PHYSICAL REVIEW A VOLUME 59, NUMBER 4 APRIL 1999

BRIEF REPORTS

Brief Reports are accounts of completed research which do not warrant regular articles or the priority handling given to Rapid Com-
munications; however, the same standards of scientific quality apply. (Addenda are included in Brief Reports.) A Brief Report may be no
longer than four printed pages and must be accompanied by an abstract. The same publication schedule as for regular articles is fol-
lowed, and page proofs are sent to authors.

Mesoscopic superpositions of states: Approach to classicality and diagonalization
in a coherent state basis

G. S. Agarwal
Physical Research Laboratory, Navrangpura, Ahmedabad 380009, India
(Received 13 October 1998

| consider the interaction of a superposition of mesoscopic coherent states and its approach to a mixed state
as a result of a suitably controlled environment. | show how the presence of a gain medium in a cavity can lead
to diagonalization in coherent state basis in contrast to the standard model of decoherence. | further show how
the new model of decoherence can lead to the generatisioafered quasidistributions.
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Mesoscopic superpositions of coherent states have bedields make the environmenbnthermalleading even to the
the subject of extensive studi¢s—7] because of their un- possibility of making thelrift term vanishanddiffusion term
usual interference characteristics and because of their refather small There are several physical realizations of such
evance to the quantum measurement problem. These stateémped or nonthermal environmer3].
are also known to be extremely sensitive to environmental In this paper we consider the interaction of the field mode
interactions. The interference terms disappear fast and a kil & mesoscopic superposition state with a bath which con-
of diagonalization takes plad@,4,5. The diagonalization is Sists of a gain medium in addition to the usual absorber. By
itself sensitive to the nature of the bath or the nature of th&h00sing the gain appropriately we get purely diffusive mo-
interaction with environment. If the initial state is a superpo-ion Of the field mode. This motion leads to diagonalization
sition of coherent states then ideally one would like to have coherent state basis though each coherent peak broadens

a situation where the interaction with the bath produces ?ue to diffusion. We also demonstrate how the time evolu-

mixed state involving the two coherent stafé$ There are, lon under purely d?ff_usiye fT‘°“°” Iead; to the. generation of
e e . -7 . the sordered quasidistributions associated with the state of
however, difficulties as the bath itself has certain |ntr|nS|c,[he field
propertieq 8] that must be satisfied and these intrinsic prop- :
erties determine the dynamical characteristics of the sub[-)o
system. In this paper we examine the question of how a
manipulation of the bath could possibly produce a diagonal- ) =N=(18)=]-8)), 1)
ization in coherent state basis.
We note that the subject of the manipulation of the bat
has also attracted quite a bit of attention. Raimond, Brune, NZ2=2[1+exp —2|8/?)]. 2
and Harochg5] demonstrated how the coupling of a high
cavity containing the cat state to another resonator leads ™he bosonic mode may, for example, represent a field mode
the revival of coherence. Several auth¢®d have shown in a cavity or the center of mass motion of an ion in a trap.
how the feedback and other mechanisms could stabilize efrhe Wigner function® («,a*) for the state(1) is
fects of decoherence. Poyatos, Cirac, and Z¢llét demon- 2
. ; . 2N%
strated the engineering of the bath in the context of laser ¢(q,qa*)= ——[exp{—2|a— 8|2 +exp{—2|a+ 8|2
cooled trapped ions. There are other models of decoherence ™
where the nonlinearities could give rise to coherence charac- 2 .
teristics and could indeed proéyuce new types of stdtéb 2 ex(—2|al*)cog4By)];
Furthermore there exists the possibilf}2] of achieving a a=x+iy, B=real 3
control of the drift and diffusion terms in the dissipative
dynamics by external electromagnetic field. The externallhe Wigner function thus consists of two Gaussians centered
at o= £ B with an interference term centered at the origin
a=0. The period of oscillation depends ¢h The interac-
*Also at Jawaharlal Nehru Center for Advanced Scientific Re-tion with the environment is generally described by the den-
search, Bangalore, India. sity matrix equatiori8] for the bosonic mode,

We start from a cat state, say, even or odd cat state for a
sonic system,

hwhere the normalization constant is given by

1050-2947/99/5@)/3071(4)/$15.00 PRA 59 3071 ©1999 The American Physical Society



3072 BRIEF REPORTS PRA 59

FIG. 1. Diagonalization in coherent state basis of a cat st — 8)). These frames show the behavior of the Wigner function as
a function ofa=x+iy. The plots on the left show the resulg. (13)] for the new model of decoherence due to a controlled environment
consisting of a gain medium, whereas the plots on right show the r¢Bigjt$5)] for the standard model of decoherence. Elais gives
the numerical values of the Wigner function. The plat gives the Wigner function at time=0. The subsequent plots are for increasing
times for §=2«t=0.1 for (b), (c); 0.5 for (d), (e); 4.0 for (), (g). We have se3=3 for all the plots.

ap ; : : nentially damped faptors can be rgm.oved. For example, one
o~ «(a'ap—2apa’+paa), (4)  could think of inserting a gain media in the context of cavity

problems. The gain can be chosen so as to compensate the
loss. Thus one might be able to keep the double Gaussian
structure. However, any gain also introduces some noise. We
thus examine in detail the consequences of both gain and
{exp(— 2| a— Be |2 loss on the dynamics of a mesoscopic superimposition of
T states. Let ' be the gain of the gain medium. Then Eg)

is modified to

where 2¢ will be the rate of dissipation. The Wigner func-
tion at timet will be given by
2

*

2
O(a,a* t)=

+exp(—2|a+ Be ?) =2 expg( — 2| a|?) .
p=—«(a'ap—2apa’+pata)-T(aa’p—2afpa+paa’).
Xexd —2p%(1—e *")Jcog4Bye ")} (5) 7
We note that as a result of interaction with the environmenirhe Wigner function obeys the equation of motion
the two Gaussians move towards each other eventually od d k+T 9D
merging into one Gaussian. The amplitude of the oscillatory W:(K_F)Q(C@H 2 Jada*
term goes down by a factor exp2B2(1—e )] and the - _
period of oscillation increases bg. For «t>1, Eq.(5)  On writing a=x+1iy, we get

+cC.c. (8)

goes over to P T J ® r 17 ®
_— — —_— + —_ J—
@Hie-zw (6) at (x )ax(x )+ (x )ay(y )
m
2 2
For completeness we show this evolution in Fig. 1 for dif- kT ‘9_+ i (9)
ferent values okt. 4 J\ox®  oy?

Intuitively, the emergence of classical behaVi6y14] on
interaction with the environment would require a different We now have two parametersandI” which could be ma-
behavior—we would expect to see a double Gaussian struetipulated independently to produce the desired result.
ture with the missing oscillatory behavior. A natural question Now the drift and diffusion coefficients are, respectively,
arises what model of environment could achieve that. Onequal to ¢—1I') and (x+1')/4. We now have the possibility
natural possibility is to consider a situation so that the expoof making drift vanishby choosing«=I" leading to
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(e

FIG. 1. (Continued.

b ) PP
Q= 4K .
at dada*

(10)
The general solution of E410) can be expressed as

1
D(a,a* t)= ;SJ exp(—|a— ag|? 8)
XD (ag,ad ,0)d?ay;  6=2«t. (11
On substituting Eq(3) in Eg. (11) and on using the identity

fd—zze 42—z = e p(@) (12
- X az+ BZ* — y|z —yx i

we get
2N? ] p( 2 )
m(1+28) _(25+1)|“_B|)

-Gl
+exp — (25+1)|a+,8|

Y 2lal?  4B%5
<R T 1728 1126

O(a,a* t)=

CO{ 4By
1+26] |

13

This result should be compared with the standard model E

(5) of decoherence.

Thus for the interaction of a field mode in a cat state wit|
the newenvironmental conditionseach component in the

Wigner function remaingocatedat theoriginal positionas

there isno drift in the model. However, each component
undergoes diffusion. For the usual model of decoherence
there is no diffusion although the mean position quickly
drifts towards origin. The period of oscillation of the inter-
ference term increases. The amplitude of oscillation also de-
creases. For largef and for 82> 6+ %, the oscillatory(in-
terference term disappears leading to

2N? 2 ,
el ~ Zerny @Al

CD(a,a* ,t)% m
. (14)

+B8——p

We thus achieve diagonalization in a coherent state
basis—the decoherence to a mixed state that is a superposi-
tion of two Gaussians at 8. This is what we had set out to
achieve. We show in Fig. 1 the effects of decoherence on the
Wigner function of the field mode interacting with this new
model of the environment. These results should be compared
with the ones for the standard model of decoherence. There
are obviously important differences in the dynamics of a cat
state interacting with different types of environment.

We next present some very general results on various
quasidistributions like th@ function, theQ function and the
Wigner function. We discuss the parameter regime in which
the nonclassicakcharacteristics of the original state steis-
appearing For this purpose we examine the equation of mo-
ion for the characteristic functiofexp(ya'— y*a)), which is
he Fourier transform of. Clearly the characteristic func-

htion obeys the equation

p)
Sr(expya’—y*a))=—2«|y|Xexp(ya'~ y*a)), (19
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and hence for our problem,s is equal to—4«t. Note that fors=—1,
Trt)— % - _ 2 we get theQ function, i.e., the Wigner function at time
exd ya'(t a(t exp —2k|y|“t g , ) g
(exiyal(t) =y an)) d 70 2kt=3 is equal to theQ function att=0.
X (exp(ya'—y*a)), (16) We note in passing that, If is related tox via the rela-
tion _
which on using the disentangling theorem leads to r n
(exd ya'(t) Jexd — y*a()])=exi — (2«t—3)| /] < (nt+l)

X(exp( yal— y* a). (17 then the model7) describes the interaction with a ther_mal
bath[17,18. However,I' could exceedc as we are describ-
Note that the Fourier transform of the left-hand sideing a pumped environment. We could thus refer to the model
yields the quasidistribution known as tiefunction of the  (7) without the condition(18) as the nonthermal and phase
system. Thus from Eq17) we conclude that the function ~ insensitive environment and would be a special case of the
at time such that 2t=1 is equal to the Wigner function at Model considered by Kim, Lee, and Buzg9] obtained by
t=0 and theP function at time given by 2t=1 is equal to  Setling zero their phase sensitive paraméfer .
the Q function att=0. This implies that allnonclassical _In summary, we have shown how the '””Od‘_“?“or.‘ of a
effects[15] will disappearat times given by 2t=1. Fur- gain r.“e_d'“f?"' can prod_uce very remarka_b_le modifications In
thermore, theP function definitely exists as an ordinary the dissipative dynamics of a superposition Of. mesoscopic
functionin the interval &=2«t= 3 though it can be negative. states._Wg demonstrated how to a(_:hleve classicality and di-
Equation(16) also shows that the Wigner function at tirhe agonalization in coherent state basis.
is equal to thes-parametrized distributiofil6] ®s at timet The author thanks R.P. Singh and S. Menon for the beau-
=0. This is because ths-parametrized distribution is the tiful graphics, and J. Kupsch and W. Schleich for discussions
Fourier transform of exsy%2](exp(ya'—y*a)). Clearly, on decoherence.
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