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Abstract In this paper, we study the dissipative dynamics of the phase damped Jaynes—
Cummings model under the Markovian approximation in the presence of a classical homo-
geneous gravitational field. The model consists of a moving two-level atom simultaneously
exposed to the gravitational field and a single-mode traveling radiation field in the presence
of a phase damping mechanism. We first present the master equation for the reduced den-
sity operator of the system under the Markovian approximation in terms of a Hamiltonian
describing the atom-field interaction in the presence of a homogeneous gravitational field.
Then, by making use of the super-operator technique, we obtain an exact solution of the
master equation. Assuming that initially the radiation field is prepared in a Glauber coherent
state and the two-level atom is in the excited state, we investigate the influence of gravity on
the temporal evolution of collapses and revivals of the atomic population inversion, atomic
dipole squeezing, atomic momentum diffusion, photon counting statistics and quadrature
squeezing of the radiation field in the presence of phase damping.
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1 Introduction

Over the last forty years many theoretical investigations have been addressed toward the
understanding of quantum dynamics of the interacting atom-field system in a high-Q cavity.
The interest toward this research area was mainly spurred by the large amount of exper-
iments revealing the appearance of intriguing features of quantum radiation-matter inter-
action [1-3]. Both theoretical and experimental activities have concentrated on trying to
understand simple nontrivial models of quantum optics involving a single atom, regarded as
a few effective energy levels, and one or more near resonant modes of the quantized elec-
tromagnetic field. The prototype of such systems, proposed by Jaynes and Cummings in
1963, [4] describes a two-level atom resonantly interacting with a single-mode quantized
field. It has proved to be a theoretical laboratory of great relevance to many topics in atomic
physics and quantum optics, as well as in the ion traps [5—7], cavity QED [8, 9] and quantum
information processing [10]. The Jaynes—Cummings model (JCM) also widely used in con-
densed matter physics for its relevance in spintronics [11] which exploits the electron-spin
rather than its charge to develop a new generation of electronic devices [12, 13]. When the
rotating wave approximation (RWA) is made, the model becomes exactly solvable and its
dynamical features can be analytically brought to light revealing remarkable properties [14].
The discovery of interesting aspects of the JCM as well as the developments in cavity QED
experiments involving single Rydberg atoms within single-mode cavities, have stimulated
an intense research devoted at highlighting and generalizing the original idea and physical
scenario presented by Jaynes and Cummings. In the standard JCM, the interaction between
a constant electric field and a stationary (motionless) two-level atom is considered. With the
development in the technologies of laser cooling and atom trapping the interaction between
a moving atom and the field has attracted much attention [15-24].

Experimentally, atomic beams with very low velocities are generated in laser cooling
and atomic interferometry [25]. In this situation, the influence of Earth’s acceleration be-
comes important and cannot be neglected [26]. A semi-classical description of a two-level
atom interacting with a running laser wave in a gravitational field has been studied [27, 28].
However, the semi-classical treatment does not permit us to study the pure quantum effects
occurring in the course of atom-radiation interaction. Recently, within a quantum treatment
of the internal and external dynamics of the atom, we have presented [29] a theoretical
scheme based on an su(2) dynamical algebraic structure to investigate the influence of a
classical homogeneous gravitational field on the quantum non-demolition measurement of
atomic momentum in the dispersive JCM. Also, we have investigated [30] quantum statis-
tical properties of the lossless Jaynes—Cummings model in the presence of a homogeneous
gravitational field. We have found that the non-classical properties are suppressed with in-
crease of the gravitational field influence.

On the other hand, over the last two decades much attention has been focused on the
properties of the dissipative variants of the JCM. The theoretical efforts have been stimulated
by experimental progress in cavity QED. Besides the experimental drive, there also exists a
theoretical motivation to include relevant damping mechanism to JCM because its dynamics
becomes more interesting. A number of authors have treated the JCM with dissipation by the
use of analytic approximations [31, 32] and numerical calculations [33-37]. The solution
in the presence of dissipation is not only of theoretical interest, but also important from
a practical point of view since dissipation would be always present in any experimental
realization of the model. However, the dissipation treated in the above studies is modeled
by coupling to an external reservoir including energy dissipation. As is well known, in a
dissipative quantum system, the system loses energy by creating a bath quantum. In this
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kind of damping the interaction Hamiltonian between bath and system does not commute
with the system Hamiltonian. In general this leads to a thermalization of the system with
a certain time constant. There are, however other kinds of environmental coupling to the
system, which do not involve energy exchange. In the so-called phase damping [38, 39] the
interaction Hamiltonian commutes with that of system and in the dynamics only the phase
of system state is changed in the course of interaction. Similar to standard energy damping
the off-diagonal elements of the density matrix in energy basis decay at a given rate. The
phase damping can well describe some unaccounted decay of coherences in a single-mode
micromaser [40]. It has also been shown that phase damping seriously reduces the fidelity
of the received qubit in quantum computers due to the induced decoherence [41]. The phase
damping in the JCM with one quantized field mode has been studied [42]. The influence of
phase damping on non-classical properties of the multi-quanta two-mode JCM has also been
studied [43, 44]. It has been found that the phase damping suppresses non-classical effects
of the cavity field in the JCM. However, all of the foregoing studies have been done only
under the condition that the influence of the gravitational field is not taken into account.

In the present contribution our main purpose is to investigate the temporal evolution
of quantum statistical properties of the phase damped JCM in the presence of a classical
homogeneous gravity field. By solving analytically the master equation under the Markovian
approximation, the evolving reduced density operator of the system is found by which the
influence of the gravitational field on the dynamical behavior of the atom-radiation system
in the presence of the phase damping is explored. In Sect. 2, we present the master equation
for the reduced density operator of the system under the Markovian approximation in terms
of a Hamiltonian describing the atom-radiation interaction in the presence of a gravitational
field. This Hamiltonian is obtained based on an su(2) dynamical algebraic structure in the
interaction picture. In Sect. 3, by using the super-operator technique, we obtain an exact
solution of the JCM with the phase damping in the presence of a gravitational field, by which
we investigate the dynamical evolution of the system. In Sect. 4 we study the influence of
the gravitational field on both the cavity-field and the atomic properties in the presence of
phase damping. Considering the field to be initially in a coherent state and the two-level
atom in the excited state, we explore the temporal evolution of the atomic inversion, atomic
dipole squeezing, atomic momentum diffusion, photon counting statistics and quadrature
squeezing of the radiation field. Finally, we summarize our conclusions in Sect. 5.

2 Master Equation for the Phase Damped JCM in the Presence of a Gravitational
Field

The equation of motion for the density operator of the atom-radiation system and reservoir,
Osr (1), in the Schrodinger picture is given by [45]

YD) ity 1=, (1)
where
Hy=H,+ B 4V, @)
with the Hamiltonian of the reservoir
H =Y wibb, 3)
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and with the Hamiltonian of the interaction between the system and reservoir

3
V., = H, Z )
where

(&)

~ A ~ At ~ ~
Fl:ZKibh FZ:ZKibi’ F3: s
i i

b; and b/ are the boson annihilation and creation operators for the reservoir and «; is the

coupling constant. The Hamiltonian H, in (2) for the atom-radiation system in the presence

of a classical gravity field with the atomic motion along the position vector X and in the
RWA is given by (A= 1)

. P AT
H, = i —ng—i—a)L(a a-+ 2) +5wegaz
+ Alexp(—ig.x)a'6_ + exp(iG.x)64a), (©6)

where @ and @' are, respectively, the annihilation and creation operators of a single-mode
traveling wave with frequency ., ¢ is the wave vector of the running wave and 64 denote
the raising and lowering operators of the two-level atom with electronic levels |e), |g) and
Bohr transition frequency w.,. The atom-field coupling is given by the parameter A and }A;,
X denote, respectively, the momentum and position operators of the atomic center of mass
motion and g is Earth’s gravitational acceleration acting on the atom. It has been shown [29]
that based on an su(2) algebraic structure, as the dynamical symmetry group of the model,
Hamiltonian (6) takes the following form

A p? 1 4 ~ A a A n
A=~ MEd+ ok + 545+ WEEexp(=ig DS +expig.Hs), ()

where the operators

.1 . 1 .
So =7 (le)lel — lg) (gD Sy =ale)(gl—=.

=
Sl

with the following commutation relations
(S0, Sel=48:, 8-, 8,1=-25,, ©)

are the generators of the su(2) algebra, the operator K=a'a+ le){e| is a constant of motion
which represents the total number of excitations of the atom-radiation and A = w., — w, is
the detuning parameter. The corresponding time evolution operator for Hamiltonian (7) can
be expressed as [29]

() = exp(iMg.xt)0 . ()0, (10)
where

b =exp(—ig.xS0), i, =exp(—iH1). (11)
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It can be shown that the operator i, () satisfies an effective Schrodinger equation governed
by an effective Hamiltonian H/, that is

i, -
e _ fra,, 12
laz st (12)
where
~D
A = Z”—M—A(p g)SO+2Mg g+ AVRS. +VES,)

+wCK-1Aso-q—2so+q—2 (13)

> 3m

By using the same procedure as in [30], the Hamiltonian (13) takes the following form in
the interaction picture

! O AL Y
H, =, aa-l-? +§A(p,g,t)50

FROVES. + VRS, (14)
where & () is an effective coupling coefficient
7
k(1) —?»CXP<2 <A(p,t 8+ )) 15)
and the operator
- 5 2
T, q-p q
AP, 1,8) =we — | Weg + — gr+— 16
(p.1.8)=w (w”+M+ +2M> (16)

has been introduced as the Doppler shift detuning at time ¢ [29]. The Hamiltonian (14) has
the form of the Hamiltonian of the JCM, the only modification being the dependence of the
detuning on the conjugate momentum and the gravitational field. Now according to ref. [29]
we consider

por (1) = exp(iMEFDDT (D). (1D, © = exp(=iG.x o). (17)
It can be shown that the operator (0, ).(¢) satisfies an effective Schrédinger equation gov-
erned by an effective Hamiltonian H L= fls/ + H, + V,,, that is

ia(ﬁsr)e(t)

ar = H(Psr)e(0). (18)

By using the method given in [29] we obtain the following equation of motion in the inter-
action picture

95, (1)
at

The master equation for the reduced density operator of the atom-radiation system,
ﬁsl (t) =Tr, ,651r (#), under the Markovian approximation with neglecting the Lamb-shift term
reads as [45]

=—i [Hf,ﬁf, (0] (19)

3pl (1)
a1

— —iy[AL AL, 5l 1)l 20)
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Now, we consider
pe(t) =U{pl Uy, 1)
with
[N
U, = T{exp (i H! (r’)dﬂ) } (22)
0

where the symbol T denotes time ordering. By using (14), (20), (21) and (22), and following
the same procedure as in ref. [45] we obtain the master equation for the reduced density
operator of the system under Markovian approximation with neglecting the lamb shift term

apat( D AL ) = LA LA 5,0 @3)

where H I'is given by (14). In (23),  is a parameter which depends on the temperature T

2
y:Aa)'—i-ZnTlim(M), (24)
w—0 w
where
o] 2
Ao =i f de(a))M, (25)
0 w

and J(w) and «(w) are the spectral density of the reservoir and the coupling coefficient,
respectively. In the derivation of the master equation we have assumed that the parameter T
is high enough so that the Markovian approximation is valid.

3 Dynamical Evolution of the Phase Damped JCM in the Presence of Classical
Gravity

In Sect. 2, we obtained the master equation for the reduced density operator of the atom-
radiation system under the Markovian approximation in the presence of a classical homo-
geneous gravitational field. In this section, We now start to find the exact solution for the
density operator g, (¢) of the master equation (23) with the Hamiltonian (14). For this pur-
pose, we apply the approach presented in Refs. [46—48]. The formal solution is given by

ps(t) = exp(Rr) exp(St) exp(T1) 5, (0), (26)

where p,(0) is the density operator of the initial atom-field system. The auxiliary super-
operators R, S and T are defined through their action on the density operator such that

o0

A 2v)k 2 2
exp(Rt)ﬁs(O)EZ( ’]:,’ L ity Y 27)
k=0
exp(81)7,(0) = exp(—i H' 1), (0) expi H 1), (28)
exp(T1)5,(0) = exp(—y (H!)21) 5, (0) exp(—y (H1)?1). (29)

We assume that initially the radiation field is in a coherent superposition of the Fock
states, the atom is in the excited state |e), and the state vector for the center-of-mass degree
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of freedom is | .., (0)) = f d*p¢ (p)|p). Therefore, the initial density operator of the atom-
radiation system reads as

/35 (O) = /Sﬁeld(o) ® laatom(o) ® ﬁcm(o) = |:,5ﬁeld(0) ? ﬁcm(O) 8:| s (30)

where
Bicia(0) =D " wy (0w, (0)|n) (m], 31)
fem(0) = / d*p / &Ep'e* (P (PP P, (32)

2
exp(= 25 )an

with w, (0) = . The Hamiltonian (14) can be expressed as a sum of two terms

Nl
which commute with each other, that is,
H!=H + H,, [H, H] =0 (33)
where
. S
i =o. (a*a + 7()) (34)
N 1 ~a o & . ~ . . A
= A(5.8.0%+ @®OVES. +-*0VES,). (35)
In the two-dimensional atomic basis we have
R A4 4 0
H1=w{”+2 R (36)
O n— 2
A(p.g.1) * ~
N == (M (Ha
H2 = [ 4 ot A([—)g:t) } . (37)
k()a' —=52=

Also, the square of the Hamiltonian (14) can be expressed as a sum of two operators, one of
them is diagonal, in the form

(D= A1+ o 59
where
A =H+H?
0 W2 — )2 4 220 4 (AZED ) |
and

(40)

A2=21:111f12=2w |:(ﬁ+%)(@) (ﬁ+%)K*(t)& ]

(A= De@at G- HAEED)
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It is easily proved that [Al, Ag] = 0. Taking into account the initial condition (30) we define
the auxiliary density operator p,(¢) as

pa(t) = exp(St) exp(1'1) p, (0)
= exp(—i Hat) exp(—y A21) p1 () exp(—y Axt) exp(i Hat), (41)

where the operator g (¢) is defined by

1) =¥ O )| ® le){el, (42)
with
U D A 8.0\’ ,
¥ (1) = em(—yt[a)e (n + 5) +Aa+ 1D+ (T) >wn(0) exp(—inwt)|n).
(43)
From (36) and (39) we have, respectively
oo [exp(—iwe (i + 1)) 0
exp(—iHt) = |: 0 2 exp(—ie, (i — %))] , (44)
o _[@AonG,n 0
exp(—y Ait) = [ 0 ADmi. t)] , (45)

where

2 .- 2
(Al)ll(;l,t):exp<_yt|:wz<ﬁ+%) +A2(ﬁ+1)+<W) D (46)

2 i 2
(A1) :exp(—yt[w§<ﬁ - %) 2%+ (W) D (47)

Also, we can write

(48)

~ e Avt e Avt 7
R I

where
A(p, 8.t . 1\ sinh(yt\/¢,(,t
é1(n, 1) = cos(yt /51(;,,[))_@0(&) <n+ _>M’ (49)
2 2 Ve, )
R . 1\sinh(yty/¢1(n —1,1))
er(n,t)=—"2wAln— = ,
2 Ve —1,1)

sinh(yt+/¢2(7, 1))
Ve

84(, 1) = cos(y1y/E (A 1) — (—A(p & ”) (ﬁ - %) —Si“h(y_cf;(;ff’;’ D sy

(50)

1

es(n, 1) = _2(1)‘-)\,<ﬁ — —)

3 (S
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with

N 2 2 . 2 2
51(?1,1‘):603(%) <fz+%> +A2<%> (ﬁ+1)<ﬁ+l> . (53)

- = 2 2 - = 2 2
éxﬁ,n:ﬁ(%) (ﬁ— %) +A2<W) ﬁ(ﬁ— %) L (54

Similarly, we can express the operator exp(—i I:IZI) in the two-dimensional atomic basis as

\S)

.A dia, 1) (i, Da
—ibn =] 2 i 55
KPR |:d3(ﬁ,t)£ﬁ d4(ﬁ,t):| >
where
> o 2
c?ﬂfl,t):COS(t((W) +A2(ﬁ+l)>>
_<A01an>ammﬁ&¥ﬁﬁ+xaﬁ+n» 56)
4 JEZEDY Gy
: Ap.8.1)\2 204
ﬁz(ﬁ,t)=—iA81n(t(( i )T+ A (n+1)))7 57)
VAR 13261+ 1)
: Ap.8.D 2 24
33(ﬁ,t):—i)»sm(t(( 7)) A n))’ (58)

/(A(ﬁfl) )2 4 A2

p.8.0\° 53 0 ((ABEDV2 L 525
&(ﬁ,t):cos(,((W) +A2ﬁ>)_<A(P,g,t)>sm(t(( ED)? 4+ 32)

4 /(A(ﬁf,f))z + 224
(59)
Then, from (48) and (55), it follows that
A . AG,0  HG,na
—iH —vArt)=| X . , 60
exp(—i Hat) exp(—y Az?) [fs(ﬁ,t)ff f4(fl,f):| (60)
where
fi(a, 1) = &, 0)dy (h, 1) + é2(A, Dy (A, 1), (61)
i, 1) = &R, 0di (7, 1) + 61 (R, 1)da (R, 1), (62)
fh, 1) = é3(h, da(h, 1) + e4(A, D)ds (A, 1), (63)
faGi, 1) = é4(h, 0)dy (i, 1) + &3(R, 1)d3 (A, 1). (64)

Substituting (42) and (60) into (41), we can obtain an explicit expression for the operator
02(1) as follows

(B2(D)i; = ¥ ONY; (O] G, j=1,2), (65)
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with
W (1) = fi(R, DI (1)), W (1) = f(, DI (1)), (66)

where ¥ (1)) is given by (43). Now, we obtain the action of the operator exp(]%t) on the
operator 0, (1)

o 2yt
p =3 = H A, 67)
k=0 ’
where
k k!
Tk __ : Yk—1 131
" _;Xo: l!(k—l)!H‘ B, (68)

which can be explicitly expressed as follows

koo
gk (n, t () P —
I:Ik_ g+( ) () (NPT-M)2+)~2(;[+1) (69)
= o v ,
() e 850
VEBED)2 2G4 1))
where
koA koA AP, & 1) p o n
dn=ik o+ 20D G, (70)
AP, 8. 1) o
En=ten - 22D G o, an
e on | hon e on | o
uz(n,t) = E(u(n, 1) £ri(n, 1)), vi(n,1) = §(s+(n, NEstn,n), (72)
with
1 A& 0N
i =o(i+3) £ (2BE2) o, 73)
1 A3 0\
it =o (i) J(2EEDY 4 o

Finally, by substituting (65) and (69) into (67) we obtain the exact solution of the master
equation (23) for the phase damped JCM in the presence of a classical homogeneous gravity
field

k A k A
Yo EME () Yo, B M () s

5.(1) —
P (0) oo @yt gk o oo @y gk o
Dm0 i My (1) Yy T Mo, (1)

where

ME (1) = @5 (R, 0¥ (085 (i, 1) 4+ ad™ (B, 1) (0 &5 (3, 1)

+ &5 (h, P00 (R, nat + at* (i, D00 (R, DaN e (PIP,  (76)
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M (1) = 0* G, na" b at* (i, 1) + 8, 0¥ (a4, 1)
+ 0%, na" L&k (¢, 0 + 8, D G, OS (B (TT)
ME (1) = (M)
= 0%, na" (0" (R, 1) + &5 (A, 1) (Dagk (i, 1)
+ 05, a" )0 @, nat + g, D ()0 R, DaHIe(BIE (78)

with
A

/(A(ﬁqu) )2 4 A2

Making use of the solution given by (75), one can evaluate the mean values of operators
of interest. In the next section we shall use it to investigate various dynamical properties of
the phase damped JCM in the presence of a homogeneous gravitational field.

k@, 1) = * @, 1). (79)

4 Dynamical Properties

In this section, we study the influence of the gravitational field on the quantum statistical
properties of the atom and the quantized radiation field in the presence of phase damping.

4.1 Atomic Population Inversion

The atomic inversion is defined as the difference between the probabilities to find the atom
in the excited state and the ground state,

W (@) = (63()) = Traom (Paom ()53 (1)), (30)
where

ﬁatom(t) = Trﬁeld(:as (t)) (81)

We can rewrite (80) as follows

W) = / &p Y (il puom ()E3()]0)

i=e,g

= / & p > ((n @ (elpu()le) — (g1p,(1)]g) ® In)). (82)

n=0

Therefore, by using (75) and (82) we obtain

0o 00 ) k R R
wa= [ d%(ZZ VL a1t wyim) <n|M§2(r>|n>>>, (83)
k=0 n=0 '

where from (76) and (77) we have

(nIME (Oln) = (&5 1, D)1 (n, O + B+ 1,00 [y (n + 1,1
+2Re[g" (n, Hh* (n + 1, O)Y (n, )Y (n + 1, 1)1, (84)
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(M5 1)) = (W (0, 0)* [y (n — 1,0 > + (g5 (0, 0)* [y (n, )

+2Relg" (n, DR (n, )Y} (n = 1, D)9 (n, 1)), (85)

with
W (n, 1) = Vnv*(n, 1), (86)

and
Yi(n, 1) = (| (1) (=1,2), (87)

where we have defined |¥; (7)) in (66).

In Fig. 1 we have plotted the atomic population inversion as a function of the scaled time
At for three different values of the parameter ¢.g. In this figure and all the subsequent figures
wesetq =10"m™', M =107 Kg, g =9.8 3, wrec = 5 2 _0.5x 106 moA=1x10°m2,

Ag=85x10"2 a=2 A=18x10°2 ¢(p)= exp(=4- = ) with op = 1 [27—

2710

29]and y =7 x 1073 % It should be noted that the relevant time scale introduced by the
gravitational influence is 7, = \/% [29]. For an optical laser with ¢ = 10’ m™', 7, is about
qg

10~* s. In Fig. la we consider small gravitational influence in the presence of the phase
damping. This means very small g.g, i.e., the momentum transfer from the laser beam to the
atom is only slightly altered by the gravitational acceleration because the latter is very small
or nearly perpendicular to the laser beam. In Figs. 1b and ¢ we consider the gravitational
influence in the presence of the phase damping for §.g = 0.5 x 107 and g.g = 1.5 x 107,
respectively. By comparing Figs. 1a, b and ¢ we can see the influence of gravity on the time
evolution of the atomic population inversion when there is the phase damping. As it is seen
from Fig. 1a for the atomic population inversion the Rabi-like oscillations can be identified.
With the increasing value of the parameter §.g (see Figs. 1b and c) the Rabi oscillations of
the atomic population inversion disappear.

4.2 Atomic Dipole Squeezing

To analyze the quantum fluctuations of the atomic dipole variables and examine their squeez-
ing we consider the two slowly varying Hermitian quadrature operators

1 . A .

o= > (04 exp(—iweet) + 0_ exp(iwe,t)), (88)
and

NN PR . A .

0, = Z(U+ eXP(—iwegt) — 0_ exXp(iwegt)). (89)
In fact 6, and 6, correspond to the dispersive and absorptive components of the ampli-

tude of the atomic polarization [49-51], respectively. They obey the commutation relation
[61, 62] = 563. Correspondingly, the Heisenberg uncertainty relation is

1
(A61)*(462)* = RI(&@)IZ, (90)

where (A6,)* = (61.2) — (6;)? is the variance in the component &; (i = 1,2) of the atomic
dipole.
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995

Fig. 1 Time evolution of the 1
atomic population inversion 0.8
versus the scaled time Az. Here :
wehavesetq:107 m~!, 0.6
Al:ur%kgg:98§, 0.4
wrec = 0.5 x 100 24, = 0.2
A=1x100 12d, 0
Ag=8.5x107 14 ¢, 0.2
a=2,A=18x100 24, -0.4
y=7><10*5%,aFor 0
G.8=0;bForg.g=0.5x107;
¢For§.g =1.5x 107
1
0.8
0.6
= 0.4
0.2
0
0
1
0.8
0.6
= 0.4
0.2
0
0

60 80 100 120 140
At

(a)

20 40 60 80 100120 140
At

(b)

20 40 60 80 100120 140
At

(©

The fluctuations in the component 6; (i = 1,2) are said to be squeezed (i.e., dipole
squeezing)if the variance in 6; satisfies the condition

1
(AG;)? <

Since 67

Fi=1-4(3;))" = 1(63)| <0

7!

(63)

% this condition may be written as

(i=1or?2).

(i=1or2).

The expectation values of the atomic operators &, and 6_ are given by

(6i (t)> = Tratom (ﬁatom (t)6i (t)) .

o1

92)

(93)
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Fig. 2 Time evolution of the 0.06

atomic dipole squeezing versus

the scaled time At with the same 0.04

corresponding data used in

Fig. 1: a For §.g = 0; b For = 0.02

G.8=0.5x 107; ¢ For (]

G.g=15x%x107 0 V/\VAVVA“
-0.02 v

0 20 40 60 80 100120 140
At

(a)

Fq

0 20 40 60 80 100 120 140
At

(b)

0.06
—0.04
M

0.02

0 20 40 60 80 100120 140

At
(©)
Therefore, by using (75) and (81) we obtain
o0 o0 2 k .
(6-(1) = /d%ZZ ( Z,’) (n| M}, (0)ln) = (61(1))", (94)
k=0 n=0 ’

where from (78) we have

(M 1) In) = gk (n, DY (n, 1) (" (0, OYF(n, ) + K, )Y (n — 1,1))
+h 1, 00+ 1, (B  (n, )Y (n— 1,0) + g5 (n, 0)¥i (n, 1)). (95)

The time evolution of F(¢) corresponding to the squeezing of | has been shown in
Fig. 2 for three values of the parameter g.g in the presence of the phase damping. As it
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is seen, with the increasing value of the parameter ¢.g the dipole squeezing is completely
removed.

4.3 Atomic Momentum Diffusion
The next quantity we examine is the atomic momentum diffusion. As a consequence of the

atomic momentum diffusion, the atom experiences light-induced forces (radiation force)
during its interaction with the radiation field. The atomic momentum diffusion is given by

Ap(t) = (p(0?) — (p(1))D)?3. (96)

5 a2
Now we calculate the expectation values of the p and p

(;(t)) = Tratom(ﬁatom(t);;(t))a (97)
(P(1)?) = Traom Paom 1) p(1)?). (98)

By using p|p) = p|p) and (75) we obtain

Gn = [ & ZZ( Y Gttty () — Gl ), 99)

k=0 n=0

2 N
(p1)?) /d3 ZZ( 70" | M, (1) |n) — (n| M, (1)), (100)

k=0 n=0

where (nlﬂfl (t)|n) and (n|M§2 (t)|n) are given by (84) and (85), respectively.

In Figs. 3a—c we have plotted Ap(¢) for §.g =0, §.§ =0.5 x 107 and §.g = 1.5 x 107,
respectively. In Fig. 3a the Rabi-like oscillations can be identified, but in Figs. 3b and c,
when the influence of the gravitational field increases, the Rabi oscillations disappear and
the atomic momentum diffusion becomes positive and the atom does not recoil, because
before absorption of photon, the atom is deflected by the gravitational field. Moreover, the
atom can experience larger light-induced forces during its interaction with the radiation field,
when the gravitational field increases.

4.4 Photon Counting Statistics

One of the most remarkable nonclassical effects is the sub-Poissonian photon statistics of
the radiation field. To determine the influence of gravity on such effect in the presence of
phase damping we consider the Mandel Q parameter defined by [52, 53]

(n(0)*) — (n(0))*)
=———1. 101
o) ) (101)

For —1 < Q0 <0 (Q > 0), the statistics is sub-Poissonian (super-Poissonian); Q = 0 stands
for Poissonian statistics. We have

o0 o0 2 o0 -1
() = (! |:Zn2P(n,t):| - |:ZnP(n,t):| }|:ZnP(n,t):| ) -1, (102)
n=0 n=0 n=0
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Fig. 3 Time evolution of the 0.1
atomic momentum diffusion
versus the scaled time A7 with the
same corresponding data used in

Fig. 1: a For g.g = 0; b For A A A
G.8=0.5x 107; ¢ For AR ~A At

G.g2=15x107

Ap

(=)

-

-

<
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1
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At
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(©

where the probability of finding n photons in the radiation field is found to be
P(n, 1) = (n|pgeia(®)In) = (n] Traom ps (1) In), (103)
and by using (75) we obtain

P = [ % D it o)+ it o, 10k

k=0 n=0

Therefore, by using (102) and (104) we obtain

o) = (HZ" (fd* ZZ( ro' f,(z>|n>+<n|M§2<t)|n>)>}

n=0 k=0 n=0
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2
[Z”(/‘P ZZ( V't) (n| MY (z)ln)+(n|1\;1§2(t)|n>)>i| }

k=0 n=0

(o] oo 00 -1

X |:Zn</ ZZ (n|ME, (0)|n) + (n| M. 2(t)|n)))i| ) — 1. (105)

n=0 =0 n=0

The numerical results for three values of the parameter g.g are shown in Fig. 4. As it is
seen, in the presence of phase damping the cavity-field exhibits alternately sub-Poissonian
and super-Poissonian statistics when the influence of the gravitational field is negligible.
With increasing ¢.g the sub-Poissonian characteristic is suppressed and the cavity-field ex-
hibits super-Poissonian statistics. After some time, the Mandel parameter Q is stabilized

Fig. 4 Time evolution of the
Mandel parameter Q(¢) versus 0.1
the scaled time At with the same
corresponding data used in 0.05
Fig. 1: a For g.g = 0; b For
G.8=05x10"; ¢ For o 0
G.8=15x107
-0.05
-0.1
0 50 100 150 200
At
(a)
0.1
QL 0.05
0
0 50 100 150 200
At
(b)
0.4
0.3
0.2
o
0.1
0
0 50 100 150 200
At
©)
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at an asymptotic zero value; the larger the parameter ¢.g is more rapidly Q(t) reaches the
asymptotic value zero.

4.5 Quadrature Squeezing of the Cavity-Field

Squeezed states in quantum optics are characterized by reduced quantum fluctuations in one
quadrature of the field at the expense of the increased fluctuations in the other quadrature.
To analyze the squeezing properties of the phase damped radiation field in the presence of
gravity, we introduce two slowly varying quadrature operators

A 1 +
Xi(t)= 5(& exp(iwt) +a' exp(—iwt)), (106)
and
- 1
X,(t) = ?(& exp(iot) —a' exp(—iwt)). (107)
i
Squeezing is said to exist whenever ((AX;)?) = (}A(l.z) — (X)) < %, (i =1,2). In order to
characterize the quadrature squeezing in the model under consideration we calculate the
squeezing parameter S; (i = 1 or 2) defined by
S;(1) = 4(AX; (1)) — 1, (108)

where —1 < §; < 0 for squeezing. In terms of the photon annihilation and creation operators,
a and a" we have

Si(t) = ((@*(1)) — (a(1))*) expiwt) + (@7 (1)) — (@' (1))*) exp(—2iwt)
+2((@ maw) — @ 0)awm)), (109)
and
Sy (1) = —({@* (1)) — (a®))*) expRiwt) — (@7 (1)) — (@' (t))*) exp(—2iwt)
+2((a'ma)) — @' ®)awm)), (110)
where (a(t)), (' (t)) and (a'(t)a(t)) are given by
(a®)) = Traera(Pserad (1)), (@' (1)) = Trpela (Pread’ (), (111)

(@ (0)a(1)) = Triera(Preiad’ (1)a(r)). (112)
Therefore by using (75) we have

2
(@) /d3 ZZ(”) (n|Mf,(Daln) + (| M, (Daln)) = @' (0)*,  (113)

k=0 n=0

nIME (D@2 |n) + (n| M5 (1)@ n)) = (@2 @1)*,  (114)

o0 o0 k
@) / PSS &

k=0 n=0 :

2 A
(@ naw) = / ZZ(” |MY,(O)n) + (n| M5, (0[n)) — (115)

k=0 n=0
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where

(n|Mf,(Daln) = Vngh (n, 085 (n — 1,0y (n, )Y (0 — 1,1)
+/nm+ Dok + 1,088 — 1,000 4 1,1)
X Yy — 1,0+ nvf(n,0)gh (n, Oy (n, Y3 (0. 1)
+navn+ 10+ L ov L D + 1,0yl ), (116)

(n| M, (a%|n) = v/n(n — 1)gk (n,0)g" (n — 2, )y (n, 1)
XY —2,0) +/nn— D+ Do+ 1,085 —2,1)
X Ya(n+1,0%5(n—2,0) + (n — Dy/nv*(n — 1,085 (n, 1)
X Y1 (n, OV — 1,8) + (n — Dy/nn+ Do*(n+ 1, 1)
><v/f(n—l,t)wg(n—i—l,t)w;(n—l,t), (117)

(n| M (n)aln) = Vngh (n,0)g" (0 — 1, Oy, Y5 (0 = 1,1)
+Vnm = Dvfm—1.0g5 (0. ) (n, 1)
X Y —2,0 +n 0" (n— 1,09 (n — 1,0)yE (n — 1,1)
+nvn— 1 o — 1, 0y (n — 1, 093 (= 2, 1), (118)

(n| MY, (0@ |n) = /n(n — gk (n, g (n — 2, )2 (n, Y5 (n — 2,1)
+Vnm =1 =2)km —2,08" (n, Y2 (n, 1)
X Y —3,0) +nvn— W n,ngk (n—2,1
X Y1 — 1LY (n—2,0 4 (= Dy (n — D(n = 2)v*(n, 1)
xv/_k(n—2,t)w1(n—1,t)1ﬁf‘(n—3,t). (119)

In Fig. 5 we have plotted the squeezing parameter S;(¢) versus the scaled time At for
three values of the parameter ¢.g and a fixed value of the parameter y. As it is seen, in the
presence of phase damping the quadrature component X, exhibits squeezing in the course
of time evolution when the influence of the gravitational field is negligible. With increase

of the parameter g.g, the parameter S; shows damped oscillatory behavior and there is no
quadrature squeezing.

5 Summary and Conclusions

In this paper we have studied the dissipative dynamics of the phase damped JCM under
the Markovian approximation in the presence of a classical homogeneous gravity field. The
model consists of a moving two-level atom simultaneously exposed to the gravitational field
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Fig. 5 Time evolution of the 0.05

squeezing parameter S (f) versus [-\ [\ /\/\ r’\
the scaled time At with the same 0 v
corresponding data used in ~0.05 U
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and a single-mode traveling radiation field in the presence of the phase damping. By making
use of the super-operator technique, we have obtained an exact solution of the master equa-
tion for the density operator of the quantized atom-radiation system, under the Markovian
approximation. Assuming that initially the radiation field is prepared in a coherent state and
the two-level atom is in the excited state, we have investigated the influence of gravity on
the temporal evolution of collapses and revivals of the atomic population inversion, atomic
dipole squeezing, atomic momentum diffusion, photon counting statistics and quadrature
squeezing of the radiation field in the presence of the phase damping. In particular, we have
shown that the gravitational field suppresses nonclassical effects in the phase damped JCM.
Indeed, in the model under consideration, both the damping parameter y, which depends on
the environment temperature and the gravity-dependent parameter g.g seriously reduce the
quantum coherence. The approach adopted here may be applied to study various dissipa-
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tive systems of two-level or three-level atoms interacting with quantized radiation field in a
gravitational field. Finally, we want to point out that the method developed in this paper can
be extended beyond the Markovian approximation. Work in this direction is in progress.

Acknowledgements One of the authors (M.M.) wishes to thank The Office of Graduate Studies of the
Science and Research Campus Islamic Azad University of Tehran for their support.
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