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Abstract

In the paper we have constructed and examined the properties of the Gazeau—Klauder coherent states (GK-CSs) for the
pseudoharmonic oscillator (PHO), one of three possible kinds in order to define the coherent states for this oscillator potential. In
the second part, we have examined some nonclassical properties of these states. Our attention has been concentrated on the mixed
states (thermal states). The diagonal P-representation of the corresponding density operator and some thermal expectations for
the quantum canonical ideal gas of pseudoharmonic oscillators have also been examined. Like the CSs for the harmonic oscillator
(HO), the GK-CSs for the PHO can be useful in the quantum information theory (QIT).
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

As it is well known that the real molecular vibrations are anharmonic, but due to its mathematical advantages, in
many problems the harmonic oscillator (HO) model is used. Moreover, in other situations, it is compulsory necessary
to use the anharmonic potential models. An anharmonic potential, which also permits an exact mathematical treatment
is the so-called “pseudoharmonic oscillator” (PHO) potential, whose effective potential is [1-3]

Vi = (L) G ] (1)
i (r) = rpl\——— — -
J 8 O\ry r om’ Y r2

where m is the reduced mass, w is the angular frequency of the PHO oscillator, while r¢ is the equilibrium distance
between the diatomic molecule nuclei and j = 0, 1, 2, ... is the rotational quantum number. This potential can be

considered in a certain sense an intermediate potential between the harmonic oscillator potential (an ideal potential)
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and anharmonic potentials (the more realistic potentials). A comparative analysis of potentials HO-3D (3-dimensional
harmonic oscillator potential) and PHO is performed in Ref. [3].

Using Molski’s techniques [4] (for the Morse oscillator), in a previous paper [S] we have rewritten the PHO
effective potential as follows:

2 2 2
maw 2 r rj mw 2 2
Vi = ‘f — — =2 £ o)
)= (r/ r) g ) @

where the new appearing parameters are

1 1
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By using the substitution w = 2wy (the corresponding one-dimensional harmonic oscillator HO-1D has the angular

frequency wq) and passing to the dimensionless variable y = (%)%r, the corresponding rotational—vibrational
Schrodinger equation for the reduced radial function u§ (r) (v = 0, 1,2, ..., oo is the vibrational quantum number)
is [5]
1d2+12+1 2 VL viern|urm =0 S
———+ = — |l —- )= —-—Qv+a« u =0.
242 727 T2 4)52 oY

So, the dimensionless Schrodinger equation for the reduced radial function u$ () may be written as

HIY(n)ul(y) = eyu(y). (5)

Here the dimensionless reduced Hamiltonian HY of the PHO appears:

1d 1 1 1\ 1
HoedD oy =~ — L 220 “ (22— 6
« ) 2dy2+2y+204 1)32 (6)
and e, = 2v + « + 1 are its dimensionless eigenvalues.

In the previous paper [5] we have demonstrated that the SU(1, 1) is the dynamical group associated with the
bounded states of the PHO. The Lie algebra corresponding to the group SU (1, 1) is spanned by the three group
generators { K1, K, K3} and the Casimir operator C, for any irreducible representation is the identity times a number:

1
Cz=K§—K%—K§=K§—§(K+K_+K_K+)=k(k—1)1 (7)

where K+ = K £ iK> are the raising and lowering operators of the group SU (1, 1).

In this context, a representation of SU(1, 1) is determined by a single real number k (called the Bargmann index).
An algebraic approach to the pseudoharmonic oscillator in two dimensions, as well as the exact resolution of the
arbitrary D-dimensional Schrodinger equation for this oscillator were performed recently [6,7].

Here, we are interested only in the unitary irreducible representations known as positive discrete series DT (k),
where k > 0. The corresponding Hilbert space Hj is spanned by the complete orthonormal basis of the number states
lv, k):

o
(W k' k) =8 D v k) vkl = 1. (8)
v=0
In Ref. [5] we have showed that the following connection between the rotational parameter « (3) and the Bargmann
index k exists:
o =2k—1, 9)

i.e. the rotational parameter @ plays the role of the Bargmann index. Later in this paper, we will use the k-index instead
of the «-index.
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In this way, the dimensionless eigenvalues from Eq. (5) become
ey=2v+a+1=2w+k). (10)

On the one hand, as we can see from this equation, the energy spectrum of the PHO is similar to the HO-1D energy
spectrum, up to a translation in the energy scale. On the other hand, it was showed [8,9] that two specific elements of
the positive discrete series D (k) of SU(1, 1) group unitary irreducible representations (for k = % and k = %) reduce
the corresponding representation spaces to the Hilbert space of the HO-1D. So, a possible realization of the SU (1, 1)
group algebra can be given in terms of the creation (a™) and annihilation (a) operators of the HO-1D:

1 1 1 1
K, = —(ah)? K_=—-a® Ki==(ata+=). 11
+ z(a), 54" 3 2(anrZ (11)

For this realization, the Casimir operator becomes C, = 16, so that k = I Land k = %.

The states |v, k = %) of the SU(1, 1) group of the PHO correspond to the states |2v) of the HO-1D, which are the
states of the Hamiltonian Hy = 2fiwK3 = hw(ata + %) with the energy eigenvalues E, = hw(2v + %). The states
v, k = %) correspond to the states |2v + 1) of the HO-1D, with the energy eigenvalues E, = Aw(2v + 1 + %).

As a consequence of these considerations, we expect that the Gazeau—Klauder coherent states (GK-CSs) which
we intend to construct for the PHO will be connected with the standard (Glauber—Klauder—Sudarshan) CSs. This
connection will be indicated in the Section “Concluding remarks” in which we will show that the standard CSs for the
HO-1D are a limiting case of the GK-CSs for the PHO.

Like the HO-1D (and another few quantum systems, e.g. the Poschl-Teller potential [10,11,14], as well as
Morse [12,13]), the PHO potential admits the construction of three kinds of coherent states: Barut—Girardello,
Klauder—Perelomov and Gazeau—Klauder. The first two kinds were the subject of our previous papers, [5,15], while
the construction and the examination of the Gazeau—Klauder coherent states (GK-CSs) of the PHO is the aim of
the present paper. In this way we intend to continue our previous examination of the coherent states properties
of the pseudoharmonic oscillator. Generally, the coherent states are of special importance due to their remarkable
mathematical properties and interesting physical applications, especially in quantum optics [16—-19] and also in
quantum information theory (see, e.g. Ref. [20,21] and the references therein and Ref. [7]).

2. GK-CSs of the PHO

In order to associate the usual coherent states with the Hamiltonian problems, Gazeau and Klauder have performed
some important modifications in the definition of coherent states [16,17]: the parametrization of the usual coherent
state |z) in terms of a single complex number z is extended by replacing z by two independent real numbers J and
y,sothat / > 0 and —0co < y < 0o, namely z = ST exp(—iy). In this way, the new obtained coherent state was
denoted by |J, y).

Let us construct the Gazeau—Klauder coherent states (GK-CSs) of the PHO. Corresponding to the original
definition [16], these states are

J5
I, y) = N(J)Z J_

Let us point out that we have preserved the notation for the GK-CSs real parameter J as in the original paper [16]
but, in order to avoid the notational confusion with the rotational quantum number, we have denoted the last by the
symbol j, as it can be observed in Sections 1 and 4.

The quantities p(v) (which, as we will see, play the role of the moments of a probability distribution function) are
defined as a unique function of e;’s, namely,

—iyey

v, k). (12)

v r k+1
Hef ZQUM

NCE 22+ 1Dy p0)=1 13)

p(v) =

where I'(...) is Euler’s gamma function, while (a), = Ff_”(Jr)v) is the Pochhammer symbol [22].
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We note here that the different specific choices of p(v) give rise to many different families of coherent states
[23-25,17,10].

According to the general prescriptions [16,12] the Gazeau—Klauder coherent state (GK-CS) (12) must be: (a)
normalizable; (b) continuous in two labels J and y and must satisfy: (c) the resolution of unity, with a necessarily
positive associated measure; (d) the temporal stability condition and (e) the action identity.

The normalization constant (|z|2) can be computed using the normalization condition (J, y|J, y) = 1, so that

> (M, (L) J
[N(J>]2=Z%%=1Fl <1;k+1; 5) = S0(J) (14)
v=0 v .

where , F,(...) is the generalized hypergeometric function, particularly 1 Fi(...) is the confluent hypergeometric
function [26].

We note that the series (14) determining the normalization constant A/ (J) is a convergent series and thus it exists
for all values of J. This property is very important in order to assure the positivity of the weight function from the
integration measure.

Then, the matrix elements of an operator (observable) A which characterize the PHO, in the GK-CSs representation
are

<Ry
YA Yy = NUONWD) Y e e (n k| Alv, k). (15)

oo VP ()p(v)

By particularizing the operator A, we obtain some interesting properties. So, if A = I (the unity operator), as well
as J' = J and y' = y, we recover the normalization constant.
For A = I and using the orthonormality condition (8), we obtain the overlap (the scalar product) of two GK-CSs

J' D)2

e—iy=y"es (16)
p(v)

(YY) =NUONWD Y
v=0

The continuity in two labels J and y follows from the continuity of the overlap (J’, y’|J, ¥) because
7. y) =17y IF =201 = Re(J". y'|J. y)) = 0, a7

when (J', y") — (J, y).

Generally speaking, resolutions of the identity in terms of a certain set of states are very important because they
allow the practical use of these states as a basis in the Hilbert space [27].

In order to prove that the GK-CSs of the PHO resolves the identity, one must find an integration measure du(J, y),
so that

/dw, Iy vl =1=)" v, k), kl. (18)

v=0

The coherent states |J, y) exist only if the radius of convergence R is nonzero [17], and this fact is easy to
demonstrate for the case of the PHO:

) 1 : 22T(w+k+1)
R= Jimlpwlt = fim R e )

by using the asymptotic expression of Euler’s gamma function [26]

() = VIrzte [1 +o(1)]. 20)

Z

If we assume the integration measure du(J, y) so that [17]

1 T o)
/(...)du(.l, y) = Z/ dy/0 (.. )k(J)JdJ, @21
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we obtain

v, k) (v, k| [
/ du( Iy v = Z% NPk =1, (22)
v=0

After the weight function change

k(J) = ——=h(J), (23)
V()]
the Eq. (18) is accomplished if we find the function /(J) satisfying
® Fw+k+1)
dJ " () = =20 24
/ (1) = p() =2 24)

So, it is clear that the function 4 (J) is the inverse Mellin transform [28] of the function p (v). Following the standard
method [17] we extend the natural values of v to the complex s so that v + 1 — s — 1 and then, using the definition
of Meijer’s G-function and the Mellin inversion theorem [26,28]

[ dx x5~ len(

]_[ Lo +s) ]_[ rad—aj—s)

a, ..., Gu, Guyl, ..., dp
bi, ... bum bmii, ..., by

1 i=1 =1
=—— — : (25)
[T TA—=bj—s) [] T(aj+s)
j=m+1 j=n+1

we can express the function A(J) in terms of Meijer’s G-function

PR S Sy (U S W SR B A R (26)
TATUk+1 0\ 2 TAiTk+n\2) 7

Finally, the weight function (23) is

k=2 m (ks 2) (2 g 7)
_ ; =)l = e 2.
arG+n ' 2)\2
Consequently, the integration measure becomes finally
gy =r b Y m ksl TN (28)
s = 5 5 N = € -.
K = T+ o 01 2)\2

As we see, the weight function k(J), as well as the integration measure du(J, y) are positive functions for all
values of label J. So, the GK-CSs of the PHO |J, y) form an overcomplete set of states.

Using the definition of Euler’s gamma function [26], it is not difficult to prove that this integration measure fulfills
the resolution of the identity (18).

The sufficient condition for the solution (27) to be unique is given by the Carleman condition [24,29]: if the solution
of the problem (24) exists, then

def _1 00, the solution is unique
= v =
X_: p)] {< 00, non-unique solutions exist. (29)

It is not difficult to prove, using the mathematical analysis test methods (e.g. the logarithmic or d’ Alembert test)
and also the asymptotic expression of the gamma function (20) which appears in the function p (v) defined by Eq. (13),
that the sum S diverges. So, the weight function for the GK-CSs of the PHO is unique.
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In order to verify the temporal stability condition of the states |J, y), we apply the operator exp(—iw? Héred)) and,
using the eigenvalue equation (5), we immediately obtain

i]%efi(}ﬂrwt)ev
e SRV IC))

The temporal stability means that, under the chosen dynamics, the temporal evolution of the state |J, y) proceeds
to |J, ¥ + wt), for an arbitrary fixed positive parameter .

The time-dependent GK-CS of the PHO |J, y; ) can be obtained by acting on the time-independent GK-CS
|J,y;0) = |J,y) by the time-evolution operator U (¢) = exp(—ithD(tred)). Using the temporal stability condition
(30), we obtain:

exp(—iwt H™)|J, y) = N(J) v, k) =|J,y + wt). (30)

. (red)
|, y:t) =e @17 9.0y = |J, y + ot). (31)

As we see, the time dependence has the repercussion only on the label y, i.e. the equation which expresses the time
dependence of the GK-CS can be written as follows:

IJ,yit) =11,y (D). (32)

The above equation indicates that the GK-CS |J, y) goes over into another GK-CS |J, y(¢)) described by the
time-dependent label y, i.e. y (t) = y + wt under the action of the time-evolution operator U (¢) = exp(—ithogred)).

If the operator A from Eq. (15) is diagonal in the |J, y)-basis, then the sums of the following kind (with
n=0,1,2,...)appear:

o0 JU 0 d n
Sp(J) = ; oM (15> So(J), (33)

which can be expressed as the derivatives of the fundamental sum So(J) = | F) (l; k+1; %)
As a consequence, the expectation value of the diagonal operator A in the state |J, y) reads
I & T

]—(v,k|A|v,k). (34)

AT = 500 & pw

Then, the last condition for the GK-CSs, i.e. the action identity is easy to obtain, using Eq. (5) and (10)

(red) L
(J,y|HSV, y) = ey =J, (35)
« So(J) ;) p()"
as it is pointed out in Ref. [12].

At the end of this section we will point out that the GK-CSs can be useful also in the quantum information theory
(QIT).

It is well known that the fundamental unity of quantum information is a qubit (or quantum bit), which is a state
(vector) in a two-dimensional Hilbert space of the form:

ai

1) = ap|0) + ay|1) = (“0), (36)

where ag and a; are the complex numbers and |0) = (3), respectively [1) = (?) are arbitrary base vectors from the

state space. The normalization condition requires that le:() lan|* = 1.
Analogously, a state with many qubits, called a multi-qubit or N-qubit can be written as:

| W) = Z Aniny. oy IM1N2 .. 0N), (37)
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where the 2V basis vectors are:

[niny...nN) = 31, ny,ny,...,ny =0, 1, (38)

ny

with the normalization relation: 3, . _ | [dniny..ny > =1

Evidently that the Fock-basis vectors |v; k) are also suitable to play the role of basis vectors for a multi-qubit. So,
by using the identity operator decomposition (see, Eq. (18), we can immediately express the Fock-basis vectors |v; k)
as an integral over the GK-CSs |J, y):

fe+1yet

Vp)

Consequently, a state of N-qubits may be written as follows:

v k) =/du(J WNDHEZE 7). (39)

2N 5 +1ye,,

-3 [ auwo v

where we have used the following notation:

7 y) = /dw, NI ) 40)

Jetirves

V)

and where, on the one hand, for the simplicity of notation, we have used the index »n that signifies in fact the number
sequence njny . ..ny ..., each of them may bring values O or 1 and, on the other hand, generally, f*(J, y) is a known
complex function [30].

So, in fact we have passed from the discrete-variable (dv) to continuous variable (cv) QIT. The main motivation to
deal with continuous variables in QIT is of practical reasons: the essential steps in quantum communication protocols
(preparing, unitary manipulating, and measuring entangled quantum states) is achievable in quantum optics by using
continuous amplitudes of the quantized electromagnetic field [31].

The above relation can be regarded also as the connection between the quantum information (represented here by
N-qubit | 7)) and the quantum mechanics (represented by coherent state |J, y)).

Uy =N (41)

3. Nonclassical properties

In order to examine several nonclassical features of the GK-CSs of the PHO, let us calculate the expectations of
the power of the number operator N*, with s = 1, 2, .... The number operator N is defined as the operator which
diagonalize the basis for the number states and so, it follows that

N*lv, k) = v*|v, k). (42)
In the |J, y) state, their expectation values are

Uy = 3
TS0 &)

which are independent of the label y
The following function

V' = (N, (43)

Py =P,(J; k) =

v 1 Tk +1) <J> 44)

So(J) p(w)  |F, (LLk+1;4)T+k+1)

is just the weighting distribution function corresponding to the GK-CSs for the PHO.
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10 20 30 40 50 )

Fig. 1. Mandel parameter Q ; as a function of J for two values of the parameter k, i.e. k = % and k = %

By particularizing the above expression for the first two integer power, i.e. s = 1, 2, after the elementary
calculations, we can express the results through the derivatives of the function In Sy(J):

d 1T F (2k+2; %
(N); =J—1nSy(J) = AL §) (45)
d7 k+12,F, (ik+1: 3)
2 2 d
(N g =N+ T {(N)g) . (46)
where we have used the derivation formula for the confluent hypergeometric function [26,32]:
d\" J 1\" T(n+ DI'k+1) J
— FilLk+1;=)=1{= Fil1 k41 = . 47
(d]) : 1( * 2) (2) Tn+k+D | ‘( ke 2) @7
These results are useful in order to express the following two characteristic parameters:
(a) The second-order correlation function (the intensity correlation function) [18]:
N2, — (N I35 (N))) = (N)y
g3=< )J 2( >J=1+ dJ . (48)
(N)5 «N)D)
(b) The Mandel parameter defined in Refs. [33,19] becomes:
0, = WA —WN; TG WM
J = — = —
(N)s (N)s
_J|: 2 F (3ik+3%%) 1 1F1(2;k+2;§)] )
2 | k+2 F (2ik+2:4) k+1 F (Lk+1:%)

These two parameters, as functions of the label J (they are independent of y) provide the information about the
inherent statistical properties of the GK-CSs |J, y) and allows one to distinguish between the sub-Poissonian, the
Poissonian or supra-Poissonian statistics of these CSs.

Generally speaking, the state for which Q; > 0 (or g% > 1) is called super-Poissonian (bunching effect), if
Q; = 0 (or g% = 1) the state is called Poissonian, while a state for which Q; < 0 (or g% < 1) is called sub-
Poissonian (antibunching effect).

It is easily checked that Q; > O for all / > 0 which shows that the GK-CSs for PHO are super-Poissonian.
Numerical study confirms that this is indeed true, as displayed in Fig. 1.

This behavior of the GK-CSs for PHO is similar to the combinatorial coherent states built on sequences of integers
originating from the solution of the boson normal ordering problem [34].
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2 4 3 8 £0: 40 50 60 70

Fig. 2. The weighting distribution Py, of the GK-CSs for two values of parameter k (% and %), corresponding to relatively small J (a) and large J
(b), as function of v.

For small values of J, the asymptotic behavior of the confluent hypergeometric function | F; (n; k + n; %) is given
immediately by the first terms of this series, while for large J we have [35,32]:

_ AR NN AN 2

which confirm the behavior of the Mandel parameter for small, respectively large values of J, i.e. Q; =~ 0, as it is
showed in Fig. 1.

The case of large J is of special interest, because for these values the GK-CSs have the Poissonian statistics,
because Q; =~ 0. By using Egs. (45) and (50) we obtain, on the one hand, that the mean value of the number operator
N for large J is

(N} =3 (51

On the other hand, the weight distribution function P, (44) becomes, for large J:

1 J U+k 7
Pp=—6HH—|[|— Tz, 52
v F(v+k+l)<2> ¢ >2)
Inserting the asymptotic value for (N); Eq. (51), we obtain:
1
-~ ((NYVTke—(N) 53
v F(v+k+1)(< Y e (53)

This is just the expression of a Gamma distribution function, with an inverse scale parameter equal to unity [36].
Their behavior as function of energy quantum number v is presented in Fig. 2.
It is fruity to observe that for k = 0 this weighing distribution function becomes to be Poissonian:

P, = % ((N) )V e N, (54)

In order to compare the statistics of different kinds of CSs related to the PHO, we have computed the Mandel
parameter by using the results obtained in two of our previous papers, for the Barut—Girardello coherent states for
PHO (i.e. BG-CSs) [5] and for the Klauder—Perelomov coherent states for PHO (i.e. KP-CSs) [15].

The BG-CSs for PHO are [5]:

7|21 & z¥
; ) " 55
|z, k) BG It 1212]) ;)\/F(v+ 1)I‘(v+2k)|v ) (55)
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Fig. 3. The dependence of the Mandel parameter of two kinds of CSs for the PHO as functions of J (= |z|2): for the GK-CSs (two curves from
the top of figure), for k = % and k = %, respectively for the BG-CSs (two below curves) for k =~ % and k ~ %

Table 1

CSs Mandel parameter J = |z|2 small J = |z|2 large
BG-CSs [5] Eq. (56) Sub-Poissonian Poissonian
GK-CSs [this paper] Eq. (49) Supra-Poissonian Poissonian
KP-CSs [15] Eq. (58) Supra-Poissonian /

where Ir;_1(2|z|) are the modified Bessel functions, so that the corresponding Mandel parameter is

(BG) _ D1 (21z]) D (2)z])
0 = |z| - :
ak DIy 2|z]) Dy—1(2]z])

By using the asymptotic expressions for the modified Bessel function [26,28], we can deduce that the corresponding

BG-CSs for the PHO have sub-Poissonian statistics (Qgic) < 0) for |z| small, while for large |z| these states tend

(56)

to have Poissonian statistics (Q;iG) = 0). In Fig. 3 we comparatively have showed the dependence of the Mandel
parameter of two kinds of CSs for the PHO as functions of J (= |z|%): for the GK-CSs (two curves from the top of
figure), for k = 4—1‘ and k = %, respectively for the BG-CSs (two below curves) for k >~ 4—1‘ and k =~ %.

This behavior is also in accordance with that obtained in Ref. [10] for the temporally stable GK-CSs for infinite
well and Poschl-Teller potentials.

The KP-CSs for PHO have been built in [15]:

k& 7Y
Jk = ( 1-— 2) —v,k 57
2. k)i p ) Y e v R (57)
v=0y/ "T+26)
being defined only on a disk with the radius |z| = 1.
As a consequence, the corresponding Mandel parameter is

oKP) _ |z|? (58)
Lk T | Z|2
and it is, evidently, positive, i.e. the corresponding KP-CSs are supra-Poissonian, for all values of J = |z|> < 1.

By concluding, the statistical behavior of different CSs associated to the PHO is presented in Table 1.

We see from the Table that the relevant comparation must be made only between two of three kinds of CSs: BG-
CSs and GK-CSs (the KP-CSs being defined only on the part of the complex plane z). These two kinds of states have
opposite statistics: sub-Poissonian (for the BG-CSs) versus supra-Poissonian (for the GK-CSs). But, for the large
values of the parameter J = |z|?, both kinds of these CSs tend to involve as Poissonian.
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4. Statistical properties

As we have proceeded in the previous papers [5,14] and also in order to have a comparison basis, in connection with
the statistical properties of the GK-CSs of the PHO, we consider a quantum canonical gas of PHOs in thermodynamic
equilibrium with a thermostat at temperature T = (kg 8) !, where kg is Boltzmann’s constant and f is the well-known
temperature parameter.

The corresponding normalized density operator for a fixed rotational quantum number j (or, equivalently, via
Egs. (3) and (9), for a fixed number k), is then

1 o
pj=pc=— ) e PEru k(v k| (59)
Z v=0

where Zj; is the normalization constant, i.e. the partition function for a certain rotational state j and E,; is the
eigenvalue of the effective potential (1) [5]

Evx = 2hwo(v + k) — ma)(%rg. (60)

The Q-function (Husimi’s Q-function), i.e. the diagonal elements of the density operator in the representation of
the GK-CSs, is

(JylplJ.y) = ii‘e*ﬁ’fvw L —— ie*ﬂ’fﬂ—v. (61)
’ ’ Zr = Y Zk So(J) {=5 p(v)

This function can be expressed through the thermal mean occupancy for a one-dimensional harmonic oscillator
(HO-1D) with the angular frequency @ = 2wy, i.e.

_ 1
= T (62)

So, we obtain

—_ \k —_ \V
_n _n
eﬁmwérg <"+1> 1 Z ( "+1>

Zi  So(J) iz p(V)

—_ \k _
n n
eﬂmw(z)rg <ﬁ+1> SO (Jﬁ'H)

(J,vloeld, y) =

= (63)
Zy So(J)
By normalizing the density operator to unity, i.e.,
Troc = [ w0 il vy =1 (64)
we obtain the correct expression for the partition function of the PHO (for the fixed rotational state j) [5]:
— k
Zp = eﬁmwgrge—ﬁhwo(zk—l) 1 — eﬁmwér& n_ @+ 1). (65)
2 sinh BAwg n+1

This is, of course, the same as the expression that we have obtained previously [37] Eq. (41) by using the trace
of the PHO density matrix in the position representation. It is easy to observe that the way using GK-CSs is much
simpler.

Using the expression of the partition function, finally we obtain the following expression for the diagonal elements
of the density matrix (63):

n J_n

poSo(U) 1 R (k)
Lyloeld y) = = = : 66
ovlee . y) n+1  So(J) n+1 lFl(l;k—i—l;%) (66)
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Let us now perform the diagonal expansion of the density operator in the GK-CSs representation:
o= [au 19 PO (67)

In order to find the quasi-probability distribution function Pk(GK)(J ) (the P-distribution or P-function), from the
diagonal expansion of the density operator in the GK-CSs representation, we observe that the equation

(flpklg) = / du(J, y) (FI1, v P (I, v1g) (68)

must be fulfilled for any arbitrary vectors ( f| and |g) from the Hilbert space (or for the basis vectors |J, y) or |v, k)).
What is more, from the trace condition (64) and the scalar product (the overlap) (16), it follows that the P-function
satisfies the normalization condition

f du(J, y) PRy = 1. (69)

The left-hand side of Eq. (68) is

1 o0
LHS = — Y e PEok(flv, k) (v, k (70)
7 ; (flv, k) (v, klg)

while, in the mean time, after the angular integration,

T .
S= | dye Ty =5, (71)
27 J_,

the right-hand side becomes

& k) (v, k o TN\ (I
RHS = Z (v, k) |g>2” / dl= )= e_%Pk(GK)(J). (72)
P+ & o \2/\2
Comparing the LHS and the RHS, the above integral must be
o0 J ] k+v 27U
/ d (5) <E> e PO ) = T PR+ 1o, (73)
0 k

Using the Egs. (60), (65) and (13), performing the variable change % = x and the function change

1
L (2 (74)
n+1 2

we obtain the following equation, representing a Stieltjes moment problem, of the same kind as for the Eq. (24):

PR W) =

/ dx x"*hy (x) = %F(v%—k—}- 1). (75)
o (+)

Following the standard procedure [17], i.e. extending the natural variables v to the complex s so thatv+k — s —1
and using the definition of Meijer’s G-functions and the Mellin inversion theorem [28], we obtain

— k+1 — — k+1
n+ n+1 n+ _atl
hk(x)z( - ) Gé?( - x|o>=< - ) e, (76)

Finally, the P-distribution function of the PHO density operator takes the form

_ k
(n i 1) e it — (ezﬂhwo _ 1) (eZﬂhw())ke_(eZﬁhwo_l)%. (77

PRy =

n

S| —
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With the help of the above obtained expression for the integration measure Eq. (28) and the expression for the
P-distribution function (Eq. (77)), after the angular integration, the Eq. (69) becomes

1L a+1\" 1 o I\ (T\F -mys J
- (= d(Z) () e, " R(Lk+1;5) =1 (78)
A\ 7 ) Tk+DJy \2)\2 2

The above integral = [ is of the following kind [26]

o0
/ dx x®le ™™, F, [at,....am; b1, ... by (hx)’]
0

I'(o) o o+1 o+s—1 sA\*
:_Um+SFn[ala"‘7am7_a [ECIEIIEY ;bla"‘7bl‘l;(_) . (79)
W s s s "
Using the properties of the hypergeometric function, we successively obtain that the integral / is

Tk+1 i Tk 1 i
1:(—+H)12F1<1,k+1;k+1;_n >= ( +k+)11F0<1;_L)
(ﬁirl) n+1 (ﬁil) n+1

n n

C(k+1) °°< n )” Tk+1) _
= — = +1 80
(ﬁ%—])k+] ~ 4l (ﬁ;1>k+] (n ) (80)

and so, the normalization condition (69) of the P-distribution function is accomplished.
Finally, the diagonal representation of the normalized density operator of the PHO in the GK-CSs representation is

— k
(") [anopet
n
= (@0 1) (@10)" [ e DRy @81

The diagonal representation of the density operator (or the P-representation) is useful for evaluating expectations
of the different operators which characterize the PHO quantum system. Then, the thermal expectation value (the
thermal average) of an observable A concerning the PHO is given by

I
[STE

S[| =

Ok [, y){J, ¥l

(A)e =Tr(pkA) = /dM(J, V) P(U)(J, vIAl, ). (82)

If the operator A is diagonal in the |J, y)-basis, e.g. if it is an integer power s of the number operator N, then,
using Eq. (43) and (81), we obtain successively

1 /7+1\F Y ,
<NS>1<=:< = > /dH(JJ/)e 2(J,yIN*|J, )

n

Lod (N A
=z+1<a) (;x>—ﬁ+1<a) <1—x>:<N>' (83)

For the writing simplification purposes, here we have used the notation x =
independent of the Bargmann index k.
The thermal expectations of the first and second power of the number operator are

ﬁ .
=7~ These expectation values are

_ 1
(N)=n= hao _ 1 (84)
(N?) =71 +27) = ! (85)

2Phon —1 Z(eZﬂhwo _ 1)2'

Naturally, these expectations are identical with those for the Barut—Girardello coherent states representations [5].
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The thermal expectation of the number operator N is the same as the expression of the Bose—Einstein thermal
distribution (thermal mean occupancy 7). This coincidence suggests that the PHO is suitable for associating it with a
boson (e.g. a photon or a phonon).

All in all, we can now define and calculate the thermal second-order correlation function (g2); (i.e. the thermal
analogue of the second-order correlation function g% for the state |J, y))

N?) — (N
= T = () =2 (86)

and the thermal analogue of the Mandel parameter also Q; [19]:

0= N[ 1] = =7, (87)

It is not difficult to plot the temperature dependence of these functions.
The normalized density operator characterizes the quantum gas of pseudoharmonic oscillators, regarded as the
whole quantum system, is [5]

1 .
p=- 2 Qi+ DZp;. (88)
J

where p; = pi is the diagonal representation of the density operator for the rotational state j (see Eq. (81)) and
Z; = Zy is the corresponding partition function (see Eq. (65)).
Consequently, the total thermal expectation value of an observable A is

1 .
(A)=Trap=~ > @j+1)2;TrAp;, (89)
j

where TrAp; = (A); = (A)y is the expectation value for the rotational state j (see Eq. (82)).
Similarly, the total partition function is

Z=Y Qj+1) e Frv=3"2j+ 1z, (90)
j v

J

where E,; = Ey is the energy eigenvalue of the PHO Hamiltonian (see Eq. (10)). Using the total partition function Z,
we have deduced the expressions of some physical observables which characterize the PHOs quantum canonical gas
(e.g. the internal energy, the entropy, the molar heat capacity at the constant volume) [S]. The results we have reached
in the quoted paper will not be again repeated in the present one, because they are identical as for the BG-CSs.

5. Concluding remarks

Beginning from the observation that the pseudoharmonic oscillator (PHO) is an interesting intermediate oscillator
model between the three-dimensional harmonic oscillator (HO-3D) and other anharmonic oscillators, in two previous
papers [5,15], we have constructed and investigated some properties of the Barut—Girardello coherent states (BG-CSs),
respectively of the Klauder—Perelomov coherent states (KP-CSs) associated with the PHO.

In the present paper we have continued our analysis for another kind of coherent states, namely the Gazeau—Klauder
coherent states (GK-CSs) of the PHO. Following the standard technique [16,17] we have constructed these states,
investigated their properties and calculated some expectation values in the GK-CSs representation. We have
comparatively examined some aspects regarding the statistics of all three kinds of CSs associated with the PHO.

The main part of the paper is concentrated on the examination of the statistical properties of the mixed (thermal)
states of PHOs quantum canonical gas. We have written the density operator in the GK-CSs representation and, by
normalizing it, we have recovered the expression for the partition function Z;. The main result of the paper is the
construction of the P-distribution function in the diagonal representation of the density operator, which allows us to
calculate the thermal averages for different physical observables concerning the PHOs quantum canonical gas.

The correct result for the partition function, which we have obtained using the GK-CSs diagonal representation,
i.e. the same as in the case of the BG-CSs for the PHO (which was an expected result), allows us to state that all
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other expressions for thermal expectation values and physical characteristics (e.g. the internal energy, the entropy and
the molar heat capacity) of the PHOs gas are identical with those obtained previously by using the BG-CSs of the
PHO [5].

By comparing these coherent states formalisms (especially for the BG-CSs and GK-CSs) of the PHO, we can
observe a good parallelism which, naturally, leads to the identification in the case of the thermal values. Consequently,
the mathematical facilities brought by each concrete formalism, determine us to use one of them in order to simplify
the calculation.

We will observe here that even if the HO-3D can be considered as a limit oscillator of the PHO, it is possible to
find a harmonic limit which leads the obtained formulae for the PHO in the GK-CS formalism to the corresponding
well-known formulae for the usually Glauber coherent state of the HO-1D. Generally, the GK-CS formalism leads
to the usually Glauber coherent state CS formalism of the HO-1D, if we put z = +/J exp(—iy) (see, the beginning
of Sec. 2) [16,17]. In the case of the PHO, due to the double angular frequency confronted by the HO-1D, w = 2wy
(see, Eq. (1)), and the corresponding structure of the quantities p (v) (13), we must do the following variable change

7= \/g exp(—i2y). Consequently, the time-dependent variable for the Eq. (32) is z(t) = \/g exp[—i2(y + wt)] =

JEexpl-izy (1.
So, we can formally define the following limit (calling it the HO-1D limit):

lim = lim . (C2Y)
HO-1D \/;e*izl’a&

k—0

20p—>w

We will exemplify the calculations of this limit only for three main previously obtained expressions.
1. The definition of the GK-CS of the PHO (12), using Egs. (14), (10) and (91) leads to the corresponding definition
for the Glauber CS of the HO-1D:

1 0 AN . vtk
lim |J,y) = lim 3 (2) (e*W) v, k)
HO-1D HO-1D 0 (1)” = \/l"(v+k+1)
3 M, \2) =0V Tarn
Gty 0!
v=0
Y =g (92)
=€ — V) = (Z).
v—o V!

2. The Q-function (63) leads to the corresponding Q-function of the HO-1D, i.e.

lim (J, J,y)y= 1
Hé{tf})( vlekld, ) rim.

(1 _ e—Zﬂhwg) So (JWLJ“I)

So(J)

= (1= e Mo) e (= < ). 93)

3. The diagonal P-function of the density operator (77) has the following limit which is the corresponding
P-function of the HO-1D:

lim P8 ) = lim <e2ﬁhwo — 1) (ezﬂh‘*’(’)ke*(em%*l)%
HO-1D HO-1D

= (eﬂh“’ _ 1) e =11 = piz)). (94)

As these three quantities |J, ), (J, y|px|J, y) and P(CK)(J) are fundamental in the whole formalism of the GK-
CSs, it follows that the HO-1D limit for all results and equations obtained in the present paper for the GK-CSs of the
PHO lead to the corresponding results and equations of the usually Glauber CS of the HO-1D. This may be considered
as a good suggestion of the correctness of our obtained results.
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To sum up, the entire construction and investigation of the Gazeau—Klauder coherent states of the pseudoharmonic
oscillator seem to be a completely new approach because, from our knowledge, these results have not yet appeared in
the literature. The results demonstrate that apart from their theoretical merit (by contributing to a better understanding
of the behavior and properties of the PHO), the formalism of the GK-CSs of the PHO may have also a practical
importance (by using it in the quantum information theory and practice).
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