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It is shown that strong competition between the absorption and emission of the cavity photons
and the incoherent processes like atomic spontaneous emission and cavity decay efFects result in

new nonequilibrium states in cavity quantum electrodynamics. Such states can exhibit saturation,
nonclassical character, and strong atom cavity-correlation.

The strong coupling of the atom with the cavity mode
leads to important modifications of the radiation pro-
duced by excited atoms in the cavities. ' For example,
the linear response shows vacuum-field Rabi split-
tings. ' ' Other consequences of the strong coupling are,
for example, the possibility of very-low-threshold laser
action in microcavities and the possibility of changing
the nature of the nonlinearity generated signals. Much
of the previous work has either considered the interaction
of the excited atoms in the absence of pumps or treated
the pump in a perturbative way. In this paper we study
the interaction of strongly pumped atoms with the micro-
cavities. We model the pumping as an incoherent process
and derive exact results for the steady-state behavior of
the coupled atom-cavity system. We show how the
strong coupling can produce new nonequilibrium states
depending on the pumping rate and the coupling con-

stant. We exhibit saturation of the photon numbers with
increased atom-cavity coupling. The strong negative
correlation between the atom and field is demonstrated.
The response function of the cavity at various detunings
is obtained. The response curve broadens as the cavity-
atom coupling increases, which is reminiscent of power-
broadening phenomena in semiclassical resonance phys-
1cs.

Consider a two-level atom pumped by an external radi-
ation in an optical cavity. Let the pump field with fre-
quency co, be in resonance with the cavity mo~~e that is
described by the boson operators a and a't. Let the atom
with the transition frequency coo be characterized by the
spin-half operators S*and S'. The atom-field interaction
in the presence of cavity decay given by decay constant a
and other atomic relaxation processes can be described
by the master equation

p = i5[S'—,p] ig[(S—+a+S a ),p] —K(a ap —2apa +pa a) —yz)(S+S p
—2S pS++pS+S

—y &&(S S+p —2S+pS +pS S+ )
—r(S'S'p —2S'pS'+ pS'S'),

where 5(=coo—co, ) is the atom-cavity detuning, 2y)2 is
the effective rate of pumping from lower to upper level,

2y2) is the rate at which the upper level decays by spon-
taneous emission, I is the decay rate due to dephasing
processes, and g is the atom-cavity coupling constant.
The rotating-wave approximation was used in (1) while
writing the atom-cavity interaction. Note that at optical
frequencies, the effect of thermal photons is negligible
and thus is not included in (1). We now concentrate on
the infinite family of single time expectation values given
by

~,("=&(a') "),
q(2)=&(a') a~s )

)p'+)= &S+(at))' 'a~+S (a ) a~ '),
'=i&S+(a ))' 'a —S (a ) a ') .P

(4)

On using the master equation (1) we find time-evolution
equations for the expectation values

(6)
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Note that in the absence of detuning, instead of Eqs.
(6)—(9) one can obtain three coupled equations with
respect to 4"', 4' ', and %" '. The set of equations
(6)—(9) is exact in the sense that it accounts for all possi-
ble decay phenomena and is valid for all coupling
strengths (i.e., for any value of g). In this paper we focus
our attention only on the steady-state behavior. In the
steady-state limit, the set of equations (6)—(9) can be re-
duced to a scalar three-term recursion relation for the ex-
pectation values Wp"
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(13)

co+0 +do%'1 = —eo .(1) (1)

Here the p-dependent coefficients cp dp ep for

p =0, 1,2, . . . , are given by

(14)

(b) IIio( '+ —,
' = (S') +—,', (16)

In Eqs. (12)—(14) the tilda denotes the respective quanti-
ties normalized with respect to the cavity damping ~.

The recursion relation (10) with the condition (11) can
be solved for III'" (p =1,2, 3, . . . , ) using the standard
continued-fraction techniques. ' Other physical quanti-
ties +p

' and %"*' can then be evaluated using Eqs.
(6)—(8). We investigate the steady-state dependence of
the following quantities on the system parameters.

(a) IP', "=(a a), (15)
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FIG. 2. (a) (a a ), (b) Q, and (c) C as functions of g/lr for yI /x = 10 and for y»/s = 5, 10, and 15. Curves from bottom to top in

(a) and (b) are for increasing values of yi&/~, whereas in (c) they are for decreasing values.
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(17)

It is evident that the first two quantities give, respective-
ly, the average photon number and the excited-state pop-
ulation. The third one determines the nature of statistics
of the cavity photons. Depending on whether Q is larger
or smaller than zero, the statistics is super- or sub-
Poissonian. Finally, the fourth and last one gives the
atom-field correlation. In what follows we present the re-
sults of our numerical calculations. Calculations have
been performed for two values of normalized spontaneous
decay y2„namely, yet =y2, /a= 1 and 10, and in all the
calculations I has been set equal to zero. In Figs.

1(a)—1(c) we present the results for the resonant case (for
5=0) and when yz, =l. We have plotted the photon
number, the excited-state population, and the Q parame-
ter as functions of normalized coupling g =g/Ic in Figs.
1(a), 1(b}, and l(c), respectively. The various curves in
each of these figures are for increasing values of the nor-
malized pump rate y, z from 0.5 to 2 in steps of 0.5. It is
clear from Fig. 1(a) that for fixed pumping of the upper
atomic level and increasing g, the number of photons in-
crease monotonically and saturates for large coupling. It
is also obvious that the larger the value of y, 2, the larger
is the saturation value of (a a &. In fact, for very large
coupling, (a a & shows an approximately linear increase
with y, z. The behavior of the curves in Fig. 1(b) is oppo-
site that shown in Fig. 1(a} since the upper-level popula-
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