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Abstract

We have studied the statistical and squeezing properties of the Two-mode squeezed thermal light. We have
calculated the mean of the photon number sum and difference, the variance of the photon number sum and
difference, second order correlation function, the quadrature variance and quadrature 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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1. Introduction
Nowadays, quantum optics, the union of quantum field theory and physical optics, is undergoing a time of
revolutionary change. The subject has evolved from early studies on the coherence properties of radiation to the
laser in the modern areas of study involving, e.g. the role of squeezed states of the radiation field and atomic
coherence in quenching quantum noise in interferometry and optical amplifiers [1],[2]. For the description of a
quantum system, the concept of state is used, which is the same, a wave function, a state vector or a density matrix,
quasi-probability distribution containing the information about the possible results of measurement on the system.
Furthermore, 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 properties of two-mode squeezed chaotic light. First,
we 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 the separate modes a long with the
expectation value of 71,7, we calculate the second order correlation function. Finally, we calculate the quadrature
variances and quadrature squeezing for signal-idler modes with aid of Q-function.

2. Thermalized two-mode Light
Thermal light is a typical example of a light mode in a chaotic state. This is generated by a source in thermal

equilibrium at some temperature. We can describe it interims of the single-mode density operator as;
o ni
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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]

pr = p1r @ par

()
Using Eq. (1) into Eq. (2), we have
o~ no
. ny ng < \
Pr = E - 1 - I ny,no)\ny, Ny
(1 4+ 7)) (1 + ng )27
n=>0 (3)

2.2 Two-mode squeezed states.
A nondegenerate sub harmonic system is a typical source of a two-mode squeezed light. In this system a pump
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photon of frequency wc is down converted into highly correlated signal and idler photons of frequency wa and wb
such that wc = wa + wb. A nondegenerate sub harmonic system is described by the Hamiltonian [13].

H = ie(ab — a'b’)

“
On account of Eq. (4) we can set the two-mode squeezing operator as;
S(I‘) — (_.r(d5~(1ii)’ )
X 5)
To this end, introducing the operator a(r) and b (r) respectively as [11].
o~ =3 m~ y 'AVT " Av
a(r) = S'(r)as(r b(r) = S'(r)bS(r
(r) = §1(r)as(r) _, b(r) = S'(r)bS(r) o
Differentiating both of the above equation wrt r and using trigonometric identity we get
a(r) = acoshr — b sinhr %
And
b(r) = bcoshr — a' sinhr ®)
With help of Eq. (3) and (5) the density operator for the two-mode squeezed chaotic state takes the form
p=S(r)prSHr) o

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].

l ¥ , ! - * * *
Qa,B,1) = — / P2d’nge(z,n, 1) exp (z°a — o’z + nB* — Bn°)
Co (10)
Where
, 1 d*ad?*p3 aa* [33*
Pa(2,1,T) = — / ——exp [(—— — —)]
Nallp | w2 Mg T
x exp [(z coshr + 7" sinhr)a” — (z* coshr + sinhr)a]
x exp ((gcoshr + z* sinhr)3* — (5* coshr + zsinhr)3)
(11)
Applying integration both wrt 8 and a respectively using
d*z 1
/ —exp(—azz" +bz+c2") =—-€e=,a>0
< n" a (12)
We find
&a(2z,m,7) = exp[—azz" — q*b — c(zn + 7" 2")] 03
Where
a = (1 + 7y) cosh?r + fgsinh? r (14)
" 2 - L -2 2 N
b= (1+ ns)cosh”r + nysinh”7 (15)
And
¢ = (1 + ny + 79) sinhr coshr 16)

Using Eq. (13) into Eq. (10) we can set the Q function in the form of
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:_) exp [—uaa® —vBp* —r(af + a*3*))

Q=

m (17)
In which
1 o 1 b . a c
A=w—71r"="7—71 U = ——— % rF = —
ab — 2 ab — 2 , ab — c* and ab — 2

4. Photon Statistics

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 sum 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].

Ny = fig T fip = /(12('1(2((). o, r)ng(a) £ /(f".fQ(d. G3*, r)ny(3)
, . (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 +1)sinh®r + 7y £ 7o

19)
From this equation, we have
— ') 1 2 Y —— . ¢
ny = 2sinh”r + ny + no 20)
And
n_ =mny — Ny
) 21

From Fig. (1) We observe that the mean photon number of the two-mode squeezed chaotic light is the sum of a
two-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.

o

10
350

--a. n1=0.5. n2=1

mean photon number sum

Figure 1: plot of the mean of photon number sum [Eq. (19)] versus squeeze parameter r and
For different values of n; and 1.

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
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in the form [4].

(Anyg)? = Anl + Anj + 2[(nanp) — Naltp)

(22)
Using several mathematical formulas we can set
; 9 -9 ¥ - 9 - . 9 -9 y
Ang = njc cosh? r + 7y cosh® r — 7ig sinh? r + 5 sinh? r
— = = 2 . 2
2nyng + 2n9 + 21y + 1) cosh® rsinh”r
2 2 1 , (23)
9 -9
Anj = 73 cosh r + g cosh® r — 7y sinh? r + 73 sinh? 7
e n i a A IR
+ (214 + 2ny79 + 279 + 1) cosh” rsinh™ 7 24)
And
" A _ _ I ~ y I . 9
(figp) = 1 + (Ay + 7ig + Ayiig + 1) cosh® r — Ay 79 sinh® 7
A= 1 = s (=2 |, =2\ 8 . a8
+ [1 + 3(ny + ng + ny79) + 2(7y + n3)| cosh” rsinh”r
- 2 _ - . 9 = 9
— ((1 + no) cosh” r + (71 + n2) sinh”r + (1 + 71) cosh™ r) )
_ 0= = _9 _9 _
nanp = (1 + 20y + 209 + 0y + 75 + 20y fis) cosh® r sinh® r
- i — = . 9
+ nyne — (1 + 7y + n9) sinh” r 26)

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)(2 + 40y Ry + 4y + 4g + 203 + ‘27”1:::) cosh? rsinh? r

_ _9 |, -9
+n no + Ny + nj
S 27)
From this equation we can simply states the variance photon number sum and difference respectively as;
9 9 . 19 o _
(An.)? = 4(1 + 27a;)? cosh® rsinh® r + 274 (1 + 74) o8
And
. 92 N - _9 , -9
(An_)* = ny + ng + 0y + 03
) (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.

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]

0y i)
.jab( ) <7Ala><f?b>

Where

(30)
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(Rattp) = (o) (fip) + (1 + 27y + 279 + 201729 + 3 + n:::) cosh? rsinh® r

€2y

On account of Eq. (31), Eq. (30) takes the form

(2) (14 20y + 2n9 + 2ny79 + 7} + 73) cosh® rsinh r
Yab (’) =1+ - :
(1) (1)

(32)

In particular, in the absence of thermal light ( 7; =i, = 0), Eq. (32) becomes

2) )
gfw‘(r) =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 anti-bunching effect in the two-mode radiation field is

given by [7].
~$2.92 11272
9 a'=a*) + (b'b
RS (r) = ( _>f‘ i ) _1<0
2(atab'b) (34)
Where
(a1%a?) = 2[(1 + 201 + 272 + 27100 + i + n3) sinh® r cosh® r
—(n3 + 2 + 2ny) sinh?r + 2(1 + n3) cosh?r — 1] (35)
And
(b125%) = 2[(1 + 20y + 20y + 20y 79 + 71} + 73) sinh® 7 cosh? r
9 ¢ . 9 : -9 92 .
—(n1 + 2+ 2ny) sinh”r + 2(1 + n3) cosh® r — 1| 36)
Substituting Egs. (36) and (35) into Eq. (34) we find
2, =2 1 - IQ .
RO(y) ni +n5 — (1 + n1 + ng) sinh™r — nyne
ab \T) = A A
(Namip)
(37
In particular, when n1; = 7, =0, Eq. (37) becomes
9 —1
RS (r) = 5 n <0
2cosh™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
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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].

(Acs)® =24 (s 64,84 )

(39
After calculating both normal order quadrature operator we can set the plus and minus quadrature as;

(Acs)? = 2(2 + iy + 7o) sinh® r + 2(7y + 719) cosh® r

+ 4(1 + n1 + ng) sinhr coshr + 2 “0)
In which the plus and minus quadrature’s are given by

(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 nt . From the graph
we realize that the quadrature variance increases with increasing nr and decreases with increasing squeeze
parameter r.

7 -
2 —n.r=0
o, 6F =1 |
3 5 = mmn=15
Q = T
% 5|:: TR nr=2.5-
e I
8 4 .
S |
2 3= -
% =
S 2k i
s \=
1 v 1
0
0 2 4 6 8 10

squeeze parameter r

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:Ac_ = 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)? = (Acy)?

A_+:

Ac,)?
(_ )( (43)
Where
)
. & A)
Cy = 4
(Acy): )
On account Egs. (41) and (44), Eq. (43) takes the form

S, =1—(1+np)e™

(45)
Eq. (45) is called as the plus quadrature squeezing
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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 nr .
From this figure we see that quadrature squeezing increase as squeeze parameter r increase, nr is decreases. The
graph also show that the degree of squeezing decrease as the value of nr is increases.

5. Conclusions

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 chaotic light) 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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