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Statistics of an ideal homogeneous Bose gas

with a fixed number of particles

V A Alekseev

Abstract. The distribution function wy(ny) of the number n,
of particles is found for the condensate of an ideal gas of free
bosons with a fixed total number N of particles. It is shown
that above the critical temperature (7 > T,) this function has
the usual form wy(ny) = (1 — e*)e’™, where u is the chemical
potential in temperature units. In a narrow vicinity of the
critical temperature |T7/T, — 1| < N~'/3, this distribution
changes and at T < T. acquires the form of a resonance.
The width of the resonance depends on the shape of the
volume occupied by the gas and it has exponential (but not
the Gaussian) wings. As the temperature is lowered, the
resonance maximum shifts to larger values of n, and its width
tends to zero, which corresponds to the suppression of fluc-
tuations. For N — oo, this change occurs abruptly. The dis-
tribution function of the number of particles in excited states
for the systems with a fixed and a variable number of par-
ticles (when only a mean number of particles is fixed) prove to
be identical and have the usual form.

Keywords: Bose— Einstein statistics, condensate, distribution func-
tion, canonical ensemble.

It was shown in papers [1] that the distribution function
wy(ny) of the number n, of particles in the ground state of an
ideal Bose gas captured by a trap is described by the distri-
bution function

wo(rg) = (1 = ew)elh-som, N

found by Einstein [2] only at temperatures above the critical
temperature (7> T,), when a mean number of particles in
the ground state is small, i.e., a condensate is virtually
absent. In (1), u is the chemical potential in temperature
units; ¢y = E,/T; E, is the ground-state energy of gas
particles; T is the temperature in energy units. Hereafter, we
measure energies relative to the ground-state energy, i.e.,
assume that g = 0.

Below the critical temperature, when a macroscopic
number of particles are in the ground state, i.e., a conden-
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sate is formed, expression (1) is no longer valid, and the
distribution function wy(ny) takes a Gaussian shape. When
the number N of particles captured by the trap is large, this
change in the shape of the distribution function occurs in
a very narrow vicinity of the critical temperature (in the
case of a parabolic trap, |T/T, — 1| < 1/v/N), i.e., virtually
jumpwise. These features of the condensation are described
by the distribution [1]

=\
. ny — 1, 1
wo(ng)=S"" exp [lmo —%}, p=—In <1 +ﬁ_0>’ (2
N
where S = Z wy(ny) is the normalising factor;
ny=0
fig=(e " —1)" 3)

is a mean number of particles in the ground state deter-
mined by the distribution (1);

1 - -
D= EZ (g + i} );
0

and 7 = (e* * —1)"! is a mean number of particles in
excited states k # 0, which is also determined by the Bose—
Einstein distribution [2, 3]

wnln) = (1 - * e, @

in which ¢, = E; /T and the chemical potential (or 7i) is
determined by the condition [2, 3]

> A =N. (5)

For T < T,., a mean number of particles in the con-
densate is large (77 > 1) and distribution (2) has a Gaussian
shape. As 71, decreases with increasing temperature, for
T > T,, when the condensate virtually disappears, distribu-
tion (2) transforms to (1). The change in the shape of the
distribution wq(ny) at T < T, is related to the exact fulfil-
ment of the condition

n0+n1+n2+...:N, (6)

which fixes the number of particles in an ensemble and was
used in the derivation of this distribution [1]. This change
demonstrates an important difference of the statistical pro-
perties of a canonical ensemble from those of a grand cano-
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nical ensemble for which only condition (5) for mean values
is fulfilled, resulting in the invariable shape (1) of the func-
tion wy(ny) at any temperature.

The condensation of an ideal Bose gas captured by a
trap is of great practical interest because such condensation
has been realised in Ref. [4] and is now being extensively
experimentally studied. However, from the fundamental
point of view, also is important the case of a free Bose
gas (confined only by the vessel walls), whose condensation
was predicted by Einstein in 1925 [2] and since then has been
theoretically discussed by many authors (see, for example,
[3, 5, 6] and references cited in [5, 6]).

It is shown in this paper that the qualitative change in
the distribution function of the number of particles in the
condensate of a canonical ensemble of free gas particles at
T < T, is in a whole quite similar to that taking place for the
gas in a trap. However, in the former case, the region
|T/T, — 1| < N~'/3 of the jump is different and the dis-
tribution wy(ny) at T < T, is not Gaussian and depends on
the shape of the gas volume. The distribution function of the
number of particles in excited states has the shape (4) at any
temperature.

In the case of free gas, as for the gas captured by a trap,
the distribution function wy(ny) is determined by the
summation of the Gibbs distribution

S71 Z 6*80'10*81"1*---5 (7)

ny+m+..=N—n,

wy(ng) =

where the summation is performed over all positive ny,
except ny, which satisfy condition (6).

It has been shown in Ref. [1] that condition (6) can be
automatically fulfilled if the sum is written in the form
(recall that gy = 0)

_ I | _ .
N 1 § : et —Ean bz N+ny 1+)11+nz+..4dz' (8)

27
ny,ny...

The integration contour in (8) is a circle with a centre at the
point z =0 and radius |z| < 1, which can be conveniently
written in the form z=e” for u<0. It should be
emphasised that the parameter u introduced in such a
way is not generally related to the chemical potential u
appearing in distributions (1) and (4). However, as shown
below, it is convenient to choose the parameter u in (8) for
T>T, as in (1) and (4), by requiring the fulfilment of
condition (95).

The summation in (8) is performed over all 7., > 0, the
condition p < 0 providing the convergence of all the sums.
As a result, we obtain

1 R
wO( ) oo }ZfNﬂuﬁleG(A)dz’

e G0 :H(l —ze’g")fl, )

S 1

k#0
fZIn(l—ze 8k ZZ zPe 7P%,
0 iz =1 P

The energy levels of gas particles (in temperature units)
in the volume V' = L L L., which is assumed for simplicity a
cube of volume V' = L’ (the relevant generalisation will be
give below), are determined by the requirement of the
periodicity of the wave function:
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2 2 2 (2“h)2
&k :Of(kx +k) +k;>, o :W’
(10)
ki=0,£1,..., i=x,y2z

where m is the mass of particles.
When the condition &; > 1 is satisfied, which can be re-
written in the convenient form

T e 2/3
v e ()"
:

by introducing the usual critical temperature 7 [2, 3], where
{(x) is the Riemann zeta function, it follows from (9), as in
the case of gas captured by a trap [1], that only two values
of the distribution function

wo(nO:N):173e_°‘, U}()(I/Z():Nfl):3e_1,

e ()

are essential. For T'— 0, the distribution function takes the
form wgy(ny) = 3, y, which qualitatively differs from (1).
At the temperature that is still much lower than the
critical temperature, the condition 7> N~ comes into
play, which is equivalent to the condition o < 1. In this case,
e = ak? < 1 up to very large values of k, and to study the
distribution function wy(np), it is convenient to make the
change of variables z = e*™ in (8). Then, we find

wy (no) _ S*leuno Jn e —i(N—ng)x+F(x,u) dX,
-n
(12)

[a—

> : 2
§ :7e (u+ix)p 2 :e—zxpk )
p=1

P %70

The sum over k # 0 in the definition of F(x,u) exponen-
tially decreases at p — oo, providing the convergence of the
sum over p for u = 0, i.e., the function F(x, u) is continuous
at u=0. So far, the parameter p was restricted by the
condition u < 0, being arbitrary in all other respects. The
continuity of the function F(x,p) at u =0 allows us to
calculate the integral determining wg(rng) in (12) at u=0.
Thus, we assume that u=0 in (12) and introduce the
notation F(x) = F(x,u =0). By differentiating F(x) two
times with respect to x, we obtain

F

¢ i (). f(2) =Y e

) (13)
k#40

To calculate wgy(n,) at temperatures below the critical
temperature N <r<g 1) and in a narrow vicinity above
the critical temperature (0 <7—1 < 1), it is necessary to
study the behaviour of the function F(x) at small |x| < 1. It
is important that the function f(z) tends to two limiting
values at large and small z:

1) = (2)3/2> z<l,

6e 7,

(14)
z> 1.
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Therefore, for |x| < 1, we can pass from summation over p
in (13) to integration in the region from 0 to +oo, because
the resulting integral, as one can see from (14), converges:

d’F o 1 (> .
D —— px - i(x/o)z
2 JO pef(oap)dp = —— JO zf(z)e'/* dz

| X\ 72
=—= (kz—lf) .
L, o

Then, by integrating this expression two times with respect
to x and taking into account that for o < 1,

r0) =30 s ~ (£) e (3),

> 32
()= 5w =i(5) 5(3) -

p=1

(15)

we obtain

F(x) = F(0) +iNt>x + g(x /),

g(u)z—Z[ln(l—%) +%}

k0

(16)

The value of F(0) enters into the normalisation upon the
substitution into the integral in (12) and can be discarded
below.

For small values of u, the function g(u) can be repre-
sented by the series

- . 1 1
gu) =Y c,(w)", ¢, :ZZW’ lu <1, (17)
n=2 k#0

whose radius of convergence is restricted by the condition
|u| < 1. In another limiting case, u > 1, we can pass from
summation over k in (16) to integration, which gives

(18)

4 . .
g(u) = 7§nzem/4u3/2’ u> 1.

The use of (16) in the calculation of the integral in (12)
after the change of variables x/o = u yields the result

- ng — 17 OC u+g(u
) =570 (T ). () = Re | "emesta

(19)
fig=N(1—1%%), p=n"10"3(3/2) ~ 0.168.

The integral in (19) is written taking into account that the
condition mw/a > 1 admits the calculation of this integral
with infinite limits and using an important property of the
function g(u), g(u) = g*( — u), which allows us to write the
result as a real part of the integral over positive values of .

Note that for the value u = 0 chosen by us, i.e., for the
circle radius |z| = e” = 1 in the integral in (8), the value of
7y coincides with a mean number 7, of particles in the con-
densate obtain from (4) and (5) only when t = T/T, < 1.
For ¢t > 1, the value of 71, becomes negative, which is admis-
sible in our case. To avoid misunderstanding, we emphasise
that all the mean values obtained from (19) are denoted
hereafter by angle brackets.

The function ¢(y), which can be studied only numeri-
cally, is shown in Fig. 1. For y < 10, the function can be
calculated quite accurately by keeping only two first terms in
expansion (17):

g(u) ~ —8.25u° — 12.8u°, (20)
while for y <7, both the exact function ¢(y) and its
approximate value calculated by expression (20) differ less
than by 10% from the function ¢(y) calculated by
retaining only the first term in expansion (17), i.e., from
the Gaussian

1/ n\'/? 24
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Figure 1. Function ¢(y) calculated by expression (19) with exact g(u)
calculated by expression (16) (solid curve) and by expression (20) (dashed
curve), as well as the function ¢( y) calculated by expression (21) (dotted
curve).

All the moments of the function ¢(y) exist and can be
calculated analytically:

- d" et
m — m d — 1u ,
(") Jooy o(y)dy ﬂ:(dume )u:o

(22)

which shows that ¢(y) decays exponentially at |y| > 1. For
large positive values of y, using (18) and calculating the
integral in (19) by the saddle point method, we find the
value

\/y e—y3/12n4

-V 1
o() NG . y>1,

(23)

which, however, can be reached only for very large y > 100.
The distribution wgy(ng) qualitatively changes at large

positive, small and large negative values of 7,. In a broad

temperature range below the critical temperature

2
1> BN 1—1> gﬁN"” (24)

the distribution function is exponentially small at its two
extreme points ny = 0 and ny, = N. The second condition in
(24), which ensures the smallness of wgy(ny) at the lower
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boundary, allows a very close approach to the critical tem-
perature. In the calculation of the normalising factor

S=" wy(n)

ny=0

and all the mean values, summation can be replaced by
integration with infinite limits to find

S=npN*P 1. (n) = o,
(25)

(0= 0)") = (BN*0)" (7).

It follows from this, in particular, that a mean number of
particles in the condensate coincides with that obtained
from (1), while the mean-square fluctuation

(Ang) = ((ng = m)*) = (ng) — (no)* = 2e2(BN**1)*  (26)

decreases with decreasing temperature proportionally to 772
The distribution shape is close to a Gaussian, however, it is
slightly asymmetric and the distribution maximum is loca-
ted at ng™ =~ (n;) +0.58N*?1, which somewhat exceeds
the mean value.

In the narrow vicinity of temperatures above the critical
temperature

2N <1< 27)
the value of 7, becomes negative and the modulus
|79] = 3/2)N(t — 1) > N*3B becomes very large. In this
case, the integral in (19) contains contributions from large
values u ~ (i,0)°. However, the corresponding values x =
au ~ iga® < 1 are still small, i.e., the replacement of sum-
mation over p in (13) by integration in (15) is still justified
and expression (19) is still valid. By using the asymptotic
value (23) for ¢(y), we find

_ = Y _
wo(ng) = S~/ Tiol + o exp | =~k (1ol +m0)’|.

*(3/2)
2n

’)):

One can easily verify that in the temperature range (27),
only the linear term over ny may be retained in the exponent
in the above expression, while r; under the root sign can be
neglected. As a result, we obtain

27 27
() =3 700 = 17 exp | = 50— 1P|

This distribution coincides with (1) if the parameter
w=—Q27/4)y — 1)? is used in (1). One can easily verify
that the same p is obtained in this case from condition (5).

As the temperature further increases and the condition
t — 1 > 1 is satisfied, very large values of u corresponding to
x > 1 contribute to the integral in (19). In this case, the
replacement of summation over p in (13) by integration
becomes invalid, so that we introduce, similarly to the pro-
cedure used in [1], the parameter ¢ < 0 and require the
fulfilment of the condition

dr . ~ . = up —apk? . ~ .
a:lanzlze Ze =i(N—7y) ~iN
=

k#0 1 k#0

for mean values, which coincides with (5).

By keeping in this relation only the term with p = 1 and
replacing summation over k by integration, we obtain
e’ = 17/ and, respectively,

1
F(x) = F(0) + iNx — ENxz.

(28)
By substituting (28) into (12), we again obtain distribution
(1). In this case, e <1 and in fact we deal with the
Boltzmann distribution.

It follows from the above discussion that in a narrow
vicinity of T, between regions (24) and (27), i.e., when the
condition |r—1| < BN~ is satisfied, the distribution
function of the number of particles in the condensate is
abruptly (virtually jumpwise) transformed, by changing its
shape from almost Gaussian to the usual shape (1) (see
Fig. 2).

lOSUJO
04 _\\ T/T, = 1.0004
Al
031\
v
\-
02F -
\ - 1.0 0.998
v
0.1} v
<
L . 1
0 5 10 15 20 25  ny/(BN??)

Figure 2. Distributions wy(1n,) at different temperatures in the vicinity of
the critical temperature for N = 10°.

Similarly to (12), we can write the joint distribution [1]:

Wo,i£0 (no,n;) =

_ g lehtntn) g e, J“ e —N=MIY L) (1 _ gabiv-sg

—T

It follows from this that in the temperature ranges (24) and
(27) we have

ny +n; — iy
BN2/3¢

o [(Motm+1—ng
—e fip —ﬁN2/3l .

By summing (integrating) this distribution over n,, we find
that the distribution function

W iz (g, 1) = S e T [(P <

N
Wixo = Z wO,i#O(”Ovni)

ny=0

of the number of particles in excited states coincides with
(4). By using (28) at higher temperatures 7— 1> 1, we
again obtain (4).
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Note now that we can easily pass from a cubic volume of
quantisation to a rectangular parallelepiped. To do this, the
change of variables

2

1/3 (2mh) X

R T A e it
s

xHy%z

§S=X02

should be made in the above expressions. Then, we have

u
gu) =— [ln (l—i )
;; Qk? + Q.7 + Q.k?

. u
kT ok T ok } '

In this case, the definition of coefficients ¢, changes in an
obvious way. For example, when L, =L, =/, L. = L, and
L/l> 1, these coefficients take the form ¢, = (2/n){(2n)
><(L/l)4”/ 3. Therefore, according to (26), at temperatures
below the critical temperature (in the region (24)), the width
(Ané)l/ ? of the distribution at a constant volume increases
proportionally to the parameter (L// )4/ 3, while the shape of
this distribution differs more and more from a Gaussian,
i.e., the shape of the distribution function in this region
depends on the volume shape. At higher temperatures (al-
ready in the region (27)), this dependence vanishes because
the asymptotic value (23) is independent of the volume
shape, and only in this case the distribution is no longer
related to the discreteness of the energy spectrum, which is
determined by the shape of the quantisation volume.

Therefore, the summation of the Gibbs distribution
showed that in the case of a canonical ensemble, i.c.,
when condition (6) is fulfilled rather than condition (5)
for mean values, the distribution function of the number of
particles in the ground state (in the condensate) drastically
changes at temperatures below the critical temperature (7' <
T.), whereas the distribution function of the number of
particles in excited states is described at any temperature by
expression (4) obtained by Einstein [2], regardless of whether
condition (5) for mean values (grand canonical ensemble) or
condition (6) (canonical ensemble) is satisfied upon summa-
tion of the Gibbs distribution.

In particular, this means that the correct distribution
wy(ny) can be obtained by using the equality wy(ng) =
w*(N* = N — ng), which is obvious for a canonical ensem-
ble, where w*(N* = N— ny) is the distribution function for a
total number N* = n; + n, + ... of particles in excited states,
if we assume (which is naturally has no a priori foundation)
that the distribution function of the number of particles in
excited states is described by expression (4). It is this appro-
ach that was used in papers [5, 6] (see also references there-
in) for calculating mean-square fluctuations, which coincide
with (26). The value of (Ang) calculated in Ref. [7] by a qua-
litatively different method exceeds the value (26) by a factor
of sixteen.

In Ref. [8], the distribution wgy(n,) was obtained as a
stationary solution of the model kinetic equation for the
number of particles in the condensate assuming the validity
of (4). The study of this distribution shows that it coincides
with (2) for large N in the case of a parabolic trap, and
differs from (19) in the case of the free boson gas, although
gives the mean-square fluctuation coincident with (26).
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