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This paper constructs a new type of finite-dimensional thermal coherent states (FDTCS), which differs from

the proceeding thermal coherent state in construction, as realisations of SU(2) Lie algebra. Using the technique of

integration within an ordered product of operator, it investigates the orthonormality and completeness relation of the

FDTCS. Based on the thermal Wigner operator in the thermal entangled state representation, the Wigner function

of the FDTCS is obtained. The nonclassical properties of the FDTCS are discussed in terms of the negativity of its

Wigner function.
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1. Introduction

Recently, there has been considerable attention
in constructing some new multimode quantum states
based on the fundamental principles in quantum me-
chanics. The motivation of constructing the states
considers some of their important applications, for
instance, as necessary resources in multiuser quan-
tum communication network, of the multimode entan-
gled properties. Among multimode quantum states,

pair coherent statel!-?l

is seen as an important two-
mode correlated state because it shows strong en-
tanglement and some nonclassical properties. As
an important generalisation of pair coherent state in
thermo-field dynamics (TFD) theory, Refs. [3] and [4]
have introduced the thermo-invariant coherent state
in TFD and present some of its nonclassical proper-
The TFD theory, which can

conveniently describe the thermal communication be-

ties and applications.

tween systems and reservoirs, was first invented by
Umezawa,?) Takahashi and Umezawal® in order to
include thermal reservoir effect in a natural way. In
TFD theory the original optical field state |n) in the
Hilbert space H is accompanied by a tilde state |7)
in the fictitious Hilbert space H. Similarly, the rule is
suitable for operators, i.e., every annihilation operator
a acting on ‘H has an image a acting on the extend-
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ing Hilbert space H. So the thermo-invariant coherent
state is defined as

2,q) =Y B(n.q)|n+q, ), (1)

n=0
where
Cyl2]" exp(ig)
P
Cy = [(i]2])7934(2]2])] 72, (2)

in which z is a complex parameter, ¢ is an integer
and J, () = S5 o[(=1)" /ml(n + q)1] (2/2)"+>" is the
ordinary g-order Bessel function. The state given by
Eq. (1) is constructed based on [@,aa] = 0, where
Q = ata —a'a is the ‘total’ energy operator, ad is the
pair annihilation operator, [a,a'] = [a,a'] = 1 and
[@,a'] = [a,a’] = 0. In fact, the state |z,q) is the
common eigenvector of the operators aa and @, i.e.,

a&|Z’Q>:Z‘27Q>’ Q‘27Q>:CJ|ZaQ>7 (3)

which shows that the state |z,¢) not only maintains
the whole energy of the system and the reservoir but
also is a coherent state. So it is named thermo-
invariant coherent state.

In terms of the characters of TFD, in this paper
we shall introduce a new type of finite-dimensional

thermal coherent states (FDTCS), which is completely
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different from the state |z,¢) in construction, as the
two-mode bosonic realisations of the SU(2) Lie groups.
Subsequently, we want to investigate the orthonormal-
ity and completeness relation and obtain the Wigner
distribution function of the FDTCS in TFD. For this
purpose, we shall use the thermal Wigner operator
in the thermal entangled state representation at high
temperature defined in Ref. [7] and the technique
of integration within an ordered product (IWOP) of
operator.[8]

2. The new FDTCS

To obtain the new FDTCS, we define the genera-
tors of SU(2) in this case as follows:

which yields the following SU(2) Lie algebra:

[K+aK7] :2KO; [KO>K:|:] ::tK:t7 (5)
where a, a is the annihilation operator of the original
optical field and fictitious field, then the vacuum state
‘0, 6> is annihilated by either a or a. So we define a
unitary evolution operator D(§) = exp[¢ K — £ K_],

its standard factorisation is

D(¢)

— exp(¢K ) exp [KoIn(1 + [¢*)] exp(—<"K_), (6)

1 where ¢ = e ?tg(0/2) and ¢ = (6/2)e~'¢. Using
K. =id'a, K_=ad'a, Ko= 5(&% —a'a), (4)  Eq. (6) we derive
|
“K a© exp(e* teos (2 4t o9 gin 2
exp(§Ky — & K_)a'exp(§*K_ — (K4 ) = a' cos 3 +a'e ¥ sin 3) (7)
Feos (D) — at e sin (£
exp(éKy — & K_)alexp(¢*K_ — €K, ) = a' cos 5 ) —a'e®sin| o). (8)

Operating this unitary operator D(£) on two-mode Fock state |q, 6) we obtain the explicit form of a new FDTCS

in two-mode Fock space

I€,q) =

(1+[s]*)~9/% e+ 4,0)

q
= % <aT cos <g) +ate ®sin <Z)> |O,(~)>

1/2

z Q) () e

1+ ¢/

q/ZZ

$"lg —n, 7y, 9)

which has the same form of the binomial state in the light field. Using the relation (7) and the normal ordering

form of the two-mode vacuum state projectorl®!

10)(0,0

—. ¢—ala—dla : (10)

we obtain the completeness relation of the new FDTCS in the whole two-mode Fock space,

o0

Z(q+1)/%

€,9) (€, 4|

(ala+a'a)?
T

M

exp(

<
Il
=)

/d@sm@/%dd) ( cos<g>+afei¢sm(§>)q
<ms( ) s (3) ) esol-

a'a—a'a) :

—a'a —a'a):
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=1

)

where the symbol : :

(11)

denotes normal ordering, d{2 = sin#dfd¢. The overlap between (¢, ¢| and |, g) is

(€, q16a) = (1+)7/(1+ [P0+ [¢'])72, (12)
which means that (¢/,q |€, ¢) is nonorthogonal, only when ¢ = ¢, Eq. (12) reduces to (g,€ |£,q) = 1.
Owing to
alé,q) =sa(l+[s|*) 9% e+ |q,0) = cal¢, q) , (13)
then we have .
;aTd ‘€7q> =9 |§7q> ) (14)
where n, = afa is number operator in the Hilbert space . In addition, using Eq. (9) we have
q cos (9)
2 0 . O\ -
olect) = g6t = —2 (aeos (§) watesin (5)) jo.0), (19
o (0
P ge™¥sin | 5 p . AN
alg,q) = 5 1€,0) = T <aT cos (2> +a'e™sin (2>) 10,0), (16)

so we obtain

(a'a+a'a) ¢, q) = qlé q), (17)

which shows that the physical meaning of the state
|€, ¢) is creating one quantum of the system and mean-
while annihilating one hole with negative energy in
the reservoir, this fact will not change the energy dif-
ference between the system and thermal reservoir in
thermal equilibrium.

3. Wigner function of the state
€, q)

We now derive the Wigner function of the state
|€, q) . Since the state |€,¢) is now defined in the two-
mode Fock space, we should use the thermal entan-
gled state |7) and the thermo Wigner operator in the
context of TFD to calculate its Wigner function. In
Ref. [7] we have shown that the the thermal entangled
state |7) simultaneously obeys the eigenvector equa-
tions

(a—a')|ry=7|r), (a—d")|r)=7"|7), (18)

[Eme= [

d27_: e—\T|2+(aT—&)‘r—&-(a—&]\)T*+aT&T+a&—aTa—ELT&: -1

where [a — @', @ —a] = 0 and |7) is defined as that in
the extending Hilbert space
Lo e bt tat| 06
|7) = exp —§|T| +7a" —7*a" +a'a’ ‘0,0>,

T =T +i73. (19)

The state |7) is the common eigenstate of the oper-
ators (Q — Q) and (P + P) in two-mode Fock space,

ie.,

(Q—Q)|r) = Ven|r),

(P + P)|r) =V2r|7), (20)
where
Q_a—&—aT P_a—aT
\/5 9 \/il’
_aaat - a_at
g=2"4 p-221 (21)

V21

Using Eq. (10) and the IWOP technique we can im-
mediately prove the completeness relation of |7),

S

(22)

From Eq. (18) we can see the orthonormalised property of |7),

(r| 7'y = w6(r — 7)o (m* — %) = 76P (1 — 7).

(23)
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Recalling the generating function formula of the two-variable Hermite polynomials H,, ,, (¢,€*),

oo

tmt/n
D2 o (%) = exp (<t 42 4 1/"). (24)
= m!n! ’
where
* gmEn ’ /%

o (2,67) = g oxp (—t 4t +1'e%) R (25)

we obtain
15 . (e,e") =Hpm (g,%). (26)

The thermal entangled state |7) can be expanded as

oo

_ omlr2 (=D)"Hun (1, 77)
= e m,n), 27
™) m,zn;() m!n! | ) 27

where |m, 7)) = (aT™a’" /v/mIn!)

the overlap,

0,0) is the two-mode number state. Using Eqgs. (19), (26) and (27), we derive

Val(=¢)"

nl(q—n)!’ (28)

q
—_ _7—2 *k
(r1€.q) = A+ o)™/ e 23" Wy g (r,7%)
n=0

In the thermal entangled state |7) representation, the thermo Wigner operator At (¢ ) is neatly expressed asl’]

d?r . .
Mr(e) = [ Slo =) (o4 rlexp(ry = 709), (29)

where o, are complex parameters and the subscript T means ‘thermo’. From Eq. (29) we derive
Ar (o) =7"2: exp [—2 (aT —a*)(a—a)—2 (dT —B)(@a-p)]: =A(a) @A), (30)

where
a=(0+7)/2, B*=(y—0)/2 (31)

Using Egs. (28) and (29), we obtain the thermal Wigner function of |, ¢)

Wr (0,7)
1 d?r o
B m/?@’q‘ o —7){o+7 € q) exp(ty* —77)
_ e_|7|2—|‘7|2 zq: (_)m+ng*mgnq! /dQT
B (1+s]?)a iy m!n!(qg —n)!(qg —m)! 3

Hy—mm (0 = 7,0 = 7" )Hign (0 +7,0" + 77) exp(17* — 7%7)

B e—P=lol i (—)mtngrmengl 91 54 /(127—
(L4 [s]?)e . m!n!(q — n)!(qg —m)! dta—mot'™ grnor'a—n | 3

1,n=0

x explry* ="y —tt' +t(c—71)+t (c—7)" —rr' +r(c+7)+7" (0 + 7)) )imtr=r=r=0

e—\’y\2—\a\2 q (_)m—&-ng*mgnq!

= PATIPT 2 minl(g =g =i (0 F 00"+ o) Ham (0 =707 =57) - (32)

m,n=0
From Eq. (31), then the thermal Wigner function Wr (o,) is changed into

q m—+n xm _n

exp(—2]al*) (—)mHngrmeng! R \ g _opr
Wr (07) = 72(1 + [¢[2) Zom!n!(q—n)!(q—m)! exp(=2|B")Hg—m,q—n (20, 20") Hy i (=28, =2087) . (33)

m,n=
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Thus the corresponding Wigner function is

W (a) = 2 / 423 (6,q) Ar (07) €, q) (34)

In order to obtain the result of Eq. (34), we first calculate

» 8m+n
2/d25exp(—2|ﬂ|2)ﬂn,m (—28,—28%) = 283"88”” exp (—ss' /d B exp(—2|8]° — 28s — 28*s') s
aern 1 & 1k
= T g k's s’ , (35)
k= s=s'=0
so the Wigner function of |, ¢) is given by
_exp(=2]af’) <~ [ g! .
W) = SR 2, il = e (2002070, %)

m=0

where the parameter o = = + ip.
In order to check the correctness of Eq. (36), we adopt another approach to obtain the Wigner function of
€, q) . Using Egs. (9) and (30) we derive the Wigner function W () of |, g) as follows:

W) = (£, ql A () [¢,q)

q

:m > Z :1 "¢ (g — m,m| A (@) lg = n, 7). (37)

1/2 1/2

n,m=0

Further, using Eq. (25) the coherent state representation of thermo number state,

~ 1 dmtn -
|m, i) = WW \272>|Z:z~:o> (38)

where |z, Z) = exp(zal + Za') |0, 0) is the un-normalised two-mode coherent state, and equation (25) we have

<q—th|A(a) |q_n7ﬁ>

- ! ¢ O (e 5l A ) o, 2
T @ n)q —m)hml A2 Az dgtmdggm o SN P A =sim s
exp(—2|al?) d2a—n-m  gntm

= — — ————exp [2z10" + 22500 — 2125 + 2125
/(g —n)l(g —m)Inlm! dz{ "dz37 ™ dzpdz™ 1221 2 12+ 215

2 2q—2m
exp(=2|al”)  d™ . . .
= exp [2z1a™ + 2250 — 212
(g —m)!m!l dz{ " dz " P[22 2 123l

zZ1 :21 =Zz2 :22 =0

Z1=Z2 =0

exp(—2af’) *
= g =yt L mam (20,207). -

Combining Eq. (37) with Eq. (39) we obtain the and has a Gaussian form, nonclassical effects cannot
Wigner function W («) in Eq. (36), thus we have  be established. When ¢ = 0 and ¢ is taken any value,
checked the result by using a new way. the variation of W(«) is very inerrant. This result

Now we would like to discuss changes in the is caused by the superposition of two-mode number
Wigner function of |, ¢) as we vary the parameters ¢  states in Eq. (9). With increasing ¢ the negativity
and ¢. When ¢ = 0 and ¢ is taken any value, the shape  of W («) begin to reduce. This feature indicates that
of the Wigner function is a round hill centred at the  nonclassical effects of the state |, ¢) begin to be weak-
origin of phase space, which is the same as that of the = ened. For a large enough value of ¢, the shape of the
vacuum state. In fact, this result is also obtained from  distribution W(«) is changed into the Gaussian form

Eq. (9). Since the Wigner function W («) is positive  of the vacuum state once again.
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In Figs. 1(a)-1(c) we plot the Wigner function
W (a) of the state |, ¢) while for taking ¢ = 0.2 and
different values of ¢ (¢ = 2,3 and 4) for the three three-
dimensional figures. From Figs. 1(a)-1(c) it is clearly
that, at the central position, there exists a downward
main peak when ¢ is an odd number, however there
exists an upward main peak when ¢ is an even number.
With varying ¢, the number of the downward minor
peaks is equivalent to (¢—1)/2, however the number of
the upward peaks is ¢/2. So the quantum interference
property is connected with the two-mode number sum
q. The larger the number sum ¢ of two mode is, the
more remarkable the interference property is. More-
over, from the three figures we can also see that the
negativity of W («) relies on two-mode number sum gq.
This means that the state |, ¢) exhibits different non-

W)

classical statistical properties when ¢ is taken different
values. The nonclassicality is more pronounced when
q is an odd number for the new FDTCS. Furthermore,
from Figs. 1(a)-1(c) it is obviously that the function
W (o) has downward peaks when ¢ = 3 and the func-
tion W («) has upward peaks when ¢ = 2 or ¢ = 4 at
the same position. The results are in general valid for
all values of ¢ for the state |, g) . The feature indicates
that the states |, ¢q) for ¢ being odd and the states
|€, g) for ¢ being even are orthogonal. For fixed value
of g, the values of the peaks of the function W («)
decrease as ¢ increases. When ¢ is large enough, the
multi-peak structure of W («) is lost. In conclusion,
the behaviour of the function W («) is in good agree-

ment with the quantum features of the states |, ¢) .

Fig. 1. The Wigner function of the state |£,q) for ( = 0.2 and (a) ¢ = 2,(b) ¢ = 3,(c) ¢ = 4.

In summary, we have introduced a new kind of FDTCS |, ¢) as the two-mode bosonic realisations of the

SU(2) Lie groups.!'*~13] Using the IWOP technique and the thermal Wigner operator in the thermal entangled

state |T) representation, we have obtained the Wigner function of the state |, ¢) and discussed its nonclassical

properties based on the structure of the Wigner function W («). Through our discussions we have found that

the thermal entangled state |7) provides us with a convenient and direct approach for the calculation of the

Wigner function of many quantum states at finite temperature.
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