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We consider the deformed Bose gas model with the deformation structure function that is the
combination of a q-deformation and a quadratically polynomial deformation. Such a choice
of the unifying deformation structure function enables us to describe the interacting gas of
composite (two-fermionic or two-bosonic) bosons. Using the relevant generalization of the
Jackson derivative, we derive a two-parametric expression for the total number of particles,
from which the deformed virial expansion of the equation of state is obtained. The latter is
interpreted as the virial expansion for the effective description of a gas of interacting composite
bosons with some interaction potential.
K e yw o r d s: deformed oscillators, deformed Bose gas model, non-ideal Bose gas, virial ex-
pansion, modified Jackson derivative, virial coefficients, composite bosons.

1. Introduction

The treatment of real non-ideal gases in statistical
physics or thermodynamics, which involves the inter-
action and the composite nature of particles, deals
usually with special techniques or approximations.
To take the interaction between particles into ac-
count, the virial expansions [1,2,3] of thermodynamic
relations, the equation of state, etc. are analyzed at
small densities. There also exist several approaches
that account for the compositeness of particles and
work in the second quantization scheme with exact
transformations and results (i.e., without any sim-
plifications), see, e.g., [4, 5, 6]. However, from the
practical point of view, the direct account of the com-
positeness along with interaction between particles is
quite complicated and hardly realizable.

The concept of deformed oscillators [7, 8, 9, 10] and
deformed Bose-(or Fermi-)gas [11, 12, 13] is one of
the possibilities to consider the above-mentioned fac-
tors in an effective way (approximately, as a rule).
This is achieved by means of the realization (see
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some details in [14] and Section 2 below) of a gas
of composite particles or a gas of pointlike interact-
ing particles in terms of a specially constructed model
of gas of deformed (quasi)particles. The systems of
composite two-component Bose-type particles (called
quasibosons) can be modeled by the corresponding
systems (gases, etc.) of q-deformed bosons, as ex-
plicitly shown in [15]. There are also some other
works [16,17,18,19,20,21] on the effective description
of composite particles (excitons, nucleons, molecules,
etc.) by the use of deformed ones. Recently, the two-
fermionic (and also two-bosonic) composite bosons
were considered [14, 22] from the viewpoint of their
algebraic realization by deformed bosons. Namely, it
was shown that the realization on the states is possi-
ble for a certain quadratic version of the deformation.
Another version of the q-deformed Bose gas model
was applied to the systems of interacting particles
in [23]. Therein, the corresponding deformed virial
expansion in powers of a deviation ε = q − 1, where

1 This work is the contribution to Proceedings of the Inter-
national Conference “Quantum Groups and Quantum Inte-
grable Systems”.
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q is the deformation parameter, was analyzed. More-
over, for a p, q-deformed Bose gas, the virial expan-
sion was treated in [13], and some interesting implica-
tions were drawn. In addition, the thermodynamics
of diverse deformed Bose- and Fermi-gases was stud-
ied in detail (see, e.g., [12, 24]).

Combining the ideas of [23] and [14, 22], we
propose a unified deformed model composed of the
q-deformation and the quadratic deformation [14, 22]
to effectively describe a gas of interacting composite
(two-fermionic or two-bosonic) bosons. Here, the
thermodynamical aspects, more specifically the virial
expansion of the equation of state, are under study.

2. Preliminaries

Let us mention the earlier obtained results on the ef-
fective description of a gas of composite bosons with
interaction between particles in terms of deformed
oscillators, which serve as our starting point.

2.1. Compositeness aspects

Composite bosons constructed of two fermions (or
two bosons) in the second quantization scheme have
the creation and annihilation operators in the form
[14, 15, 22]

A†
α =

∑
μν

Φμν
α a†

μb†ν , Aα =
∑
μν

Φμν
α bνaμ, (1)

where a†
μ, b†ν , and aμ, bν are the creation and anni-

hilation operators for the constituents. The matrices
Φμν

α are related to the constituents’ wavefunctions.
The commutator between Aα and A†

β is of special in-
terest for calculations and the analysis, and it is of
the form

[Aα, A†
β ] = δαβ − Δαβ ,

Δαβ =
∑
μμ′

(ΦβΦ†
α)μ′μa†

μ′aμ +
∑
νν′

(Φ†
αΦβ)νν′

b†ν′bν .

Here, Δαβ gives a deviation from the purely bosonic
relation. If it is described merely in terms of Aα and
A†

α, then we may speak about the realization of com-
posite bosons’ system. Such a situation is very useful
from the viewpoint of simplification. The many-body
system of composite (two-fermionic) bosons with cer-
tain components’ wave functions can be realized, as
shown in [14, 22], by a deformed Bose gas model with
the quadratic structure function φμ̃(n) = (1 + μ̃)n −
μ̃n2 of the deformation and the discrete deformation
parameter μ̃ = 1/m, m = 1, 2, ... . According to the

realization, under certain conditions, the gas of com-
posite bosons can be treated on the states as the cor-
responding gas of deformed bosons. We remark that,
for composite bosons realized by deformed oscillators,
the characteristics of the intercomponent entangle-
ment are remarkably expressed [25, 26] through the
deformation parameter.

2.2. Account of the interaction
between Bose particles

The q-deformed algebra with the structure function
φq(n) = 1−qn

1−q ≡ [n]q was used in [23] to describe
an interacting gas of Bose particles. Therein, the ef-
fects of the interaction between particles of a Bose
gas were incorporated, by using a deformed version
of the model, and were explicitly demonstrated with
the use of q-deformed thermodynamic relations. In
particular, this concerns the expression for the spe-
cific volume given in terms of the fugacity, as well as
the equation of state. We note that the deformed re-
lations (e.g., for the total number of particles) can
be obtained [23] by the use of the q-deformed or
Jackson derivative instead of the non-deformed one.
A somewhat more specific outline of the description
of the systems of interacting particles using the q-
deformation is given in Section 3.

In view of the already-mentioned fact of the real-
izability of composite bosons, we utilize a deformed
Bose gas with (the quadratic) structure function
φμ̃(n) to find effective thermodynamic relations or
functions for the ideal (non-interacting) quantum gas
of composite bosons. Those include the deformed
(thus, depending on μ̃) virial expansion of the equa-
tion of state. To take the interaction between parti-
cles simultaneously with their compositeness into ac-
count, the two structure functions φμ̃(n) and φq(n)
can be combined to give the unifying deformation
structure function φμ̃,q(n) = (1 + μ̃)[n]q − μ̃([n]q)2.
The latter will play a central role in our treatment.
An alternative version of the unifying structure func-
tion will be also discussed.

In Sections 3 and 4, these two separately treated
situations are overviewed in more details.

3. Systems of Interacting Particles
Described by a q-Deformed Algebra

Let us give a brief overview of the results of [23] con-
cerning the interpretation of interacting many-boson
systems using q-deformed oscillators (q-bosons) with-
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out interaction. Each interpretation is based on the
assumption that a suitably chosen q-deformed ther-
modynamic or statistical relation for non-interacting
pointlike particles’ system can be applied (at least
within some approximation) to an interacting
many-particle system with certain interaction.

In work [23], a system of interacting Bose parti-
cles described by the q-oscillator algebra is consid-
ered. As a starting point, the series expansion of the
basic number [N ]q in terms of the “deviation” ε ≡ q−1
is taken:

[N ]q =
(
1− ε

2
+

ε2

3
− ε3

4
+...

)
N+

ε

2!

(
1−ε+

11
12

ε2−...
)
×

× N2 +
ε2

3!

(
1− 3

2
ε+...

)
N3 + O(N4). (2)

This expansion can be naturally interpreted as the
one incorporating the interparticle interaction. Ac-
cording to [23, 27], the contributions from the inter-
action can be viewed either in terms of N , N2, N3, ...
or in terms of ε, ε2, ε3, ... . In the latter case (for which
the contributions from the interaction are considered
as those contained in the terms depending on the de-
formation parameter), expansion (2) is rewritten in
the “perturbative” form

[N ]q =
∞∑

i=0

εi

(i + 1)!

i∏
j=0

(N − j) =

= N+
ε

2!
N(N−1)+

ε2

3!
N(N−1)(N−2)+O(ε3). (3)

Another relevant quantity needed to be considered
is the Hamiltonian Hε = 1

2ω([N + 1]q + [N ]q) for a
system of q-bosons (single-mode case). The expan-
sion of Hε in powers of ε linked with the deformation
parameter q is given by [23]

Hε = H0 + ω

∞∑
i=1

εi (2N + 1 − i)
2(i + 1)!

i−1∏
j=0

(N − j). (4)

Similarly to (3), the terms of the first and higher or-
ders in ε in series (4) are again interpreted as those
arising from the interaction. To emphasize the phys-
ical meaning, they constitute nothing but the inter-
action Hamiltonian.

Remark that a direct relation of the deformation
parameter q to the parameter(s) of an equivalent in-
teraction Hamiltonian for many-particle systems was
not explicitly derived in [23], and that constitutes a
nontrivial, but important problem.

The idea of a q-deformed non-interacting (ideal)
many-body system as a non-deformed, but interact-
ing system is best illustrated by means of the vir-
ial expansion, at least at this stage. Basing on the
deformed thermodynamic relations (particularly, the
specific volume v as a function of the fugacity z and
the deformed equation of state) derived in [11, 12] for
a gas of q-bosons, the q-deformed virial expansion was
obtained in the form

Pv

kBT
=

∞∑
k=1

ak(ε)
(λ3

v

)k−1

, (5)

where ak(ε) denote the corresponding virial coeffi-
cients. The first several coefficients given up to ε3

are [23]:

a1(ε) = 1, a2(ε) = − 1
4
√

2
− 1

48
√

2
ε2(1−ε)+O(ε4),

a3(ε) = −
( 2

9
√

3
− 1

8

)
−

( 1
18
√

3
− 1

48

)
ε2(1−ε)+O(ε4).

Similarly to the previous cases, ε �= 0 corrections to
the standard virial coefficients of the ideal quantum
Bose gas can be interpreted as those arising from
some explicitly accounted interaction (certain interac-
tion potential in the Hamiltonian). Note that, on the
other hand, this interaction can be viewed in terms
of q-bosons as such that arises from (the change of)
their quantum statistics and, thus, is of the quantum
statistical origin. This is in some analogy with the ef-
fective interaction due to the Pauli exclusion principle
in the case of pure fermions. Thus, the many-particle
system under study is effectively described (and in-
terpreted) in terms of the deformed one, i.e., by using
(quasi)particles with a non-standard statistics.

4. Deformed Bose Gas which Accounts
for the Compositeness of Particles

In this section, we consider a μ̃-deformed Bose gas
with the quadratic structure function

φμ̃(n) ≡ [n]μ̃ = (1 + μ̃)n − μ̃n2, (6)

which was shown to realize (under certain conditions,
see [14, 22]) the gas of two-fermion composite Bose-
like particles. For such a deformation, we now derive
the deformed virial expansion of the equation of state
along with a few first virial coefficients, by using the
concept of μ̃-deformed derivative.
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As a starting point, we take the logarithm of the
Bose gas grand partition function:

ln Z = −
∑

i

ln(1 − ze−βεi). (7)

Instead of the Jackson derivative Dq used in [23] or
its p, q-extension D(p,q) exploited in [13], we apply the
following μ̃-deformed extension of d

dz defined through
its action on monomials zk:

D(μ̃)
z zk = ((1 + μ̃)k − μ̃k2)zk−1.

This can also be obtained by the action of the oper-
ator

zD(μ̃)
z =

[
z

d

dz

]
μ̃

=
(
(1 + μ̃)

(
z

d

dz

)
− μ̃

(
z

d

dz

)2)

on monomials. Moreover, the latter acts in an ob-
vious way on an arbitrary smooth function f(z) =
=

∑∞
j=0 cjz

j .
For the grand partition function logarithm, we have

the following expansion in z:

ln Z =
π
√

πV

(2π)3
( 2m

β�2

)3/2 ∞∑
n=1

zn

n5/2
=

=
V

λ3

∞∑
n=1

zn

n5/2

where λ = h/(2πmkBT )1/2 is the thermal wave-
length. Then, in case of the deformed picture, we
obtain that the number of particles N (μ̃) according
to the above consideration is

N (μ̃) =
[
z

d

dz

]
μ̃
ln Z≡zD(μ̃)

z ln Z =
V

λ3

∞∑
n=1

[n]μ̃
zn

n5/2
(8)

or, equivalently,

λ3

v
=

∞∑
n=1

[n]μ̃
zn

n5/2
, (9)

where the specific volume v = V
N(µ̃) is introduced.

The equation of state for a quantum gas of non-
interacting, but composite particles

PV

kBT
= lnZ =

V

λ3

(
z+

z2

25/2
+

z3

35/2
+

z4

45/2
+

z5

55/2
+ ...

)

(10)

is now deformed in the following way:

PV

kBT
= lnZ(μ̃). (11)

The desired μ̃-deformed partition function Z(μ̃) is
defined from the deformed analog of the relation
N =

(
z d

dz

)
ln Z, i.e., from N (μ̃) =

(
z d

dz

)
ln Z(μ̃) or

ln Z(μ̃) =
(
z

d

dz

)−1

N (μ̃). (12)

As a result, we obtain the following expansion for the
deformed equation of state:

PV

kBT
= lnZ(μ̃) =

=
V

λ3

(
z +

[2]μ̃
27/2

z2 +
[3]μ̃
37/2

z3 +
[4]μ̃
47/2

z4 +
[5]μ̃
57/2

z5 + ...
)
.

(13)

In order to deduce the corresponding virial expansion,
we have to find the function z(λ3/v) in the form of
a series, through inverting (9). For this purpose, we
expand z(λ3/v) = z(λ3N/V ) in a Taylor series as

z(λ3/v) = z′N |N=0N +
z′′N
2!

∣∣∣
N=0

N2 +
z′′′N

3!

∣∣∣
N=0

N3+

+
z
(IV )
N

4!

∣∣∣
N=0

N4 +
z
(V )
N

5!

∣∣∣
N=0

N5 + ... . (14)

The derivatives z
(l)
N |N=0, l = 1, 2, ..., can be expressed

through analogous derivatives N
(r)
z |z=0, r = 1, 2, ... .

From (8), we find the r-th order derivative of N (μ̃)

with respect to z at z = 0:

N (r)
z

∣∣∣
z=0

=
π
√

πV

(2π)3
( 2m

β�2

)3/2

r!
[r]μ̃
r5/2

=
V

λ3
r!

[r]μ̃
r5/2

. (15)

For z′N |N=0, ...,z(V )
N |N=0, we infer

z′N |N=0 =
1

N ′
z

∣∣∣
N=0

=
λ3

V

1
[1]μ̃

,

z′′N |N=0 = − N ′′
z

(N ′
z)3

= −
(λ3

V

)2 2!
25/2

[2]μ̃
[1]3μ̃

,

z′′′N |N=0 =
(
− N ′′′

z

(N ′
z)5

+ 3
(N ′′

z )2

(N ′
z)5

)∣∣∣
z=0

=

=
(λ3

V

)(
3
(2!)2

25

[2]μ̃
[1]5μ̃

− 3!
35/2

[3]μ̃
[1]4μ̃

)
,

... .
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Substituting these derivatives into (14), we find

z(λ3/v) =
1

[1]μ̃
λ3

v
− 1

25/2

[2]μ̃
[1]3μ̃

(λ3

v

)2

+

+
( 1

24

[2]3μ̃
[1]5μ̃

− 1
35/2

[3]μ̃
[1]4μ̃

)(λ3

v

)3

+

+
(
− 1

45/2

[4]μ̃
[1]5μ̃

+
5

25/235/2

[2]μ̃[3]μ̃
[1]6μ̃

− 5
215/2

[2]3μ̃
[1]7μ̃

)(λ3

v

)4

+

+
(
− 1

55/2

[5]μ̃
[1]6μ̃

+
3

213/2

[2]μ̃[4]μ̃
[1]7μ̃

+
1
34

[3]2μ̃
[1]7μ̃

−

− 7
2533/2

[2]2μ̃[3]μ̃
[1]8μ̃

+
7
29

[2]4μ̃
[1]9μ̃

)(λ3

v

)5

+ ... . (16)

Plugging this expression into (13) we arrive at the de-
sired virial expansion depending on the parameter μ̃,
which corresponds to a non-interacting gas of com-
posite bosons:

P

kBT
= v−1

{ ∞∑
k=1

Vk(μ̃)
(λ3

v

)k−1
}

=

= v−1
{

1 − [2]μ̃
27/2

λ3

v
+

( [2]2μ̃
25

− 2[3]μ̃
37/2

)(λ3

v

)2

+

+
(
−3[4]μ̃

47/2
+

[2]μ̃[3]μ̃
25/233/2

− 5[2]3μ̃
217/2

)(λ3

v

)3

+

+
(
−4[5]μ̃

57/2
+

[2]μ̃[4]μ̃
211/2

− 2[3]3μ̃
35

− [2]2μ̃[3]μ̃
2333/2

+
7[2]4μ̃
210

)
×

×
(λ3

v

)4

+ ...
}

. (17)

Here, Vk(μ̃), k = 1, 2, ..., are the virial coefficients.
Note that, unlike (5) and [23], the obtained virial co-
efficients are found exactly.

Let us make the observation that the second vir-
ial coefficient V2 = − [2]µ̃

27/2 = − 1−μ̃
25/2 vanishes, when μ̃

reaches 1. This can be interpreted as a compensation,
at μ̃ = 1, of the compositeness effects, against the
quantum-statistical many-particle effects, so that the
quantum gas of composite bosons behaves itself like
a classical gas of pointlike particles, at least to λ3/v-
terms. An analogous statement may be deduced also
for the next virial coefficients V3, V4, ... .

Like before, the modified virial coefficients, in the
absence of the explicit interaction between compos-
ite bosons in the Hamiltonian, can be viewed, in the
current interpretation, as those reflecting an effective
interaction of the quantum statistical origin between
bosons (like an effective attraction (respectively, a re-
pulsion) of the quantum origin between bosons (re-
spectively, fermions)).

5. Account for Both Compositeness
and Interaction of Particles

To consider the interaction jointly with the compos-
iteness of the particles of a gas, we use the function

φμ̃,q(n) = (1 + μ̃)[n]q − μ̃([n]q)2 (18)
and the respective (μ̃, q)-extension of the Jackson
derivative
zD(μ̃,q)

z =
(
(1 + μ̃)

[
z

d

dz

]
q
− μ̃

[
z

d

dz

]2

q

)
.

This latter acts in an obvious way on monomials and
on an arbitrary smooth function f(z) =

∑∞
j=0 cjz

j .
We have to remark that, similarly to the Hamil-

tonian Hε in (4), the two-parameter Hamiltonian
Hμ̃,ε = 1

2ω
(
[N +1]μ̃,q +[N ]μ̃,q

)
for the system of μ̃, q-

bosons (single-mode case) can be split, in the present
case, into the Hamiltonian H0 (with no interaction
and no compositeness) and the double-interaction
Hamiltonian H1(ε, μ̃;N) that depends on N and is
the double series in μ̃ and ε = q − 1. The compos-
iteness “causes” the extra amount of an effective in-
teraction of the quantum origin, on the equal footing
with that encoded in q = 1 + ε.

Proceeding along lines similar to the previous sec-
tions, we can obtain the virial expansion in the case
under consideration, using the deformation structure
function φμ̃,q(n) and the deformed derivative D(μ̃,q)

z .
We note that D(μ̃)

z and D(μ̃,q)
z have similar definitions

in terms of the respective structure functions, and
[1]μ̃ = [1]μ̃,q = 1. So, we infer the desired formulas by
making the replacement [k]μ̃ → [k]μ̃,q, k = 2, 3, 4, 5, ...
in (17). The resulting virial expansion of the equation
of state takes the form
Pv

kBT
=

{ ∞∑
k=1

Vk(μ̃, q)
(λ3

v

)k−1
}

=
{

1 − [2]μ̃,q

27/2

λ3

v
+

+
( [2]2μ̃,q

25
− 2[3]μ̃,q

37/2

)(λ3

v

)2

+
(
−3[4]μ̃,q

47/2
+

[2]μ̃,q[3]μ̃,q

25/233/2
−

−5[2]3μ̃,q

217/2

)(λ3

v

)3

+
(
−4[5]μ̃,q

57/2
+

[2]μ̃,q[4]μ̃,q

211/2
−

−2[3]3μ̃,q

35
− [2]2μ̃,q[3]μ̃,q

2333/2
+

7[2]4μ̃,q

210

)(λ3

v

)4

+ ...
}

. (19)

It is now natural to interpret the virial expansion
(19) as the effective one corresponding to the interact-
ing gas of composite (quasi)particles. The informa-
tion about the interaction and the composite struc-
ture is merely encoded in the two deformation pa-
rameters q and μ̃, respectively. In the limiting case
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μ̃ = 0, expansion (19) accounts only for the interac-
tion between the particles; likewise, when q = 1, for-
mula (19) should be interpreted as accounting only
for the compositeness of particles. When q �= 1 and
μ̃ �= 0, expression (19) incorporates the both men-
tioned factors of non-ideality of a Bose gas jointly.

Consider a deviation of the second virial coefficient
V2 from its non-deformed value in the limiting cases
where μ̃ = 0 or respectively q = 1, namely,

ΔV2
μ̃=0−→ 1 − q

27/2
resp. ΔV2

q=1−→ μ̃

25/2
. (20)

Remark that, for these deviations, the explicit formu-
las through interaction potentials could be obtained
(this is, however, a rather non-trivial problem be-
ing beyond the scope of this paper) from the cor-
responding expressions for the virial coefficients (see,
e.g., [1, 2, 3]). By comparing those explicit formu-
las with (20), it is possible to relate the deformation
parameters q and μ̃ with the parameters in the Hamil-
tonian of interaction between composite bosons and
inside them (i.e., between the constituents).

6. An Alternative Description
Using Other Structure Functions

The deformation structure function φμ̃,q(N) ≡
≡ φμ̃(φq(N)) from (18) is not the only possible one.
Indeed, some other structure functions can be used
to take the compositeness along with the interaction
into account. For instance, the function

φq,μ̃(N) ≡ φq(φμ̃(N)) ≡ 1−q[N ]µ̃

1−q
≡ 1−q(1+μ̃)N−μ̃N2

1−q
(21)

also possesses the limiting cases φq,μ̃|q=1(N) =
= φμ̃(N), φq,μ̃|μ̃=0(N) = φq(N). Thus, it can be
used as another admissible structure function instead
of φμ̃,q(N). Moreover, from the structure functions
φμ̃,q(N) and φq,μ̃(N), we can form the whole one-
parameter family of structure functions

φt(N) ≡ φt;μ̃,q(N) = tφμ̃,q(N) + (1 − t)φq,μ̃, (22)

which are related to the above-mentioned one-
parameter limits (20). The corresponding virial co-
efficients, by exploiting the analogy to (19), are the

following:

V1 = 1, V2(t; μ̃, q) = −φt;μ̃,q(2)
27/2

,

V3(t; μ̃, q) =
(φt;μ̃,q(2))2

25
− 2φt;μ̃,q(3)

37/2
,

V4(t; μ̃, q) =

−3φt;μ̃,q(4)
47/2

+
φt;μ̃,q(2)φt;μ̃,q(3)

25/233/2
− 5(φt;μ̃,q(2))3

217/2
,

V5(t; μ̃, q) =

−4φt;μ̃,q(5)
57/2

+
φt;μ̃,q(2)φt;μ̃,q(4)

211/2
− 2(φt;μ̃,q(3))3

35
−

− (φt;μ̃,q(2))2φt;μ̃,q(3)
2333/2

+
7(φt;μ̃,q(2))4

210
.

(23)

Of course, the further study on more physical (phe-
nomenological) grounds is needed in order that the
preference could be made for one deformed model,
see (19), with respect to those contained in (22).

7. Conclusions

Basing on [14, 22] and [23], the specially designed
two-parameter deformed Bose gas model capable to
(effectively) describe the interacting gas of compos-
ite bosons is constructed. The specific deformation
structure function, which characterizes the deformed
bosons (oscillators) of this model, is constructed by
combining the previously studied ones from [14, 22]
and [23]. The “building block” structure functions are
the quadratic polynomial structure function of defor-
mation and the q-deformed structure function of the
Arik–Coon type which provides the effective descrip-
tion of an interacting gas of elementary bosons.

For the proposed deformed Bose gas model, the cor-
responding deformed virial expansion is found along
with the first five virial coefficients and interpreted
as the virial expansion accounting for both the in-
teraction of composite bosons and their composite
structure. The thermodynamic relations for the de-
formed Bose gas model (including the equation of
state), which were utilized in the process of deriva-
tion of its virial expansion, are obtained, by using an
appropriate generalization of the Jackson derivative
for the concerned unified deformation.

Some alternative deformation structure functions
for the deformed Bose gas model needed for the effec-
tive description are proposed. Those include the com-
position of the q-deformed structure function and the
quadratic one, taken in the opposite order, see (21),
and the t-parameter family interpolating between the
both, see (22)–(23).
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Note that it is also of interest to examine the cor-
relation function intercepts for the considered de-
formed Bose gas model in conjunction with the above-
mentioned interpretation and to make comparison
with experimental data (e.g., those on the π−-mesons,
the known composites). For some other deformed
Bose gas models, the comparison of π-mesonic corre-
lation functions intercepts of the second (and third)
order with experimental data is already done in a few
previous papers, see, e.g., [28, 29, 30].

This work was partly supported by the Special
Program of the Division of Physics and Astron-
omy of the NAS of Ukraine, and by the Grant
(A.P.R.) for Young Scientists of the NAS of Ukraine
No. 0113U004910.

1. L.D. Landau and E.M. Lifshitz, Statistical Physics (Perg-
amon, New York, 1980).

2. K. Huang, Statistical Mechanics (Wiley, New York, 1987).
3. R.K. Pathria and P.D. Beale, Statistical Mechanics (Else-

vier, Amsterdam, 2011).
4. M.D. Girardeau, J. Math. Phys. 16, 1901 (1975).
5. D. Hadjimichef, G. Krein, S. Szpigel, and J.D. Veiga, Ann.

Phys. 268, 105 (1998).
6. M. Combescot, O. Betbeder-Matibet, and F. Dubin, Phys.

Rep. 463, 215 (2008).
7. S. Meljanac, M. Milekovic, and S. Pallua, Phys. Lett. B

328, 55 (1994).
8. V.I. Man’ko, G. Marmo, E.C.G. Sudarshan, and F. Zac-

caria, Phys. Scripta 55, 528 (1997).
9. D. Bonatsos and C. Daskaloyannis, Prog. Part. Nucl. Phys.

43, 537 (1999).
10. C. Daskaloyannis, J. Phys. A: Math. Gen. 24, L789 (1991).
11. A. Lavagno and P. Narayana Swamy, Phys. Rev. E 61,

1218 (2000).
12. A. Lavagno and P. Narayana Swamy, Phys. Rev. E 65,

036101 (2002).
13. A.M. Gavrilik and A.P. Rebesh, Mod. Phys. Lett. B 25,

1150030 (2012).
14. A.M. Gavrilik, I.I. Kachurik, and Yu.A. Mishchenko, J.

Phys. A: Math. Theor. 44, 475303 (2011).
15. S.S. Avancini and G. Krein, J. Phys. A: Math. Gen. 28,

685 (1995).

16. M. Bagheri Harouni, R. Roknizadeh, and M.H. Naderi, J.
Phys. B: At. Mol. Opt. Phys. 42, 095501 (2009).

17. Y.-X. Liu, C.P. Sun, S.X. Yu, and D.L. Zhou, Phys. Rev.
A 63, 023802 (2001).

18. Q. J. Zeng, Z. Cheng, and J.-H. Yuan, Eur. Phys. J. B 81,
275 (2011).

19. O.W. Greenberg and R.C. Hilborn, Phys. Rev. Lett. 83,
4460 (1999).

20. K.D. Sviratcheva et al., Phys. Rev. Lett. 93, 152501 (2004).
21. D. Bonatsos and C. Daskaloyannis, Phys. Rev. A 46, 75

(1992).
22. A.M. Gavrilik, I.I. Kachurik, and Yu.A. Mishchenko, Ukr.

J. Phys. 56, 948 (2011).
23. A.M. Scarfone, and P. Narayana Swamy, J. Stat. Mech.

2009, 02055 (2009).
24. A. Algin and M. Senay, Phys. Rev. E 85, 041123 (2012).
25. A.M. Gavrilik and Yu.A. Mishchenko, Phys. Lett. A 376,

1596 (2012).
26. A.M. Gavrilik and Yu.A. Mishchenko, J. Phys. A: Math.

Theor. 46, 145301 (2013).
27. R. Parthasarathy and K. Viswanathan, preprint IMSc-

92/02-57 (1992).
28. D.V. Anchishkin, A.M. Gavrilik, and S.Y. Panitkin, Ukr.

J. Phys. 49, 935 (2004).
29. A.M. Gavrilik, SIGMA 2, 074 (2006).
30. A.M. Gavrilik and A.P. Rebesh, Eur. Phys. J. A 47, 55

(2011).
Received 24.09.13

О.М. Гаврилик, Ю.А.Мiщенко

МОДЕЛI ДЕФОРМОВАНОГО БОЗЕ-ГАЗУ,
ЗДАТНI ОДНОЧАСНО ВРАХУВАТИ СКЛАДЕНУ
СТРУКТУРУ ЧАСТИНОК ТА ЇХ ВЗАЄМОДIЮ

Р е з ю м е

В данiй роботi ми розглядаємо модель деформованого
бозе-газу зi структурною функцiєю, яка є комбiнацiєю q-
деформацiї та квадратичної полiномiальної деформацiї. Та-
кий вибiр унiфiкованої структурної функцiї деформацiї дає
можливiсть описати взаємодiючий газ складених (двофер-
мiонних чи двобозонних) бозонiв. Використовуючи вiдпо-
вiдне узагальнення похiдної Джексона, отримано деформо-
ваний вiрiальний розклад. Останнiй iнтерпретується як вi-
рiальний розклад для газу взаємодiючих складених бозонiв
iз деяким потенцiалом взаємодiї.
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