35)

5. Thermodynamic properties of weakly degenerate and non-degenerate ideal systems

When the temperature of the system rises, the valuedefcreases and becomes very small.
Substituting the first two terms in equations (18) and (19) into (17), one obtains

z
Substituting equation (37) into (14), (20) and (21), we obtain the thermodynamic functions of
weakly degenerate Fermi and Bose systems as

qg=N (1:|: %) (38)

% = MKT (1 55) (39)
and

%:(A+l)<lj:%)—lnz (40)

where the positive sign in (37)—(40) holds for the Fermi system, while the negative sign holds
for the Bose system. In the limit of high temperatures, equation (37) becomes

Brermi = Bpose = Bclassical= 1 (41)
In such a case, a quantum system tends to a classical system. Hence, using the above results,
we can derive the thermodynamic properties of a classical system to be

q=N (42)
E
— = MT 43
> (43)
and
S _ A+1—1In (44)
Nk ¢
where
N
(45)

= ol (n/s + H(kT)"
can be derived from (15).
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6. The density of states and the phase transition

It can be seen from equations (7) and (9) that whether particles are constrained by a spherial
symmetric or non-symmetric external potential, the density of states depends only on the
Hamiltonian of a single particle, while it is independent of the distribution characteristics of
the particles. The density of states of particles for-atimension non-relativistic ideal system
without the restriction of an external potential can be derived from (7) to be

D(e) = Mgn/Z—l (46)
h"'T"(n/2)

whereV, is the volume of am-dimensional container and is the mass of a particle. It can
be seen from (46) that when other conditions are the same, the density of low-energy excited
states depends on the space dimensionality. For a three-dimensional sPsgtena /2.
Whene — 0,D(¢) — 0. Thus, the thermo-fluctuations at low temperatures are very
small, so that the system may be kept in long-range order. Only when the temperature rises
may the thermo-fluctuations destroy long-range order and the phase transition occur. For
a one-dimensional system, the density of low-energy excited siates o 1/¢%2. When
¢ = 0, D(e) — oo. Thus, no matter how low the temperature is, the fluctuations resulting
from the thermo-excitation are all very strong, so that the system cannot be kept in order and
the phase transition cannot take place. For a two-dimensional system, the density of states
is constant and there always exists a certain thermo-fluctuation. Thus, in general, long-range
order does not exist and there is only quasi-long-range order for two-dimensional systems. This
shows that the density of states of particles for different space dimensionalities are different
from each other, so that the properties of the different dimensional systems are different. For
example, BEC may occur in three-dimensional free Bose systems, but may not occur in one-
and two-dimensional free Bose systems.

When an external potential is present, ihg) ~ ¢ relation willbe changed. For example,
for a spherial symmetric harmonic external potential, using equation (9) we can obtain the
density of states for am-dimension non-relativistic ideal system as

_ 8 n—1
D(e) = —(Ea))" o) e (47)

wherew is the frequency of the harmonic external potential. It can be seen from (47) that
for three- and two-dimensional systems, the densities of states are proportieAartde,
respectively. Wher — 0, D(¢) — 0, so that the thermo-fluctuations are very small at low
temperatures, the system may be kept in long-range order. It is thus obvious that BEC may
occur in three- and two-dimensional Bose systems trapped in a harmonic external potential,
while it may not occur in one-dimensional systems. This is compatible with (25). It can also
be seen from equations (46) and (47) that the density of states is affected by not only the
space dimensionality but also the restriction of the external potential. For a three-dimensional
system, the existance of the external potential m@kes tend to zero more quickly as— 0.

This shows that the system contrained by an external potential may be keptin long-range order
more easily than a free system, such that can the phase transition occurs at a higher temperature
for such a system. This conclusion has been proved by experiments. In fact, it is precisely the
restriction of the suitable external potential used by three groups [3-5] in America to achieve
BEC in 1995.
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7. Conclusions

In the present paper, the conventional method of statistical physics is used to calculate the
energy spectrum, density of states and grand potential of the system. Consequently, the
unified description of the thermodynamic proporties of a class of systems is given by using
only a few formulae. This description enables us to know quickly how the properties of a
system depends on the space dimensionality, the kinematic charateristics of the particles, the
shapes of the external potentials, and the particle distribution characteristics, and acquire a
deep understanding of the properties of the material. In particular, for a degenerate Bose gas
trapped in an external potential, two important criteria concerning BEC are given. It is of
considerable importance for a deep understanding of the properties of the quantum gas to have
revealed the common characteristics of the heat capacity and entropy of the Fermi system at
low temperatures.

Although only particles trapped in the external potentials have been studied, the results
obtained here may be used to describe a free system. Becauser; whero, U — oo and
U — 0intheregionsr;| > L; and|r;| < L;, respectively. This is just the condition of a free
system confined in an-dimensional container with a side length,;2 Using this condition,
we may obtain the density of states for a free system as

D) =2 c, v, PO _gns—1, (48)
s s

This is simply one of the main results in [2]. Substituting equation (48) into (12), we can
derive the corresponding grand potential, from which one can find all the thermodynamic
properties of free ideal systems with different space dimensions and different particle kinematic
characteristics. For example, from equation (14) one can obtain the unified equation of states
of free ideal systems as

Pl‘l VI’L
kT
whereP, is the pressure of andimensional free system. In particular, when 3,s = 2, and
g0/ Py = 1/2m, we can derive all the results of the ideal Bose, Fermi and classical systems,

as given in statistical physics textbooks. This shows once again that the unified description
obtained in the present paper is of considerable importance.

=NB (49)
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