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We investigate the thermodynamic properties of an ideal charged Bose gas confined in an anisotropic harmonic po-
tential and a constant magnetic field. Using an accurate density of states, we calculate analytically the thermodynamic
potential and consequently various intriguing thermodynamic properties, including the Bose—Einstein transition tempera-
ture, the specific heat, magnetization, and the corrections to these quantities due to the finite number of particles are also
given explicitly. In contrast to the infinite number of particles scenarios, we show that those thermodynamic properties,
particularly the Bose—Einstein transition temperature depends upon the strength of the magnetic field due to the finiteness
of the particle numbers, and the collective effects of a finite number of particles become larger when the particle number
decreases. Moreover, the magnetization varies with the temperature due to the finiteness of the particle number while it

keeps invariant in the thermodynamic limit N — co.
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1. Introduction

The ideal charged Bose gas (CBG) consists of a gas of
spin-less, charged bosons coupled to an external homogeneous
magnetic field has played a significant role in understanding
lots of exotic quantum phenomena including superfluidity and
superconductivity. The study of the CBG has a long history
and it is impossible to give a complete list here. Perhaps,
the first investigation in three dimensions was performed more
than half a century ago by Osboren, ! and then by Schafroth!?!
who showed that Bose—Einstein condensation (BEC)*~7! can-
not exist at any finite temperature in the presence of a homo-
geneous magnetic field. However, the system does exhibit the
essential equilibrium features of a superconductor such as the
Meissner—Ochsenfeld (MO) effect at lower temperatures in a
magnetic field. May!®°! extended this idea to a D-dimensional
CBG and pointed out the BEC in CBG can take place only if
D > 5. Toms!!%!!l subsequently argued that BEC cannot oc-
cur in the CGB in any spatial dimension D, while Rojas!!?!
has pointed out that BEC can take place with a diffuse transi-
tion. May’s work was confirmed and extended by Daicic and
Frankel.!'3] A semiclassical approach was used by Bayindir
and Tanatar!'¥ to conclude that BEC can occur in the CBG in
a magnetic field and in the presence of a crossed electric field.
The thermodynamic properties of the 2D CBG in a magnetic
field has also been investigated by van Zyl and Hutchinson. ['%]

In recent years, with rapid progress in ultracold atoms,
there has been a renewed interest in charged bosons. In a
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properly designed laser field, the center-of-mass (CM) motion
of neutral atoms may mimic the dynamics of a charged parti-
cle in a magnetic field.['® Alternatively, one can spin up the
neutral atoms by confining them in a rotating frame.[!”! Since
the atomic gases of the experiments for BEC are dilute, as a
first approximation the ideal Bose gas is a good starting model
to explore theoretically in terms of basic interatomic interac-
tions. Although not the focus of rotating Bose gases research,
the thermodynamic properties of the rotating ideal Bose gases

5.118-231 In particular,

have also been studied by various author:
the ideal CGB in a magnetic field was taken as an example
to investigate the thermodynamic properties of rotating ideal
Bose gases by the authors of Ref. [24]. The system they con-
sidered is placed in a uniform magnetic field and a harmonic

trap
om0 2.2 2.2
V= 2(a)x + oy + 7). (1)

Based on the thermodynamic limit approximation, i.e., the par-
ticle number is infinite, they found that the BEC condensation
temperature is irrelevant to the magnetic field, which is con-
flicting with established intuition that the critical temperature
decreases when the strength of the magnetic field increases.
However, it is well known that in real experiment condi-
tions, the number of trapped atoms N is finite ranging from a
few thousand!® to a few million,?®! the thermodynamic limit
approximation may not be available. Actually, there are quite

a lot of works dealing with this issue for the Bose gases.[?’—33]
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Hence, in this paper we investigate the effects of a finite num-
ber of particles on the thermodynamic properties of an ideal
charged Bose gas confined in an anisotropic harmonic poten-
tial and a constant magnetic field. Using an accurate density
of states, we first calculate analytically the thermodynamic po-
tential, then various thermodynamic properties including the
Bose—Einstein transition temperature, the specific heat, and
magnetization are analyzed. The corrections to these quan-
tities due to the effects of a finite number of particles are also
given explicitly. In particular, we show that the BEC conden-
sation temperature is relevant to the magnetic field and the
magnetization varies with the temperature when the particle
number is finite. These behaviors are quite different from the
infinite particle number case.

The rest of the paper is organized as follows. In Sec-
tion 2, we introduce the Hamiltonian of the system and give
the energy spectrum. The thermodynamic potential and var-
ious thermodynamic potentials are obtained and analyzed in
Section 3, concluding remarks are made in the last section.

2. Hamiltonian and energy spectrum

The ideal charged Bose gas we consider consists of N
bosons with mass m and charge e > 0, is trapped in a har-
monic confining potential which is anisotropic in all three
dimensions[?%3¢! described by
m
5 (00 + @)y’ + 072, )

and also is under a perpendicular magnetic field B in the

Vtrap =

z direction. Choosing a symmetric gauge A = B X 1/2 =
(—By/2,Bx/2,0), we have the Hamiltonian

2 2
(px - gAx) (py - gAy)
c
+

o 2’; + Vicap: 3)

where c is the speed of light and ¢ = e is the charge. The

H =

Hamiltonian can be decomposed into two parts

H= ny + H17 (4)
where H, = p?/2m+m®?7* /2 describing the z direction with
trap frequency @, and eigenvalues E,, = (n3 +1/2)hw;, and

1 1 . N [0)
Hy = o (pi+p)) + (00 + 03y + L. (5)

2m 2m

describes the in-plane motion with

s w? ?
wx:\/w)%—&-f, a)yzy/a))?ﬁ—f,

and @, = gB/(mc), the cyclotron frequency. Without loss of

generality, we may assume @, < @y. The energy levels for Hy,

are37]

1 1
Eyn, = <n] + 2> hoy + (n2—|— 2> hay, (6)

where

1
) = —{w§+(oy2+w§

V)
12
+ \/(w§+wy2+w§)2f4w§wy2} NG)

The corresponding eigenfunctions for the Hamiltonian of
Eq. (5) are also known, we refer the reader to Ref. [37] for
more details. The behaviors of the frequencies @, 1 as func-
tions of the strength of magnetic field B are plotted in Fig. 1.
In the case of isotropic harmonic potential, i.e., 0, = @, = @,
then @1, = © F @ /2 with ® = /03 + ®? /4. In Fig. 2, we
plot the in-plane energy levels E,,,, as a function of the cy-
clotron frequency @, = eB/(mc).

Hence, the energy levels of the total model Hamiltonian
are

1 1 1
E"1”2”3 = <n1 + 2) ho + <1’12 + 2) hon + <l’13 + 2) h(l)z
= €nynyny + E0, 8)

where €n,n,n; = n1h®; + nohoy + n3ho,, and Ey = h(w +
w; + ®;) /2 is the ground state energy.

— wy/w,
N — wy/w,
3
<
3
5 6

we/2w,

Fig. 1. (color online) The @ »/®, as functions of the cyclotron frequency
. = eB/(mc) (in units of 2ey), which is proportional to the strength of
the magnetic field B.

5hw./2

Z 3hw,./2
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hw./2
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Fig. 2. (color online) The in-plane energy levels £, ,, (in units of /ic,)
as functions of the cyclotron frequency @. = eB/(mc) (in units of 2a,),
which is proportional to the strength of the magnetic field B.

010307-2



Chin. Phys. B Vol. 25, No. 1 (2016) 010307

3. Thermodynamic properties

In this section, we first calculate the thermodynamic po-
tential, then the transition temperature and condensate fraction
are obtained by taking into account the fact that the particle
number N is finite. Finally, we calculate the specific heat and
magnetization.

3.1. Thermodynamic potential

The thermodynamic potential of the system is!3®!
O — 1 In(1 — ¢ PEnimn—H))
B tuimane)
1
= - In(1—ze Pemmn:), 9)
B {ninon:}

where B = (kgT)~ is the inverse temperature, z = ef(#—£o),
The above expression usually can be written as two parts

Q :Qo+QT¢0, (10)

where the first part Qy = In(1 — z)/f, which is present only

when there is a nonzero condensate. Alternatively, this part

can also be described by using a background field ¥ (r),!3%40]
2¥|?

Q= /d3r ("  Vigap ()| P2 — u|q/|2> .o

2m
Notice here % = i(P —qA/c)¥ is the gauge-covariant
derivative. The nonzero value of the background field ¥ which
signals a condensate satisfies the following equation:
1

ZmQZ‘I’—Vtrap(r)‘I’—i-uPP\ =0. (12)

Thus we can expand ¥(r) as ¥(r) = ¥,,C,'F(r), where
Y, (r) are stationary state solutions to the Schrédinger equa-

tion
1
= 5 7P (T) + Vi (1) () = E(r),  (13)

and they form a complete set. Since equation (13) is exactly
the Schrodinger equation for the Hamiltonian of Eq. (4), one
immediately realizes that E;, coincides with the single particle
energy Ep nyn, of Eq. (8) with n = {ninyn3}. The correspond-
ing eigenfunctions are also readily identified as

an:{nlnzm}(T) = d)’llnz (x,y)¢n3(z). (14)

The coefficients C, are determined by

When the temperature is above the BEC temperature 7,
the chemical potential u is less than the ground state energy,
U < Ep. Thus, E, —u # 0 and C, = 0 for all levels. As the
temperature decreases, the chemical potential ¢ increases and
reaches Ey at or below 7. Then Cy # 0 becomes the only
nonzero solution of all C,, which means the corresponding
condensate wave function is ¥'(r) = Co'¥(r), with

(1) = Poo(x,y)90(2), (16)

where Py (x,y) is the ground state wave function for ny,m]

1 VM0 My, 1/2 ) My @1x% + 2i oMy &y M anxy + Ma any?
Doo(x,y) = = | exp |iogxy — 5 , a7
T [ (Mo Myan+1) 2(asMiw My +1)
. \ . .
with The second part of the thermodynamic potential is
2 2
_m [0 m 2 0 w2 4 @2)2 2 2 1 <
*=7 (w) " aa V(@ ac) —dago, Q=g L In(l-ze P, (22)
(18) {ninanz}
p— a)c /
02 = _m \/ (02 + (x)yz +@2)? —do? (Dy27 (19) where ) (.} denotes the summation over all the eigenstates
except the ground state. After expanding the logarithm, equa-
and tion (22) can be expressed as a sum over the Bose—Einstein
distribution function as
o YMio (x+1BMry)
o 2M1(1)1M20)2+1 ’ 1 «’ Zefﬁs”
ﬁ . 'QT?éO = _7Zn1n2n37*ﬁ€
H— \/Mz(l)z(BM](l)lx—ly) (20) ﬁ 1—ze n
- BMyoMyen +1 1 &7 = :
PEM 1M — 5 L5 [ s0e e @
2m\/(w§+wy2+a)§)2—4a)3wy2 B=ito
M, =

\/(w)% + 0} + ©0)* — 40l 0} — (0 — 0 + 07?)
e2y)

where g(€) = Y1, 1,1, 0(€ — €nynyny) is the density of the states
(DOS). In the following we adopt an approximate but very ac-
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curate expression for the DOS as in Refs. [27] and [29]

O T
072 ) T ()

(24)

where @, = (0,00,)'? = (0,0,0,)'/3, and y =30/ (26,)
with @ = (0 + @, + ®;) /3. Note that v is a function of B even
in the isotropic case. Inserting Eq. (24) into Eq. (23) yields

(ksT)?
(ha@g)?

1 [(ksT)?
P07 "8 | (hay)?

g4(z) +y &@)|, 29

where gi(z) = Y72/ j* is the usual Bose-Einstein

function. [3¢]

3.2. Transition temperature and condensate fraction

Having obtained the analytical expression for the thermo-
dynamic potential in the above subsection, we next proceed
to calculate the expression for the particle number N which
can be derived via the equation N = —9Q/du. The transi-
tion temperature and condensate fraction then can be obtained
from the equation for the particle number.

Employing Egs. (10) and (25), we can express the particle
number as the summation of two parts

N = Ny +Ne, (26)
where
280 z
No=—5—=——=|C 27)
ou 11—z

is the number of particles condensed on the ground state which
is nonzero only when the temperature is lower than the transi-
tion temperature 7' < T, and

. 0Qr  (keT)
© o du (hay)’

2
a(2)+ yz’;zgz o) @8

is the particle number in the excited states.

When T = T, the number of particles condensed on the
ground state is pretty large No > 1 but still No < N. Hence
we can ignore Ny in Eq. (26) and from Eq. (27) we have
z=No/(No+1) = 1, consequently we have

N~ (kBT°)3C(3)+y<kBTC)ZC<2>7 (29)

I, I,

where §(n) = g,(1) is the Riemann zeta function. The above
equation can be readily solved and we obtain the transition
temperature as

hag (N NPTy )y
T“'kgg(m)) {1‘3c<3>2/3N13} G

Note here, in the thermodynamic limit, the second term in the

bracket of Eq. (30) can be dropped and the transition tempera-
ture becomes

ha, [ N \'? ha,
To = g() ~0.94—=N!/3, 31
0 ks \203) i (31)

which is irrelevant to the strength of the magnetic field. It
should be pointed out that the transition temperature obtained
in Ref. [24] is just Eq. (31). Hence, clearly they have taken the
thermodynamic limit N — oo.

Combining Egs. (30) and (31), we have

L-T _ v 2 N1/
To 3¢(3)%3
- O+t |, /3
~ —0.243[((0%(0)1/3% B (32
X y W2

We plot the ratio (7. — Tp) /Ty as a function of the strength of
the magnetic field B in Fig. 3. It is clear from the graph that
the ratio decreases as B increases. Meanwhile, as the degree
of anisotropic @, /@, increases at fixed @, the ratio also de-

creases.
0 " W, =1.5w, < Wy =W o
g w, = 1.5w,* I
g —0.02f . e et M
g _0.04 R O Bty 0% S N: 10() -
I | e N=10° ]
g 000 i, o N =infinity
—0.081 . i
12
0.01
0 ~
B —w, ]
S om
EF —0.02[ . N=10% i
& _opo3f . N = infinity |
—0.04} . . . . .
0 2 4 6 8 10 12
B/T

Fig. 3. (color online) (a) The (T —Ty)/Tp as a function of the strength
of the magnetic field B for 0, = @y and @y, = 1.50,. We set N =
10*,10°,10%, 00 and @, = @, = 10° Hz in the plots. In order to see the
N =108 curve in panel (a) clearly, we replot it in panel (b) with a different
vertical scale.

Next, let us examine the condensate fraction, i.e., the ratio
of the number of condensate particles to the total particle num-
ber for T < T;. Since Ny > 1 in this case, we may substitute
z~1in Eq. (26) to obtain

N hdy) N hag) N

or using the expression for Ty of Eq. (31), the above equation

can be rewritten as
No _ T\’ £2) [T\ 1
N (To) YC(3)2/3 T N G4

A plot of Ny/N as a function of (T /Tp) for different fixed val-
ues of the strength of the magnetic field B and particle number
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=100 T 1

F— N = infinity
I Wy = Wy

Ny/N
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“L) B=100T ™ -
O L 1 L 1 L i L "
0 0.2 0.4 0.6 0.8 1.0

T/T,

No/N

0.4

Fig. 4. (color online) The N/Np as a function of T'/Tp for different val-
ues of B=50T, 100 T or w. = 29.606 kHz, 59.212 kHz, and N =
104,105,108, 00,0, = @, = 10* Hz. In panel (a) we set ®, = @, and
®y = 1.50, in panel (b).

N is given in Fig. 4. It is interesting to note that, in the case
when N — oo, equation (34) reduces to

No_, (TY
N )’

thus the change of the B will not affect Ny/N. While in the fi-
nite particle number case, it is evident that when the value of B
increases or N decreases, the value of Ny/N will be lowered as
shown in Fig. 4. In order to make the curves distinguishable,
we set B= 50T, 100 T in the graphs.

3.3. Chemical potential

In this subsection, we investigate the chemical potential
U, or equivalently z = ePu=Eo) Since it is clear when T <T.,
U = Ep, we only need to find out 4 when 7 > T;.. As dis-
cussed earlier, No = 0 when T > T;, hence, equation (26) can

be rewritten as

N= (;;)3CI(V3)83(Z)+7<£>2<C1(V3))2/3<€2(Z), (35)

which cannot be solved analytically. In order to obtain z as a
function of (N, B,T), we solved Eq. (35) numerically and plot
zand u as functions of the temperature T' /T for different val-
ues of the B and N in Figs. 5 and 6. From the graphs, it is clear
that in the region 7 > T¢, z and u die down very fast as T in-
creases. As shown in Fig. 6, u dies down faster as the particle

number increases.

1.2 ————— 1.2 ——
1.1} 1.1 y
1.0 1.0
0.9 |- - N=10" 0.9 - N=10"
N L e N=10° . N=10°
08| -- N=10° 0.8 |- --N=10"
. — N=infinity L — N=infinity
0.7 | Wy =Ws 0.7 v
- B=5T L B=10T
0.6 0.6 -
L (a) - (b)
0.5 1 1 1 1 1 1 1 1 1 0.5 1 1 1 1 1 1 1 1 1
0 02 04 06 08 1.0 0 02 04 06 08 1.0
1.2 — T T T T T T T T T T T T 1.2 — T T T T T T T T T T T T
1.1} 1.1k J
1.0 1.0 4
0.9 F - N=10' 0.9 | oN= 102 4
N ..... N: 106 N: 10
L L = ]
0.8} Tt N=10° 0.8 | ToN=100 R i
‘ — N =infinity — N =infinity ")
- - =1.5w, 1
" Wy = 1.50.}1. | Wy £ i
0.7_ i 0.7_ B10T _
0.6 | 0.6 | g
L (c) 2 - (D) A ]
05 " 1 " 1 " 1 " 1 " 1 " 1 - 1 05 " 1 " 1 " 1 " 1 " 1 " I.‘ E 1
0 02 04 06 08 1.0 1.2 1.4 0 02 04 06 08 1.0 1.2 1.4
T/T, T/To

Fig. 5. (color online) The z as a function of 7 /Ty for different values of B=5T, 10 T or . = 2.9606 kHz, 5.9212 kHz, N = 104., 1067 108,00, and
0y =W, = 103 Hz. We set @y = @ in panels (a) and (b) and @, = 1.5@; in panels (c) and (d).
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50 : : : : 50 : : : :
(a) (b)
0F . 0F _ _
. =50t P 4 —50f '. .
3 ' : :
= N=10" | N=10* | -
—100f Y= ' 4 —100f T i - g
00 N=10° ; -~ N=10° P -
-- N=10" ' -- N=10° !
—150F N = infinity] 1 4 _150F — N=infinity| ! g
Wy =w, ; W, = w, 1
B=5T i : B=10T .
—200 ———~— —— —200——~—— L '
0 0.5 1.0 1.5 2.0 2.5 0 0.5 1.0 1.5 2.0 2.5
50 : : : : 50 : : : :
(c) (d)
0F . . 0 _
R '. {1 —sof i .
3 '. "-
~ 4 i \ .
= -~ N=10 . .
i L - N=10 . :
—100F..... 5 ' 4 —100 : o -
o N:lo; . “ N=10° i 3 .
N:.]_O. ) .I . -- N=10° lI
_150F N = infinity| | | 150l — N=infinity | |
wy = 1.5w, ', wy = 1.5w, \
B =5 T 'l | B — 10 T 'I :
—200 ‘ . ‘ —200 —l e
0 0.5 1.0 1.5 2.0 2.5 0 0.5 1.0 1.5 2.0 2.5
T/T,

Fig. 6. (color online) Chemical potential  as a function of 7'/Tj for different values of B=5T, 10 T and N

®y = @ in panels (a) and (b) and @, = 1.5@; in panels (c) and (d).

In the thermodynamic limit N >> 1, we can ignore the last
term of Eq. (35). Therefore, when T > T. we have

-1

46)
T\ |’
Ty
where g3 ! 2] is the inverse function of g3(z). From Eq. (36), it
is easy to obtain that

7= ePl-Eo) —

(36)

£(3)
T\3
(%)
From Fig. 5, we note that in the regime T > T, only when
No=0,z=Ny/(No+1) < 1and g3(z) ~ z = ePH—F0) equa-
tion (37) reduces to u ~ Ey — 3kg T In(T /Tp). However, there

exists a transition region where the approximation z < 1 is not
valid, then we have to use Eq. (37) to obtain the value of u.

W(N,B,T)=Eo+ksTIn | g5

(37)

3.4. Specific heat

In this subsection we calculate the specific heat. The spe-

cific heat can be calculated by differentiating the internal en-

ergy U with respect to the temperature C,(T) = dU /dT. The

/T,

=10%,10%,10%, 00, 0, = @, = 10> Hz. We set

internal energy is given by

€

U= /EO e e(e)de

g(e)
= NEO+/ mdg
3(ksT)* 2y(ksT)?
= NE, _ .
=N 0+ (hwg)3 g4(Z)+ (ha—)g)z g3(Z) (38)
When T < T, then z = 1 and the above equation reduces to
3(ksT)* 2y(ksT)?
U = NEy+ B0(3), (39
(hag? =T (g o)

thus the specific heat blow 7; is

Gy« _ 12(kgT)* §(4)  6Y(ksT)* £(2)
Nkg (W@, N (h@g)2 N
_ 5@ 6v§(3)'/?

(3(3)(;0)3+ TN (;0)2 (40)

When T > T¢, the specific heat can be obtained from Eq. (38)

directly,
e :12( ) c<(>)+zv1/3< )2533()?/3

D) g v (5) ]2
(41
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We plot the specific heat as a function of T' /Ty for different val-
ues of Band N in Fig. 7. It is clear from the graphs that when N
is finite, the specific heat exhibits a continuous change. While
in the limit of N — o, T, = Tj, the specific heat shows an al-
most discontinuous jump at the transition temperature. When
the particle number decreases, the maximum value of the spe-
cific heat decreases, and the whole curve moves left as the
value of T decreases.

3.5. Magnetization

Similarly, the magnetization can be obtained from the
thermodynamic potential

Hence, when T < T, it has two parts

or equivalently,

M. 9Ey v (TY\,, .
NN_BB+8B<TO> (hd)-

The magnetization for 7 > T; can also be obtained readily

(45)

_ 0Ey 1 (ksT)%g3(z) oy
M= Nyt oz o O
or
M.  9Ey Iy (T\'g@),,
N~ 9B +8B(To) i) %) @D

M. = My + Mr, (42) The magnetization M as functions of T /T for different
where values of B and N is plotted in Fig. 8. As clearly reflected in
Q0 dE, the graphs, the magnetization M varies with the temperature
Mo = — 2B 9 5p» and the diamagnetism is stronger at lower temperatures. This
Q720 dEy 1 (kgT)%g3(z) dy result is different from those obtained in Ref. [24], their mag-
Mt =— :—Nei—F*ﬁ*- (43) . . . .
JdB B B (ho,)>? OB netization stays invariant at all temperatures. Actually, if one
Since z =~ 1 when T < T, equation (42) becomes takes the thermodynamic limit N — oo, then the second terms
OE 1 (ke T)2E(3) 9 in Egs. (44) and (46) can be dropped and we would obtain the
M<%—N 0+7( B )_ C( )l’ (44) . . L .
oB B (ho,)* OB result that magnetization remains invariant at all temperatures.
12 T T T T T T T T T T T T T 12 T T T T T T T T T T T T
[ N=10' (a) [ V=100 (b) T
10 f N=10° 4 10} N=10° A 4
L —- N=10° | | -- N=10° ok
— N = infinit i — N = infinity
sl o :1:)111111 y . 4 sk wy— 4
§ B=5T 3 ] | B=10T
= or 3 1
O r . 1 r
4+ \.\— 4
2 - 2|
0 I 1 | ' | ' 0 I
0 02 04 06 08 1.0 1.2 1. 0
12 T T T T T T 12 T T T T T T
- N=10* (e) 1 - N=10* (d) 1
10 - N=10° N; E 10F N=10° : —
| -- N=10° v | -- N=10° o
gL — N = infinity — N =infinity
i w, = 1.5w, 7 8 w, = 1.5w, 7
g B=5T =
= sk B=10T
~
S L L
4 4+
2 2
0 1 0 1

0 0.2 04 06 038 1.0 1.2 1.4

T/T,

0 02 04 06 08 1.0 1.2 14
/T,

Fig. 7. (color online) The C,/(Nkg) as a function of T /Ty for different values of B=5T, 10 T, N = 10*,10°,108,c0, and @, = w, = 10°> Hz. We

set @y, = @, in panels (a) and (b) and @y = 1.5, in panels (c) and (d).
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Fig. 8. (color online) Magnetization M as a function of T'/T for different values of B=5T, 10 T, and N = 10*,10°,10%, 00, 0, = @, = 10° Hz. We

set @, = @, in panels (a) and (b) and w, = 1.5®, in panels (c) and (d).

From the expressions above, we can see that the magne-
tization M does depend on B, since dy/dB # 0. This point
is clearly reflected in Fig. 8. Moreover, magnetization above
T. is different from that below T, this is different from the
results in Ref. [24]. Actually this difference originated from
Eq. (30), where we have kept the N?/3 term, i.e. this is due to
the finiteness of the particle number.

First, M/N as a function of T /Ty (Egs. (44) and (47))
appears to be the same for any value of particle number N.
However, since the transition temperature depends on N, they
are different for different values of N. It is worth stressing that
M /N is a smooth function at T, when N — oo, this is quite dif-
ferent from the specific heat curve. On the other hand, from
Egs. (45) and (47), we know that M vanishes as B reduces to
zero at all temperatures implying that Meissner—Ochsenfeld
effect does not exist in an anisotropic harmonically trapped
CBG. This result agrees with those obtained in Ref. [24].

4. Conclusions

In summary, by employing an accurate density of states,
we calculate analytically the thermodynamic potential of an
ideal charged Bose gas confined in an anisotropic harmonic
potential and a constant magnetic field. Then we obtained

the expressions for the Bose—Einstein transition temperature,
condensate fraction, the specific heat and magnetization taking
into account the fact that the particle number N is finite. These
thermodynamic properties are then investigated for different
values of particle number N, strength of the magnetic field B,
and different degrees of anisotropy for the confining harmonic
potential. In contrast to the infinite number of particles case
which has been investigated in Ref. [24], we show that those
thermodynamic properties, in particular Bose—Einstein transi-
tion temperature, depends upon the strength of the magnetic
field due to the finiteness of the particle numbers, and the col-
lective effects of a finite number of particles become larger
when the particle number decreases. Furthermore, the magne-
tization varies with the temperature due to the finiteness of the
particle number while it stays invariant in the thermodynamic
limit N — oo,
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