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We have studied the statistical and squeezing properties of the Two-mode Article history:
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second order correlation function, the quadrature variance and quadrature Accepted 31 August 2020

squeezing, employing the Q function. We have found that the mean of the
photon number sum for the two-mode squeezed thermal light is the sum of
the means of the photon number sum of the separate modes and the photon
statistic is super Poissonian. And the photon number of a two-mode squeezed
thermal light is correlated and we have seen that the two-mode squeezed
thermal light exhibiting the photon bunching effect. Moreover, the
quadrature variance of the two-mode squeezed thermal light turns out to be
the product of the quadrature variances of the two-mode thermal and two-
mode squeezed vacuum states. The squeezing increase with increasing the
squeeze parameter and with decreasing the mean photon number of thermal
light.
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the separate modes along with the expectation value of fiafib

LINTRODUCTION we calculate the second order correlation function. Finally,

we calculate the quadrature variances and quadrature
Nowadays, quantum optics, the union of quantum field squeezing for signal-idler modes with aid of Q-function.
theory and physical optics, is undergoing a time of
revolutionary change. The subject has evolved from early 2. THERMALIZED TWO-MODE LIGHT
studies on the coherence properties of radiation to the laser Thermal light is a typical example of a light mode in a
in the modern areas of study involving, e.g. the role of chaotic state. This is generated by a source in thermal
squeezed states of the radiation field and atomic coherence equilibrium at some temperature. We can describe it
in quenching quantum noise in interferometry and optical interims of the single-mode density operator as;
amplifiers [1],[2]. For the description of a quantum system,
the concept of state is used, which is the same, a wave a0 o
function, a state vector or a density matrix, quasi-probability " ny
distribution containing the information about the possible AT = Z (l + 7 }Jr-_+1
results of measurement on the system. Furthermore, iy =( L,
quantum optics has statistical origin and therefore the state
of a quantum system contains all information necessary to
completely determine its statistics (the probabilistic nature
of a quantum system) [3]-[10].

In this paper, we seek to study the statistical and squeezing pT = P11 @ Por
properties of two-mode squeezed chaotic light. First, we 2)
obtain the anti- normally ordered characteristic function and
with the aid of which we obtain the Q-function. To this end,
applying the resulting Q-function, we calculate the mean of
the photon number sum and difference, the variance of the
photon number sum and difference and using the mean of

n1)(ni

(1)

The density operator for two mode chaotic light can be
treated as the product of the density operator for two
single mode chaotic light [11]

Using Eq. (1) into Eq. (2), we have
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2.2. Two-mode squeezed states

A nondegenerate sub harmonic system is a typical source of
atwo-mode squeezed light. In this system a pump photon of

frequency wc is down converted into highly correlated

signal and idler photons of frequency «wa and b such that

wc = wa + wb. A nondegenerate sub harmonic system is
described by the Hamiltonian [13].
H =ie(ab—a'b)
(4)
On account of Eq. (4) we can set the two-mode squeezing
operator as;

5*{?,] — {_.r';a.E—&if:-' ]
)

To this end, introducing the operator &(r) and b (r)
respectively as [11]. _ ;

a(r) = ST(ras(r)

b(r) = ST(r)bS(r)
Differentiating both of the above equation wrt r and using
trigonometric identity we get i
alr) = acoshr — b sinhr %)
And
b(r) = beoshr — &' sinhr ®)

With help of Eq. (3) and (5) the density operator for the

two-mode squeezed chaotic state takes the form
p=5(r)prSH(r) 4

3. THE Q FUNCTION

Here we confine our discussion to the Q function which is

best suited to the evaluation of the expectation value of anti -
normally ordered operators [3]- [12]

I l | ) \ 8 % £ 4
Qafir)== [ Fadndznr)eplia-az 498 - By

I [dodf | oot B
— exp|(-——-—)
i Yol
x exp|(zcoshr + 9" simhr)a” - (2" coshr + psinhr)a]

x exp((qeoshr + 2" sinhr) 3" — (5 coshr + zsinhr) )
(11)
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Applying integration both wrt [§ and & respectively using

P; J. b
/ i exp(—azz" +bz+ez") = —e=,a >0

?: a (12)
We find
Oa(z,my1) = exp[—azz" — b —e(zn+ 772" 3
Where
a = (1+ ny) cosh® r + fig sinh® r (149
. 19 _ .19
b= (1+ fia) cosh™r + 7y sinh™ 7 (15)
And
¢ = (1 + 7y + 7o) sinh r cosh r 16)

Using Eq. (13) into Eq. (10) we can set the Q function in the
form of

() = E exp [—uaa” —vfF" —r(af +a" 3]

m (17)
In which
1 b
A:tu:—r'gz—, U= ———-7
ab — 2 ab — c?
. a c
)= — F=—
ab—c? 4 ab — 2
4. PHOTON STATISTICS (7)

The statistical properties of a light are described in terms of
the mean and variance of the photon number. In this section
applying the Q-function, we seek to determine the mean and
variance of the photon numbers sum and difference for
mode a and mode b.

4.1. The mean of the photon number(Siim and
difference

Here, employing the Q-function, we proceed to study the
quantum and statistical properties of the two-mode
squeezed chaotic light. The mean of the photon numbers
sum and difference can be expressed in terms of Q-function
as [3].

iy =iy Tl = [ Pal(a,0",r)ng(0) £ / E8Q(8, 3 )y ()
‘ : (18)

Substituting Eq. (17) into Eq. (18) And applying integration
with help of Eq.(12) the mean of the photon number sum
and difference can putted as;

iy = (1 4+ 1)sinh® r + 7y + 71

(19)
From this equation, we have
R, — g 19 = —
4 = L4811 T +— N1 +— N2 [20)
And
fi_ = My — Tig 21)

From Fig. (1) We observe that the mean photon number of
the two-mode squeezed chaotic light is the sum of a two-
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mode squeezed and a two-mode chaotic light. But, difference
mean photon number is equal to the mean photon number
difference of two mode chaotic light. Thus, indicate that the
mean photon number of two-mode squeezed lights is equal.
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Figure 1: plot of the mean of photon number sum [Eq. (19)]
versus squeeze parameter r and

For different values of 11 and 11z.

4.2 The variance of the photon number sum and
difference

We now proceed to determine the variance of the photon
number sum and difference for the two-mode squeezed
chaotic (thermal) light. For a two-mode light, the variance
of the photon number sum and difference is expressible in
the form [4].

(Any)? = An? + An} + 2[(ng7p) — Mghp)

(22)
Using several mathematical formulas we can set
A0 9 , _ 9 _ 0 9 .
An; = 7] cosh?r + fig cosh? r — fig sinh’ r + h sinh’r
- 0= | 0= \ 2 042
+ (20479 + 2719 + 2y + 1) cosh” rsinh™ (23)
A2 -1 | — ! _ o9l _2 14
Any = figcosh” r 4 fig cosh™r — iy smh™ 7 + fiysimh' r
0= = = = \,QE" 2
+ (204 + 20409 + 209 + 1) cosh” rsinh”1 24
And
(giy) = 1+ (fy + iy + iging + 1) coshr - fyig sinhr
Q= = 4 = = nf=2 =2 1 .41
+ (14 3(Rg + 7y +7iy7iy) + 27} + 71| cosh” rsinh”r
9
[+7s)c oshr + (g + fig) sinh’r + (1 + 7y cosh r
~((147) (g +7ig) stnh”r 4 (1471 ) ](25)
= = - .}_ —_J _J ) . 'i] - E
gl = (1420 + 2ng + 71 + 715 + 20iyfig ) cosh™ 7 sinh™r
+ g — (1 47y +7ig) sinh” 1 26)
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Using Egs. (23)- (26) into Eq. (22) the variance photon
number sum and difference for two-mode thermalized
squeezed vacuum states takes the form;

(Ans) = (1 1)(24 dfgiy + 47y + 47 + Qﬁf + Qﬁﬁ}rosh! rsinh’r

- - -
+0y + 09+ 1y + 10y
PR 27)
From this equation we can simply states the variance
photon number sum and difference respectively as;

(An.)* = 4(1+2n,)° cosh’rsinh’r +2ny(1+my)
And

(An_)? =y +ng + 72 + 73
~ (29)

From Egs. (20), (21), (28) and Eq. (29) we can understand
that the sum and difference variance of photon number is

greater than that of mean photon number which indicates
the system gas superpoissonian photon statistics.

(28)

4.3 The second order correlation function

In this section, we seek to determine the normalized photon
numbers correlation and either can exhibit photon bunching
or anti-bunching effect using the mean of the separate modes

a long with the expectation value of 1. 71 for the system

under consideration.

4.3.1The normalized photon number correlation

In order to determine whether the photon numbers of mode
a and mode b are correlated or not, we must examine the
normalized photon numbers correlation. Thus the photon
numbers correlation of the two-mode light can be defined by

[1] [3] (8]

(r) = (TgTip)

Gf r 1', T

w (110 ) {1p) (30)

Where

(ng) (mg) + (14 201 + 2ig + 2 1r>+n]+nq) b’ rsinh’r

b

(0 fy) =
o) (31)
On account of Eq. (31), Eq. (30) takes the form

0= | 0= 2 .l
|-._>J[, V=14 (L4 2m1 + 209 + 2y g +nl +nﬂ osh™ rsimh”r
A1) =
Gan \T" |': ;| ”h
(32)
In particular, in the absence of thermal light ( 72 =712 = 0),

Eqg. (32) becomes

t;l':m][ ) =1+ coth?r

(33)
These results indicates that the photon numbers correlation
is different from one. Thus the photon numbers of mode a
and mode b of a two-mode Squeezed Chaotic light and the
two-mode squeezed vacuum states are correlated. And we
see that the Chaotic light has no effect on the photon
numbers correlation.

4.3.2 Photon anti-bunching

We seek to determine whether the two-mode squeezed
thermal light is either can exhibit the photon bunching or
anti-bunching effect. The criterion for the existence of the
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anti-bunching effect in the two-mode radiation field is given

oy 7k 12-0 379
.- 120y 12
ROy = W)+
' 2(atabth)

(34)

("a%) = (1 4+ 21 + 2y + Ygig + 7 + ) sinh” r cosh’

D SR AT R VA N R
— (75 4+ 2+ 2ng) sinh”r + 2(1 4 7 cosh™r - 1] (35)
And

(728%) = 2[(1 4 2y + 2y + Dgiy + 72 + 723 sinh? r cosh? r

—(2 424 2y sinh®r + 2(1 4 723) cosh’ r — 1]

" ' (36)
Substituting Egs. (36) and (35) into Eq. (34) we find
_ _ i _ 4 10 _
(2) ¢ 3 n? - n.'i — (l + 11+ ng] sinh”r — nyng
Ry(r)= - 9
ey
(37)
In particular, when 71 = 12 = 0, Eq. (37) becomes
(23 y —1 -
ab {.'T .} — <0

2 cosh’r — 1 38)

From this result, we observe that the two mode squeezed
vacuum state is anti-bunching.

4.4 The quadrature squeezing

In this section, we seek to determine the variance and
squeezing of the quadrature operator for the system under
consideration with the aid of Q-function.

4.4.1 The quadrature variances

The calculation of the variances in a quantum state leads to
the determination of the total noise of that state. The
variances in a two-mode state are defined as the mean
square uncertainties in the real and imaginary parts of the
annihilation operator of the mode. Hence the total noise of

the state is given by the sum of the variances in that state
[4].[12].

(Aer)? =24 (64,84 1)
(39)
After calculating both normal order quadrature operator
we can set the plus and minus quadrature as;

(Acy)? = 22+ @iy + fig) sinh®r + 2y + i) cosh’r

+4(14 ny 4 ng)smhrcoshr +2
(14711 + 7o) + (40)
In which the plus and minus quadrature’s are given by
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(Acy)? =2(1 +np)e™
(41)
And

(Ac_)? = 2(1 + np)e™

(42)
Fig.2 represent the plot of quadrature variance [Eq. (41)]
versus r and for different values of nr . From the graph we
realize that the quadrature variance increases with
increasing nr and decreases with increasing squeeze
parameter r.

7
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Figure 2: plot of quadrature variance [Eq. (41)] versus r and
for different values of nr.
4.4.2 Quadrature squeezing

A two mode light is said to be in a squeezed state if Ac. <2
or Ac_< 2 such that Ac:fic_ = 2. Thus, the quadrature

squeezing of the two-mode light can be defined in terms of
the quadrature variance of a two mode coherent light as;

(Ac, )2~ (Ac,)
(Acy)?

.IE;+ —
(43)
Where
Y B
(Aey ). =2 (44)
On account Egs. (41) and (44), Eq. (43) takes the form
.IE;.I_ = l — '|rl + ]'!"I':}f.'"_?r

(45)
Eq. (45) is called as the plus quadrature squeezing

.:O — 0 =05
b =
— 08 'b = men=25 ||
[2) .' IIInT=5
g’ i
§ oemr
S .'
= [
o x
3 04lx 4
[y
= -
3 ]
T 02§ i
0 1 1 L L L L 1 L
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squeeze parameter r
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Figuare 3: plot of quadrature squeezing of Eq. (45) versus
squeeze parameter r and for different
Values of nr.

Plot 3 represent quadrature squeezing of Eq. (45) versus
squeeze parameter r and for different values of nt. From this
figure we see that quadrature squeezing increase as squeeze
parameter r increase, nt is decreases. The graph also show
that the degree of squeezing decrease as the value of nr is
increases.

CONCLUSION
In this paper, we studied the statistical and squeezing
properties of two-mode squeezed thermal light. First, we
obtained the anti-normally-ordered characteristic function,
following the procedure discussed in [13] and with the aid of
which we obtained the Q-function.
Applying the resulting Q-function, we have calculated the
mean of the photon number sum and difference, the variance
of the photon number sum and difference and using the
mean of the separate modes a long with the expectation
value of "na"nb, we calculated the second order correlation
function. Finally, we calculated the quadrature variances and
quadrature squeezing for signal-idler modes with aid of Q-
function. The result shows that the statistical and squeezing
properties of two mode lights are affected by a two mode
thermal light. The effect of two mode thermal light is to
increase mean of the photon number sum and variance of
the photon number sum and difference and decrease the
squeezing properties of two mode light and we found that
the mean of the photon number sum for the two-mode
squeezed chaotic light is the sum of the mean photon
number of the separate modes and the mean of the photon
number difference is zero. The variance of the photon
number sum and difference (equal to the variance of the
photon number difference of the two mode chaoticlight) for
the two mode squeezed chaotic light is greater than the
mean photon number sum and difference. Thus the photon
statistics of a two-mode squeezed thermal light is super
poissonian. The photon number of a two-mode squeezed
thermal lights are correlated and we have seen that the two-
mode squeezed thermal light exhibiting the bunching effect,
thus a two-mode squeezed thermal light is classic.
Moreover, the quadrature variance of the two-mode
squeezed chaotic light is the product of the quadrature
variance of the two mode squeezed vacuum and the
quadrature variance of the two mode chaotic light, and the
fluctuation in the plus and minus quadrature variances are
dependent on the mean photon number of thermal light and
squeeze parameter. For large value of mean photon number
of thermal light, they are above the coherent state level and
for very small value of the mean photon number of thermal
light, squeezing occur in the plus quadrature. The squeezing
increase with increasing the squeeze parameter r.
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