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The interaction of a two-level XY n-spin system with a two-mode cavity field is investi-
gated through a generalized Jaynes-Cummings model in the rotating wave approxima-
tion. The spontaneous decay of a spin level was treated by considering the interaction
of the two-level spin system with the modes of the universe in the vacuum state. The
different cases of interest, characterized in terms of a detuning parameter for each mode,
which emerge from the nonvanishing of certain commutation relations between inter-
action picture Hamiltonians associated with each mode, were analytically implemented
and numerically discussed for various values of the initial mean photon number and
spin-photon coupling constants. Photon distribution, time evolution of the spin popu-
lation inversion, as well as the statistical properties of the field leading to the possible
production of nonclassical states, such as antibunched light and violations of the Cauchy-
Schwartz inequality are examined for an excited initial state. It was assumed that the
two modes are initially in coherent states and have the same photon distribution. The
case of zero detuning of both modes was treated in terms of a linearization of the ex-
pansion of the time evolution operator, while in other three cases, the computations
were conducted via second- and third-order Dyson perturbation expansion of the time
evolution operator matrix elements for the excited and ground states respectively.

Keywords: Spin models; two-level systems; two-mode interaction; quantum optics; non-
classical effects; field statistics.
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1. Introduction

A two-level system interacting with a radiation field provides a centrally impor-
tant simplified quantum model for the interaction of radiation and matter.!? In
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particular, the Jaynes-Cummings model® (JCM) of a two-level atom interactng
with a quantized single-mode electromagnetic field* is at the core of many prob-
lems in quantum optics, NMR, and quantum electronics. The importance of this
model lies in that it is perhaps the simplest solvable model that describes the essen-
tial physics of radiation-matter interaction. Earlier studies of this model by Eberly
et al.,> 7 Stenholm® and Gou? involving an electromagnetic field initially in a coher-
ent state have revealed the periodic collapse and revival of Rabi oscillations, which
are clearly a manifestation of the role of quantum mechanics in the coherence and
fluctuation properties of radiation-matter systems. An exactly solvable model of
atom-phonon coupling showing periodic decay and revival has been reported by
Buck and Sukumar,'® and the relations between photon statistical characteristics
and atomic level populations were examined rigorously in a two-mode model by
Bogolubov et al.'’ More generally, the phenomenon of collapses and revivals of
Rabi oscillations was studied for a two-level atom undergoing either one- or two-
photon transitions in a two-mode squeezed state field.'? 14 Recent technological
advances in quantum optics such as the development of experiments in high-Q
superconductivity cavities'®' has demonstrated the existence of these interesting
nonclassical properties and stimulated the interest of studying the JCM and its
various generalizations in greater detail. This model is not only physically realistic,
but mathematically tractable, in the so-called rotating-wave approximation, widely
used in the quantum optics master equation'” and validated for all cases of prac-
tical interest many decades ago.'® It is recognized as one of the exactly solvable,
fully quantum mechanical models describing the interaction of matter with an elec-
tromagnetic field' and with quantized fields in a leaky cavity.?° Not only does the
JCM provide a fundamental description of a two-level system in a quantized field,
it is also an important tool for controlling quantum states.?! The cavity field can
be regarded as a quantum probe of the dressed states defined by the classical laser
field.

Many interesting effects associated with similar systems of fields and two-level
models have been predicted and observed in the past, for example, two-photon
gain, 2223
cavity,2® and very large decoherence time related to some ramifications of the quan-

cavity perturbed resonance fluorescence spectra,?* atomic squeezing in the

tum Hall effect.?6 The effects emerging from these events are particularly relevant
because of their potential applications in quantum computation with solid-state
quantum bits processing,27 semiconductor and quantum information devices?8-3°
as well as in realizations of optical communication,3! laser cooling of atoms,3? etc.
More recently, the dynamics of a two-level system by laser pulses has been investi-
gated.33

Over the past decade, there has been much interest in the quantum dynamics
of two-level systems with two modes of a quantized cavity field.343> An example of
such a system is the generalized JCM, in which the atomic transitions are mediated

by nondegenerate two-photon absorption or emission.? However, for certain variants
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of the Jaynes-Cummings non-phenomenological Hamiltonians, incorporation of two
laser fields with different amplitudes and frequencies in the quantum regime resists
an exact analytical solution, even in the case of exact simultaneous resonance of
the two-level system with both modes of the cavity field.

Although there has been a lot of previous work dealing with both the
response of two-level atoms to dual frequency semiclassical excitation in the

steady-state regime36-37
field 9-14.20,34,35,38,39
b

and with the transient regime with a quantum probe
a systematic analysis concerning the degenerate and nonde-
generate two-mode nonclassical states associated with the resonant and off-resonant
states of the cavity field with the spin system is not completely documented so far,
and this motivates us to introduce in this paper a generalized JCM in which the
transitions are mediated by two modes of photons in resonant and off-resonant
states. This paper extends earlier studies of the transient dynamics of a two-level
n-spin model interacting with a single mode quantized cavity field.**42 Here, the
quantum dynamics of this system interacting with correlated two-mode field states
is investigated through a generalized JCM, in which the spin cyclic system is that
described in the classical paper by Lieb, Schultz, and Mattis (LSM).*3 In a recent
paper, some preliminary results were reported in off-resonant states of the two-
mode cavity field with this spin system.** In the present work, the interaction of
this spin model with a two-mode cavity field in the quantum regime is investigated
in the rotating wave approximation through a linearization of the expansion of the
time evolution operator in the case of exact simultaneous resonance of both modes
of the cavity field with the spin transition frequency. In off-resonant states, on the
other hand, the interaction picture non-phenomenological Hamiltonian of the model
becomes time-dependent. Moreover, since in this case the set of interaction picture
Hamiltonians V(t1), V(t2),..., taken at different times t1, t2,... fail to commute,
Dyson perturbation expansion of the time evolution operator matrix elements trun-
cated to a finite order has to be used in these cases. The system dynamics will be
developed through the probability amplitudes and the density operator formalism,
assuming that the field modes are initially in coherent states and the spin system
is in the excited state with the initial coherent state of the field given by Poisson
and Gaussian distributions. Analytical expressions of the probability amplitudes
are given for both resonant and off-resonant states involving degenerate and non-
degenerate modes of the cavity field. These are discussed in terms of a detuning
parameter for each mode. The detunings between the cavity mode and the spin
transition can have an important influence on the nonclassical effects, as recently
reported in the case of a two-level atom coupled to a single mode of cavity fields.*°
The main advantage of the present model is that one can use one mode to modulate
or control the output of the other mode. Thus, the collapse and revivals of the pop-
ulation inversion can be controlled by the detunings between the cavity mode and
the spin transition. Another important aspect of the present model is the possibility
of exploring the temperature dependence on the detuning parameters through the
explicit incorporation of a thermal photon state for each mode.*0~42
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The superposition states from several two-mode coherent states were reported,
and it was shown that under certain conditions, the superposition states may exhibit
nonclassical effects, such as photon antibunching, sub-Poissonian photon statistics,
squeezing, and violation of the Cauchy-Schwartz inequality.3%4674® Thus, the main
focus of attention in this paper is not only on the the photon distribution and pop-
ulation dynamics (actually the spin inversion), but some aspects of the dynamics
of the field statistics exhibiting nonclassical properties, such as the possible pro-
duction of antibunched states and violations of the Cauchy-Schwartz inequality,
will also be investigated in some detail. Although the general formalism involving
the possibility of squeezing coherent states will be discussed in a forthcoming pa-
per, one calculation with a photon distribution function for an ideal squeezed state
describing the initial coherent state is performed, which indeed clearly shows the
violation of the Cauchy-Schwartz inequality.

This paper is organized as follows. Section 2 briefly describes the cyclic spin sys-
tem considered, based on the model investigated by LSM.*3 Complete analytical
details on the thermally averaged procedure involving non-orthogonal Grassmann
coherent states to generate a manifold of excited states, by allowing one to treat the
model as a Jaynes-Cummings two-level system, and thus opening the possibility of
exploring the dynamics in off-resonant states, are described in previous papers.0-42
In Sec. 3, the interaction of this spin system with a quantized cavity field is analyzed
in the interaction picture representation, which is a competent scenario to generate
explicit expressions of dynamical properties. The interaction picture Hamiltonian
of the model can be divided into two parts (one for each mode) and these two
parts do not commute with each other. Moreover, since the sum of these operators
taken at different times fail to commute, except in the (nontrivial) particular case
of exact simultaneous resonance of both modes with the spin transition frequency,
there are in all four cases of interest concerning the different relations between the
detuning parameters. These four cases are given analytical expressions of the prob-
ability amplitudes through the density operator formalism. In Sec. 4, the photon
distribution of the cavity field as well as the spin inversion dynamics of the model
are discussed for both degenerate and nondegenerate modes of the cavity field in
resonant and off-resonant states, and for different values of the mean number of
photons. In particular, the spin inversion and the dynamics of the field statistics
both play an important role in view of the possibility that nonclassical states might
be generated by the interaction. Many of the existing theoretical studies on the
JCM are restricted to the detailed discussion on single- and two-mode interaction
in resonant states. In the present investigation, we shall study the influence of the
detuning parameters on these nonclassical effects, such as the variance of the two-
mode quadrature operator of the fields and of the Cauchy-Schwartz inequality. It is
further shown that the number of configurations of a given multiplicity is perfectly
consistent with the dimension of the trace of the unit operator in a basis of Grass-
mann generators.*®#! This is an important issue because all the states derived from
the totality of spin adapted configurations have to be included in the computation
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of the spin transition frequency in off-resonant states of both modes. Finally, the
temperature distribution in off-resonant states and in the isotropic limit of the spin
system is briefly discussed in the limit of high and low temperatures. Section 5
concludes the paper with a brief summary and some discussion.

2. Cyclic XY Spin Model

In a previous paper,*®4! the XY n-spin cyclic model, as described by LSM*? via
the Hamiltonian

- 1 -
ny(nT,n) :zk::knl,nk— 52};:1“ (1)

was investigated by means of a functional integral representation involving non-
orthogonal Grassmann (anticommuting) coherent states integration variables.%-50
In Eq. (1), n', n are fermionic operators and the Zj, are the associated eigenvalues,
given by®3

E2=1-(1—~?sin’k, (2)

where ~ is a parameter characterizing the degree of anisotropy in the zy-plane and
where

k=2mp/n, p=-1/2n...,0,1,...,1/2n—1. (3)

Use of the completeness relation of the n-site Grassmann states, invoking antiperi-
odic boundary conditions, performing an analytic continuation to Euclidean times,
and the subsequent substitution A7/h — 3 (= 1/KpT) in the functional integral,
allowed the imaginary time partition function of this model to be obtained as a
configurarion expansion through the trace formula for fermions. In this scenario,

the energy of the model emerges as?%:4!

- - 0 -
D S LI (E ) 0
k m=1
where the mth configuration in the expansion becomes

S(m) = Z H exp(—fZy,) - (5)

ar>ag>>am=1j5=1

Discussion of the sign of Zj, in Eq. (2) as well as the possibility of the existence of
null eigenvalues are discussed in Ref. 43. In this paper, only positive values of = will
be considered. As noted by LSM, this corresponds to a particle-hole picture for the
n-particles, where the ground state has no elementary fermions and the elementary
fermion excitations both above and below the Fermi surface have positive energies.



604 H. Grinberg

3. Interaction with a Quantized Cavity Field

40,41 it was shown that the two-level n-spin system is charac-

In a previous paper,
terized by the ground state |0) = |a) and a thermally averaged manifold of excited
states |b). By using the completeness relation |a){a| + [b)(b| = 04a + obp = 1, the

Hamiltonian (1) can be written as

Ho (nf, 1) = hwa Q) 10){0] + hw, (R)16)(0] (6)

where Hy|a) = hw,|a) and H|b) = hwy|b). The eigenvalues w, and wy represent
the energies of the ground and excited states respectively, given by

hwa = (0[H~(nf,n)|0) = =1/2> "y, (7)
k
and

hwp = i In

op

Tr exp (ﬁZEknT,nk>] . (8)
k

With the help of the definition of o, written here in terms of the diagonal projection
operators o,, and oy as

oz = Q) (Ib)(b] —|a){al), 9)
Eq. (6) is transformed to
H(nt,n) = 1/2hwo, + 1/2h(wa + wp)T , (10)

where I is the unit operator in the appropriate n-dimensional space and w = wp —wy
is the spin transition frequency. Introducing the raising and lowering spin operators,
given in terms of the spin transition operators o, and 0,5, we write these operators
for n degrees of freedom as a direct product

o = Qo = R0, (1)
o_ = ®0’ab = ® [0){b] , (12)

satisfying the same commutation relations as the spin —1/2 algebra of the Pauli
matrices and therefore constitute a basis of the direct product of SU(2) algebra.
Thus, the complete Hamiltonian of the spin system and the cavity field can be
written as
2 1 2
H=hY_ v;((m;);B)ala; + S fwo + hY gilor +o-)(a;+al), (13)
j=1 j=1

where g; is the spin-field coupling constant for the mode j, the zero-point energy of
the bosonic field was omitted and the constant term 1/2(w, + wp) in Eq. (10) was
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ignored. o4, o, are the spin flip operators characterizing the effective two-level spin
system with transition frequency w and a;, a; are bosonic creation and annihilation
operators of cavity modes. It is assumed that the field is in a thermal photon state
in which v;({(m;); 8) is the photon frequency for the mode j, given in terms of the
mean number of photons (m;) in the cavity field by

v;({m;);8) = — In (7 . (14)
e hp (m;)

Dropping the energy nonconserving terms a;o_ and a}a.,r in Eq. (13) corresponds

to the rotating-wave approximation. It amounts to the neglect of a small shift in the

resonance frequency, a shift that depends on the strength of the interaction with

the radiation field.?! It follows that the interaction of a two-mode quantized field of
frequency v;((m;); #) with a two-level spin system is described by the Hamiltonian

H=Ho+H1, (15)

where Hy and H; can be expressed in terms of the direct product generators

Ho =Y (vi(tmy): Daja; Q1) +1@QHy (!, m). (16)

2

leh;gj[(mr ®I> . (I®aj)+(a;[®l>.,(l®a_)}. (17)

It is convenient to work in the interaction picture. Introducing the unitary time-
evolution operator for the unperturbed Hamiltonian

Uo(t) = exp (%Hot) : (18)

which merely contributes a phase factor in each spin subspace, the interaction
picture Hamiltonian is given by

V(t) = Ug (H)H1Uo(t). (19)
Using the expansion
e Be " = B+ a4, B] + Z—?[A, (A, B]] + -, (20)
and consequently noting that .
eiuja;ajtajefiuja}ajt = qje it (21)
ei‘"“zt/QUJre*i“’“zt/2 = o et (22)

the interaction picture Hamiltonian can be written, invoking the rotating wave
approximation and after standard manipulations, as
2
V() =Vi(t) + Va(t) = thj (o4 aje®it + a;[a,e*mjt) ) (23)

j=1
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with the detuning parameter A; given by
Aj =00 Biy) = Y Ek + E(n; 859) — nv((my); B), (24)

k
and where the spin transition frequency w in Eq. (13) was thermally averaged
over the 2 — 1 configurations of the manifold contained in the unit operator of the
Grassmann space after subtracting the norm of the vacuum state. Analytical details
concerning the reduction of the n-spin model to a two-level system by including all
the thermally averaged configurations of the excited states manifold is described in
Refs. 40 and 41. It is further observed from Eq. (23) that

Vi (t), Va(t)] = thlggaz(alagei(Al_Az) t—h.c). (25)

Thus, the non-vanishing of this commutator requires special care. Moreover, since
in this model system Hy does not commute with H;, except in the degenerate state
vi({m1); B) = v2({ma); B) at the exact resonance with the spin transition frequency,
the operators V(t1), V(t2),..., taken at different times t1, to,... fail to commute.
In fact, after some rather lengthy but straightforward algebra, the commutator
[V(t1), V(t2)] is found to be

2 2
V(t1),V(t2)] = D> [Viltr), Vj(ta)]
i=1 j=1
2
=h?|2i Z gjz- (040_ +o0. a;aj) sin[A; (¢t — t2)]
j=1
+gngUz (alag(ei(Altl—Deltaztz) _ ei(Altz—Aztl)) _ hC) ) (26)

which clearly does not vanish, except in the (nontrivial) particular case of exact
simultaneous resonance of both modes with the spin transition frequency. There are
four cases of interest: (i) Ay = Ay = 0; (ii) 0 # Ay # Ag # 0; (iii) Ay = Ag # 0;
(iv) A1 = 0; As # 0. These four cases will be separately investigated. The system
dynamics will be examined through the density operator formalism.

3.1. Ezact simultaneous resonance (A; = Az =0)

In this case, the cavity field is doubly degenerate and exactly resonant with the
spin transition frequency. The unitary time-evolution operator is given by

U(t) = exp(—i/hVt), (27)
where V is given by Eq. (23) with Ay = Ay =0, i.e,,

2
V=> gilora;+alo_). (28)

j=1
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Introducing the hermitian operator A(a,a') given by

2 2

Afa,a’) = Z Zgigjaia;[- , (29)

i=1 j=1
it is found that the even and odd powers of V can be written as

21 21
V¥ = \/A(a,af) [B)(b] + /At (a,al) |a)(al, (30)

20+1 9
A T
@01 ™ goab)al + he, (31)

VAla,at) =

where nilpotency and idempotency properties of o+ and oo+ (ie., ok =0,k>2

V2l+1 —

(010%)" = 0rox, k > 1) were used. Thus the unitary time-evolution operator in
Eq. (27) becomes

U(t) = cos ( A(a, a?) t) 1b) (b] + cos ( At(a, at) t) la){al

. sin( A(a,aﬂt) 2
g oo > gja;lb){| +he. | . (32)

j=1

Since various dissipation processes in the interaction of light and matter are not
included in the JCM, the dynamics of the JCM is not stationary, and depends on
the initial conditions of the system and the cavity field. Thus, it is assumed that
initially, the field modes are in coherent states |y az) and the spin system is in the
excited state |b), i.e.,

o0 oo
[(0)) = [braraz) = D > Cmyma(0)bsmima), (33)
m1:O mz:O
and the coefficients ¢n,,m,(0) are given in terms of the density operator matrix
elements p(0). It is further assumed that at ¢ = 0, the two modes have the same
photon distribution,

p(0) = [4(0)){(¥(0)]
=33 3T D e (0)en, (0)ch, (0)cs,, (0| mama) (b nana| ,  (34)
n1=0n2=0m1=0 mo=0
that is,

Cmims (0) - [pmlml (O)szmz (0)]1/2 . (35)

Various nonclassical effects in the JCM can be generated by choosing different
initial states of the field. For example, when the cavity field is initially in a coherent
state of photons, one finds that the level occupation probability of the system can
display collapse and revivals? of the Rabi oscillations in a field that is not in a pure
number state. This point is discussed in Subsect. 4.1.
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The density operator at time ¢ is obtained through the unitary time-evolution
operator via

p(t) = [N e(#)] = U®p(0)U (1), (36)

where the time dependent wavefunction is given by

Z Z Cnying (0 )|b ning) . (37)

n1=0 ny=0

Thus, the probability amplitude for the ground state is obtained from

[Casmams ()] = \/<a mams| U (8)p(0) UT(t) la; mimsa) . (38)

Up to this point, there are no approximations involved in the obtainment of
this probability amplitude. In fact, the evolution operator in Eq. (32) is exact to all
orders. However, to explicitly evaluate the matrix element (a;mims|U(t)|b; ning)
implicit in Eq. (38), it is convenient to linearize the expansion of A(a,a’)! involved
in Eq. (32) according to

2
Ala,a’)! — Z:[gZ a;al]' + highly non-linear cross terms. (39)
i=1

The higher order cross terms in this equation involve powers of the bosonic opera-
tors a a ? which can be evaluated through

’Ilj! o
ajlng) =4/ s —p)! Inj —p), (40)

ng +q)!
af?|ny) = % nk +q) (41)

with j, £ = 1,2 and p < n;. This rather complex possibility can be investigated
via time dependent perturbation theory of the evolution operator using the Dyson
expansion, as described in the next Subsections in the cases of off-resonant states
(degenerate and nondegenerate states of the field modes) and exact resonance of
a single mode. Here we neglect these higher-order cross terms, which amounts to
keeping in the expansion of Eq. (29) only the diagonal terms, i.e., those terms with
i = j. In this way, the double summation over ny and ny in Eq. (37) is restricted only
to those terms involving the photon number operators n; = aj.ai. This procedure
then allows the time-evolution operator matrix element for the ground state to be

written as
939k
sin(x,, 1n, t)
<(l; m1m2|U(t)|ba TL1’I‘LQ =—1 Z gjnék e gi\/ 1y +1 §mjnj+15mknk ) (42)
j#k nj+1lng
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with the function x7192 ~ defined by

g1
mim

9192
Xml mo T

Thus, the squared coefficient cq.m,m, (t) for the ground state can be written as

2

2
‘Ca;mlmz (t)lz = ‘f%lg%Z (t)‘Z Zgj\/mjpmj—lmj—l(o)pmkmk (0) ) (44)
Jj#k

where the time dependent fluctuation factor 73192 (t) is given by

B Sin(Xgl g2 t)

9192 ( ) mima
mima2 9192
Xmima

Likewise, contributions to the excited state |b) are given by

Ch;mimes (t) = <ba m1m2\1/)(t)>
(o) o0
= Z Z Cnyns (0){b; mima|U (t)|b; ning) , (46)
’I‘Ll:O TLQ:O
where the time-evolution operator matrix element (b;mimeo|U(t)|b;n1ns) is given
by
(b;mima|U(t)|b; ning) = (b;mima|cos ( Aa,al) t) |b; n1ma)

- COS(X%film2+1t)§m1n1 5m2n2 ’ (47)

and therefore the density operator diagonal matrix element associated with the
excited state becomes

|Cbsmams (t)|2 = Pmam (0)Pmams (0) cos” (Xz;film2+lt) ) (48)

where the linearization (39) was used to evaluate the time-evolution operator matrix
elements in Eq. (47).

3.2. Off-resonant states. Nondegenerate case (0 # Ay # Az #0)

We now deal with off-resonant states (this obviously corresponds to the nondegen-
erate case of the two modes of the field), i.e., A; # 0 with Ay # Ay, and therefore
the time-evolution operator in the interaction picture reads (Dyson expansion)

Ui(t) = F exp {% /Ot V(t)dt} , (49)
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where F is the time-ordering operator, which is a shorthand notation for the
expansion

F exp [% /Ot V(t)dt] =1- %/Ot V(t1)dty
N (_%)Z/Otdtl /Otl dta V(1) V(ts)
n (%)3/;(1151 /Otl dts /Otz dtsV(t)V(t2)V(t3)

b= S U, (50)
n=0

The different contributions to the interaction picture time evolution operator up to
third-order are given by (Uyg = 1)

2
Un(t) = gi(ora;8;(t) — alo_¢3(1)) , (51)

j=1

gigk(0rajalo_d(t) +alo_opardi(t)) . (52)

<
o
M

2 2 2
Us() =Y > g0 (0rajalo_oiadin(t) —alo_oiaralo_ ¢, (1),

(53)

where the time dependent functions arising from the one-, two-, and three-times
integrals in Eq. (50) are found to be given by (j,k = 1, 2;j # k)

1— eiAjt
¢;(t) = —F— (54)
J Aj
et — 1 —GtA;
$ij(t) = ——5—, (55)
A3
eidit _ 1 ei(Bi—AR)t _
it = A AT T BB, A (56)
2(e it — 1) — itA; (1 + "2t
syt = LTV HE U ) 67)
J
eiAjt -1 eiAkt -1 it
n(t) = + - , 58
i(2A]'7Ak)t —1 iA]'t —1Agt 1
e e'2it(e ) (59)

Djj () = A; (A, — A)(2A, — Ap) * AjAR(AR = Ay) 7
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M1 —itAy) =1 et —1 1 —elBim At
Pk (t) = —7zx YA TG, A
=k I =k k( J k)

(60)

The interaction picture state vector at any time ¢ is obtained from [¢(0)) via the
unitary evolution operator U(t),

|1 (t) Z

In the present study, the different properties arising from an excited initial state and
its decay to the ground state are to be computed through second- and third-order
perturbation expansion for the excited and ground states respectively. Thus, up to

||F18

Z m1m2 UIn( )|b;m1m2> . (61)

second order, the non-vanishing time evolution operator diagonal matrix elements
for the excited state are computed from

<b) nan‘UIOU); m1m2> = 5n1m16n2m2 i (62)
and

<b nan‘sz(t)“) m1m2>

2 2
Z Zg]gk%k )(b; n1n2|a+a]ak —|b;mima) . (63)
Jj=1 k=1

—

Evaluation of this cavity matrix element through standard relations of bosonic
operators and their associated Fock states yields

(b nana|Ura () |bsmama) =~ (976,56 (M + 1)8nm, nymy
7k

+ 959k Pjr (t) [my (my + 1)]1/25njmj—15nkmk+1) . (64)

Thus, the probability amplitude cp.pn,n, (t) for the excited state becomes

Chinying (t) = <b7 n1n2|'(/)1 (t)>

2
1+ Z ggz(bjj ®)(nj + 1) | [Prini (0)pnan, (0)]1/2

+ > 959105 (e (ng + D12 [pn; 410,41(0)pn— 10, -1 (0)] /2. (65)
J#k

Likewise, projection onto (a;ninz| yields the probability amplitude for the ground
state as

Cainang (1) = Z Z Cmama (0)(a; n1na|Us (2)|b; mama) , (66)
ma Omz 0
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which then requires evaluation of the time evolution operator off-diagonal matrix
elements, given by

(a;min2|Ur (t)|b; mime) = — Z 9595 (t){a; nmﬂa}a, |b; myma)

_Zg]¢] (mj + 1) %00, m,41004my »  (67)

J#k
and
(a; nina|Urs(t)|b; mima)
2
Z > 9i9k9i85 (1) asmnalalo oy aralo_|bymims),  (68)
j=1 k=1 l=1
that is,
2
(a:nana|Uss(8)[b; mama) = = (93655, (1) (ms + 1)*/ 26, m, 410n,m,
7k

+ g?gk (¢;gk (t)mj (mk + 1)1/26n]‘m]‘ 5nkmk+1
+ @5 (O(my + 1) (my + 2)me] 26, +26n0me—1

+ O3k (0) (e + 1) (m + 1) 28, 416m,m,)], - (69)

where standard relations of Fock states were used once more. Thus, up to third
order, the probability amplitude c4.pn,n, (t) for the ground state is obtained by sub-
stituting Egs. (67) and (69) into Eq. (66) to yield
2
X 1/2
Casnina (1) = = 31905 05" [pn; 1n; -1 (0) ooy, (0)]'72
7k

% 3/2
+ 62655 (00 2 [pn; —1n,-1(0) Py, (0))/2

% 1/2
+ 9391551 (D31 % [y, ()P~ 1, ~1 (0)]

+ @ () — Dn (g, + D2 [pn, 2, -2(0) Pt 1,41 (0)]/

+ Ok (013" (0 + 1), 10, ~1(0) g (0)]1/2)]. (70)

At any time ¢, the state vector |7 (t)) is a linear combination of the states |b; nin2)
and |a;ning). Here |b;ning) is the state in which the spin system is in the excited
state |b) and the field has n; photons associated to the mode of frequency v and
ny photons associated to the mode of frequency vs. A similar description exists
for the ground state |a;ning). As we are using the interaction picture, we use
the slowly varying probability amplitudes cgn,n, (t) and ¢pn,n, (). The expressions
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|Cbinins (8)|* and |caznin, (t)|? represent the probabilities that, at time ¢, the field
has n; photons of frequency 1, no photons of frequency vo and the system is in
levels |b) and |a), respectively. The probability p(n1,n2) that there are nq photons
of frequency vy and no photons of frequency o present simultaneously in the field
at time ¢ at a given temperature is therefore obtained by taking the trace over the

spin states, i.e.,
p(n1,m25t) = Tt pyny () = Pty () + Py (1)
= |Casnins (t)|2 + [Cbinins (t)|2 ) (71)

where Tr pn,n, (t) stands for the partial trace Trs(ninz|p(t)|n1n2) and ppmm(0) in
Egs. (65) and (70) is the probability that there are m photons present in the field
at time t = 0, i.e., prm(0) = | (0)]2.

3.3. Off-resonant states. Degenerate case (A1 = Az #0)

In this case, the field is doubly degenerate, but there is no resonance with the spin
transition frequency. Setting A; = Ag in Eq. (23) and evaluating of the multiple
time integrals in Eq. (50) leads to (j,k,1 =1,2)

b (t) = ¢j;(t), (72)

biri(t) = ¢jji (1), (73)

where the time dependent functions ¢;;(t) and ¢,;;(t) are given by Egs. (55) and
(57). Thus, the time-evolution operator matrix elements for the excited and initial
states and the associated probability amplitudes given in Egs. (64)—(70) have to be
evaluated using Eqgs. (72) and (73).

3.4. Ezact resonance of one mode (A1 = 0; Az #0)

In this case, there is a partial resonance of a single mode, but the other is associated
to an off-resonant state. This nondegenerate particular case converts Eqgs. (54)—(60)
into

P11 (t) = —t2/2!, (74)
—ilAo . _
oult) = TR (73
2

B2l (iApt —1) 41
$or(t) = = L Zz ) ; (76)
2

e'B2t — Ayt — 1
P2a(t) = TQ ; (77)
2

H111(t) = it3/3!, (78)
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1+ iAgt + (1Agt)? /2! — etA2t

$112(t) = Al ; (79)
2 — 722 4 i Agt) — iAot
P121(t) = A7 ; (80)
—14iAqt — (1A)2/2) + e~ ih2t
bun(t) = A= (Rl , 1)
2
B2t (] 4 i Agt — (1A91)%?/2)) + 1
¢211(t) — € ( 2 QAg (Z 2 ) / ) , (82)
etB2t (25 Agt — P2ty 4 1
P212(t) = ( 22A§ ) ) (83)
14 iAot + (1Agt)2 /2! — eid2t
bon(t) = IR (R , (5)
2
9 iAot 1) —iA 1 iAot
bo(t) = (e ) — iQAgt(1 + e'22%) - (85)

A3

Thus, a set of time dependent probability amplitudes, from which the density
operator matrix elements can be obtained, has been generated via truncation of
the perturbative series of the time evolution operator. In this process, it was tacitly
assumed that the interaction time is short. In fact, the short-time approximation
approach is simple and enables us to explicitly derive short-time quantum statistics
within the interaction time in a systematic way. Such analytic solutions provide
information for more detailed computations, and make it possible to determine, in
a straightforward way, all the possible states of light of the field exhibiting anticor-
relation, antibunching, correlation bunching and full coherence. Computations of
these nonclassical effects are discussed in the next Section.

4. Results and Discussion

In the computations to be described below, a nearest-neighbor exchange coupling
constant J = 4.31 cm ™! was introduced in the Hamiltonian 2.1. The four cases
described in Subsections 2.1-2.4 will be discussed. The antiperiodic boundary con-
dition invoked in Sec. 2 to obtain the energy of the spin system restores the discrete
translational invariance of the infinite lattice in the finite sample needed for the
simulations.?9-42:49 The size of the spin chain is n = 14, and thus the manifold
of excited states was thermally averaged over the 16383 configurations out of the
vacuum state. In fact, the number of independent spin states of a given multiplic-
ity, which exist for a system of n spins, denoted by f(n,S), can be derived in an
analogical fashion. The result is

(25 4+ 1)n!
(n/2+S+1)(n/2-5)"

f(n,S) = (86)
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Table 1. Number of Configura-
tions of a given Multiplicity.

Multiplicity f(n,S)
25 +1 n =14

1 429

3 1001

5 1001

7 637

9 273

11 7

13 13

15 1

and the results are presented in Table 1 for n = 14. It is further observed that

> @S+ 1)f(n,S) =2". (87)
s
Tt is seen from the numbers given in Table 1 that Eq. (87) is indeed satisfied. This
is consistent with the dimension of the trace of the unit operator in a basis of a
Grassmann algebra,.40-42,49,50

4.1. Photon distribution and spin population inversion

Figure 1 displays the photon distribution in terms of (n1) as given by Eq. (71) in
the picosecond time scale t = 3.2 ps in the case of exact simultaneous resonance
of both modes, i.e., the trace over the spin states in Eq. (71) is calculated from
Egs. (44) and (48). It was assumed that the initial coherent state py,,m, (0) is given

Fig. 1. Photon number distribution (solid curve) and its Laplace transform (dashed curve).
A1 = Az =0; (n1) = (n2) = 25; g1 = 158 cm™!, g2 = 5 cm L. The initial coherent state of the
field is given by a Poisson distribution.
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by a Poisson distribution

(m;)mie—{mi)

e (59)
A breakup at the photon distribution into a series of peaks (solid curve) can be seen.
Also, for (nq1) > 1, the distribution is localized around (n1), and has a width (An;)
much narrower than that of (n;)'/2. One may think that the photon distribution
in Eq. (71) is the result of a suitable mechanism for creating photon distributions
of odd shapes, but we must remember that Eq. (71) is the result of the action of
only one spin. To obtain a macroscopic change, one has to consider the influence of
a large number of spins. These will then have some distribution in their parameter
values that will smear the structure. To illustrate the statement, we assume the
spins to have a distribution of the time they spend in the cavity. This is the case
when any two levels involved in the manifold of excited states decay to a lower level
with the rate o. If this is the same at both levels, we can talk about the average

lifetime ot

in the two states interacting with the radiation field. In radiative
decay, the normalized distribution of the lifetime is o exp(—ot). The average photon
distribution obtained when an ensemble of spins with this lifetime distribution has
interacted with the two mode cavity field is then the Laplace transform of Eq. (71),
where the coefficients cq.n,n, (t) and cpn,n, (t) are given explicitly by Egs. (44) and
(48). Thus, for zero detuning of both modes and after some algebra, this process

yields

L{Trp(t)} = 0/000 Tr p(t)e 7 dt

2
G%g?n Zgj \/m]pmj—lmj—l(o)pmkMk (0)
ima(0) |
9ol
1 — 2= 0 0 89
+< G%filmzwq(o—)) pmlml( )pmzmz( ) ( )
with the function G192, (o) defined as
Gt (0) =4l(0/2) + xR, 7] (90)

We can compare this distribution exemplified in Fig. 1, in which ¢~! = 3.2 ps,
with the photon distribution emerging from Eq. (71). The structure of the photon
distribution (solid line) has been smeared out by the Laplace transform (dashed
line), and the general shape is preserved.

As a first example of nontrivial nonclassical behavior in this model, we study
the dynamics of the population inversion for the spin system initially in the ex-
cited state, interacting with the cavity field in an initial coherent state given by a
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normalized Gaussian
__exp[—(m; — (my))*/21?]
Pmim; (0) = gexp[f(mi — (mi>)2/21“2] s

(91)

for the photon distribution function, with I' = 4. The inversion is related to the
probability amplitudes cp n,n, (t) and cq nyn,(t), and is given by summing over ng
and ns the difference of the squared coefficients. In terms of the density operator
matrix elements, this process yields, with obvious notation

W( ) Trpnmz Z Z Trpnmz pn1n2 (t)] . (92)
n1=0 ny=0

As a specific example, Fig. 2(a) shows this population inversion computed in the
anisotropic limit v = 1 in the picosecond time scale and with 3 = 0.0001. This case
corresponds to an off-resonant state of both modes, with the detuning parameters
given by |A;| = 2585 cm™!, |As| = 2755 cm™!, and where the coefficients in
Eq. (92) have to be consequently computed from Egs. (65) and (70). 44 terms were
included for each mode in the double summation of Eq. (90), i.e., 1936 terms in
all. As expected, a time record resembling that for the usual Jaynes-Cummings
standard model can be observed. It can also be observed that the minima become
less deep with the passage of time before they approach the asymptotic limit of the
envelopes and later, the minima decrease in the same magnitude. This behavior is
repeated periodically with a period of 1.25 ps.

We can also compute the state of the system when the spins leave the cavity.
This device prepares spins in a specific state, depending on the time they spend in
the cavity. Taking the trace over the spin variables, this procedure yields, for the
real and imaginary parts of the density operator off-diagonal matrix elements,

L0+ om0 = 23 30 [0 + 2 0)

np= Onz 0

—_

= cos(¢ (93)

pn1n2 pn1n2
nl_O nag= =0

Z Z Prina (8) = Priin, (1)

n1 0712 0

= sin(¢a — d) Z Z b, (s, (8, (94)

np= Onz 0

—[p"*(t) — p"*(1)]

where ¢, and ¢, are the phases of the probability amplitudes associated to the
states |a) and |b) respectively. It is clear that the dynamics is modulated by oscilla-
tory factors involving the phase difference ¢, — ¢p. Figures 2(b) and 2(c) represent
the oscillations of the real and imaginary parts of the density operator off-diagonal
matrix elements as a function of time using the same set of parameters in Fig. 2(a).



y | r\
: M\/\/\/ \\\ /M H
L M

{‘ | ‘“ I V W ‘
(\ | N”\/ \f\’“, f / \ »\
‘n‘“ / U‘
! 1nverslon a) 0 A 2 0; (n1 16,




Nonclassical Photon Statistics in Two-Level Spin Systems 619

In both figures, the envelope of the revivals is almost a Gaussian. The field is
seen to equalize the populations rapidly within a time approximately of the order
0.1/4/{n1)g? + (n2)g3 = 0.088 ps and later, the spin coherence causes oscillations,
which are found near the time when the populations oscillate [cf. Fig. 2(a)], which is
physically understandable. The field is essentially stationary. Its coherence is com-
pletely destroyed as the field amplitudes collapse, but is partially restored during
revival periods. Thus, a more complete description of the pattern in Figs. 2(a)-2(c)
follows from the computation of the population inversion in the limit of exact simul-
taneous resonance of both modes with the spin transition frequency, A1 = Ay =0,
as shown in Fig. 2(d). In this case, the dynamics involved in Eq. (92) was performed
with the time dependent coefficients given by Eqgs. (44) and (48), assuming a Gaus-
sian distribution with T' = 4. If the coupling constant of one mode (in this case
the first mode) is large (solid line), as the time increases, the neighboring revivals
increasingly overlap. In the overlap region, the Rabi oscillations are a result of the
superposition of the oscillations from different overlapping revivals. For long times,
therefore, when the overlap occurs between increasingly more revivals, the oscil-
lations are then due to the superposition of many frequencies, and W (t) exhibits
an apparently chaotic behavior. In fact, one can see that in the resonant case, the
revivals are not well-separated in the long time regime and in fact, the inversion
behaves in a fairly irregular manner. In the off-resonant case, however, the very
regular and distinct revivals with the small amplitude appear. This discussion on
the pattern of Figs. 2(a)-2(d) can be generalized as follows. Each term in the double
summation of Eq. (92) represents Rabi oscillations for definite values of ny, ng. The
photon distribution function py,,m,(0) determines the relative weight for each set of
values of ny, ny. At the initial time, ¢ = 0, the spin system is prepared in a definite
state; thus all the terms in the double summation in Eq. (92) are correlated. As the
time increases, the oscillations associated with different excitations have different
frequencies, and therefore become uncorrelated, leading to a collapse of inversion.
As the time is increased further, the correlation is restored and revival occurs. This
behavior continues, and an infinite sequence of revivals is obtained. These revivals
occcur only because of the granular structure of the photon distribution, i.e., they
are a manifestation of the quantum nature of the electromagnetic field, which is
mathematically reflected in the discrete double summation. The collapses, on the
other hand, occur because the many different components in the summation be-
come out of phase. This structure is very similar to that found in the nonlinear
Jaynes-Cummings model discussed in Ref. 34, where the interaction of essentially
a two-level atom interacting with a two-mode radiation field through a Raman
interaction is discussed through the use of a phenomenological Hamiltonian.

4.2. Field statistics

We now study the dynamics of the field statistics of our system, with particular
emphasis on the production of states of the field exhibiting nonclassical properties.
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In particular, we examine the possible production of antibunched light, anticor-
relations between the two modes, and possible violation of the Cauchy-Schwartz
inequality.

But first, let us consider the time evolution of the average photon number in
each mode. From Eq. (71) which gives the two-mode photon number distribution
function, the average photon numbers 7 (t), fia(t) are obtained as (i = 1,2)

oo (oo}
1(t) = Tr ppyn, (t)a;[ai = Z Z nip(ni, n2;t), (95)
n1=0 n2=0

and where 7;(0) = (n;). The oscillations of the average photon numbers are clearly
related to the Rabi oscillations, as seen in the spin inversion. Figures 3(a)-3(c)
present the time evolution of (n;), where it is clear that, as expected, these quan-
tities exhibit the same pattern of collapse and revival as the spin inversion. In
Fig. 3(a), the initial coherent state of the field is given by the Poisson distribution
of Eq. (88), and corresponds to the case of exact simultaneous resonance. Figure 3(b)
shows the time evolution when only the first mode is resonant (nondegenerate case),
that is, the coefficients cp;nyn, (), Casnyn, () for the excited and ground states re-
spectively, are computed via the time dependent functions given in Eqgs. (74)—(85).
The computation in this figure was conducted in the anisotropic limit v = 1, with
Ay = 31 ecm™ !, at a rather low temperature 8 = 10. The initial coherent state of
the field was assumed to be given by the Gaussian distribution of Eq. (91) with
the width I' = 4. Similar computations in off-resonant states for the particular case
A; =32 cm™! (i = 1,2) are shown in Fig. 3(c) (degenerate case) with v =0, 3 = 1,
and the initial coherent state of the field is given by a Poisson distribution. In
this case, the density operator matrix elements involved in the photon distribution
p(n1,ne;t) have to be computed via Eqgs. (72) and (73). It should be addressed that
the results presented in Figs. 3(a)-3(c) are very similar to those given in Ref. 34
in connection with the dynamics of a Raman coupled model interacting with two
quantized cavity fields. In Fig. 3(a), it is observed that the maximum amplitude
of the modulation of (n(t)) is unity, which simply reflects the fact that the spin
system absorbs and emits only a single photon. If we allow detuning from the par-
tially off-resonant states as in Figs. 3(b) and 3(c), then the apparently dissimilar
behavior observed in these figures in comparison with Fig. 3(a) can be mainly at-
tributed to the overlapping and washing out of consecutive revivals, which is due
to the incommensurate nature of the single-photon coupling energies. If the JCM
is extended to include two-photon coupling, then the possibility for commensurate
energies arises.? The presence of detuning essentially changes the time scale such
that the duration of every collapse and revival is lengthened.

We now turn to the problem of obtaining evidence of nonclassical properties of
the light beams for which experimental evidence has recently been reported in the
case of single-photon detection rates.?>®3 It is an important phenomenon in view
of the possibility of generating highly nonclassical n-photon polarization states by
superbunching effects associated with the bosonic nature of photons,®* and also for

characterizing the nonclassical nature of conditionally prepared single photons.?®
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Fig. 3. Time evolution of the average photon number in each mode. (a) A1 = Ay = 0; (n1) =
(n2) = 25; g1 = 158 cm~1, go = 5 cm~!. The initial coherent state of the field, pmm (0), is given by
a Poisson distribution; (b) A; = 0, Az # 0; (n1) = 10, {(n2) = 20; g1 = 25 cm™1, go = 105 cm 1.
The initial coherent state of the field is given by a Gaussian distribution; (c) A1 = Az # 0;

(n1) = (n2) = 20; g1 = 83 cm ™!, g = 42 cm~!. The initial coherent state of the field is given by
a Poisson distribution.
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To characterize the statistical properties of the light beams, we introduce the

function
(2) <ajaT'aj ai)
Yij :TjiT i,7=1,2. (96)
(a; ai><ajaj>

Here 72(12 ) defines the degrees of second-order coherence in the modes and ’yg) de-
scribes the degree of intermode correlation.

We first consider the second-order coherence of the modes. The function ’yz(f ) can
be written in terms of the normally ordered photon number variance {: (AN;)? :)

as

0oy LN o
where N; = a;[ai and

¢ (AN)? ) = (ala]aias) — (N:)®. (98)
The light is nonclassical, exhibiting the sub-Poisson statistics, whenever 71(22 ) <1

or equivalently whenever (: (AN;)? :); < 0. Since we are actually calculating the
zero time delay coherence function, the states satisfying these conditions are more
properly referred to as antibunched. The expectation values (N;(t)) = 7;(t) are
just those given by Eq. (95), while the first term on the right of Eq. (98) is
given by

(al(®)alWait)ait) = Y > ni(ni — V)p(ng,nast). (99)
n1=0 ny=0

In Figs. 4(a) and 4(b), we plot the normally ordered variances for the first and
second mode in the limit of exact simultaneous resonance of both modes A; =
Ay = 0. In this case, the dynamics is governed by the coefficients given in Eqgs. (44)
and (48), assuming in both cases that the initial coherent field is given by a Poisson
distribution. We notice that both modes are bunched and antibunched. The collapse
and revival patterns are of course the same as that for the spin inversion. However,
as shown in Figs. 4(c) and 4(d), the use of the Gaussian distribution for the initial
coherent state of the field with I' = 4 leads to antibunching for both modes with
the collapse and revival patterns being the same as for the spin inversion.

Figures 5(a) and 5(b) show a comparison of the normally ordered variances of
the photon number operators of both modes. The parameters used in Fig. 5(a) are
the same as those used in Fig. 3(b), and a Gaussian distribution was assumed for the
initial coherent state of the field. In Fig. 5(a), Ay = 0 and Ag # 0. It is observed
that no antibunching is present in the first mode, but it dominates the second
mode. The parameters used in Fig. 5(b) are the same as those used in Fig. 3(c)
and a Poisson distribution was assumed for the initial coherent state of the field.
The computation in this figure corresponds to the doubly degenerate field in an
off-resonant state with the spin system, i.e., A; = Ay # 0, and it is observed that
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Fig. 4. Normally ordered variances for both modes. (a) Ay = Ag = 0; (n1) = (n2) = 10;
g1 = 478 cm~!, go = 338 cm~!. The initial coherent state of the field is given by a Poisson
distribution; (b) same as (a) but for (n1) = (n2) = 25; g1 = 158 cm ™!, go = 112 cm™!; (c) same
as (a) but for (n1) = (n2) = 25; g1 = 358 cm~ !, go = 25 cm~! and the initial coherent state of
the field is given by a Gaussian distribution; (d) same as (c).

both modes show antibunching. Apparently, for non-zero detuning as in Figs. 5(a)
and 5(b), the sub-Poissonian statistics are present only for coupling constants larger
than a certain cutoff, in the present case for g; > 25 cm~!. The transition from
antibunching to bunching in cavity QED was recently investigated experimentally
in the context of photon statistics of the light emitted from an atomic ensemble
into a single field mode of an optical cavity.'®

The numerical results displayed in Figs. 5(a) and 5(b) show that, just as ex-
pected, the cavity will smear the amplitudes of the variances and spread the width
of the revivals. This is because the revivals have dependences on the discrete na-
ture of the photon-number distribution, which can be considered as the weighting
factors of a discrete spectrum of Rabi frequencies. These are the reasons why the
whole system in this case can be considered overdamped, and shows no Rabi oscilla-
tions; i.e., the reabsorption of emitted photons and the cavity-mediated interaction
between different spins are both negligible.
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Fig. 5. Comparison of the normally ordered variances of the photon number operators of both
modes. (a) A1 = 0, Ay # 0; (n1) = 10, (n2) = 20; g1 = 25 cm~ !, go = 105 cm~! The
initial coherent state of the field is given by a Gaussian distribution; (b) same as (a) but with
A1 = Az #0; (n1) = (n2) = 20; g1 = 83 cm™ !, g2 = 42 cm™! and the initial coherent state of
the field is given by a Poisson distribution.

Also of interest is the degree of interbeam second-order coherence determined

by
Tt
9 (ajajas aq)
B =2 (100)
(aya1)(asasz)

recently discussed by Xiong et al®® We actually calculate the cross-correlation
function (or the covariance of the product of the photon number operators) between
the two modes as defined by

C(t) = (af (t)ah(t)az(t)ar (1)) — {a] (H)ar (t))(ab(D)as(t)) (101)

which is proportional to the excess coincidence counting rate for a Hambury-Brown-
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Twiss-type experiment with two beams, where

(al(ad(Bas()ar(t) = Y > manap(na,nast). (102)

ny =0 na =0

For C(t) = 0, the beams are uncorrelated (Vg) = 0), for C(t) > 0 they are correlated
(wf? > 0), and for C(t) < 0 they are anticorrelated ('yg) < 0). The present model is
similar in various aspects to the model introduced in Ref. 34 in which the net gain
or loss of photons is zero, i.e., a zero-photon process. In such a model, where one
photon is subtracted from one mode and added to the other, it should be expected
that the two modes are predominantly anticorrelated. This is evident in Figs. 6(a)—
6(c), which present the variation of C(t) versus ¢ using a Poisson distribution for the
initial coherent state of the field [Figs. 6(a) and 6(c)] and a Gaussian distribution
with the width T' = 5 in Fig. 6(b).

Other than the nonclassical effects derived from the statistics of the field is the
possible violation of the Cauchy-Schwartz inequality demonstrated experimentally
in quantum noise-correlated light beams.*” It reads

2 2 2
(122 < 4D,D (103)

which is violated by nonclassical states, indicating a nonclassical correlation be-
tween the beams. It is associated with the nonclassical correlation phenomenon be-
tween the two beams, and is associated with the nonexistence of a positive Glauber-
Sudarshan P-representation.®” We actually calculate the quantity

V(1) = {a} (t)a(H)az(t)ar (1))
—(af(t)a] (H)ar(D)a (1)) (a(t)ab(t)as (t)as(t)) (104)

With these results, we calculate the time evolution of V'(¢) for zero detuning. When-
ever V(t) is positive, the inequality in Eq. (103) is violated. This is evident in
Fig. 7(a) for short discrete time periods and where a Poisson distribution was
assumed for the initial coherent state of the field. As time increases, there are oscil-
lations to both positive and negative values during the revivals while remaining at
V(t) ~ 0 at other times. Thus, the mean value of the oscillations continues drop-
ping below near zero to approach the steady state. In Fig. 7(b), there is no violation
at all and V (t) is always negative, indicating that the field statistics become more
classical as a result of the interaction with this single photon generalized JCM. This
result is perhaps a little surprising since the form of the interaction would seem to
preserve the correlations. In this computation, the initial coherent state of the field
is described by a Gaussian distribution with I' = 4. The dissimilar behavior in the
nature of the time evolution in Figs. 7(a) and 7(b) reveals that in both cases, V' (t)
is strongly affected by the photon distribution function used to represent the initial
coherence of the field. The Poisson distribution is more physical in the sense that
this is the distribution followed by photons in a coherent state. This is probably
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Fig. 6. Interbeam second-order coherence. (a) A1 = Ay = 0; (n1) = (n2) = 25; g1 = 25 cm 1!,
g2 = 5 cm~ L. The initial coherent state of the field is given by a Poisson distribution; (b) same as
(a) but with (n1) = (n2) = 10; g1 = 92 cm~!, go = 5 cm~!; and the initial coherent state of the
field is given by a Gaussian distribution; (c) same as (a) but with (n1) = (n2) = 10; g1 = 58 cm~1,
g2 =5 cm~!. The initial coherent state of the field is given by a Poisson distribution.
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Fig. 7. V(t) versus t for Ay = Az = 0. (a) {n1) = (n2) = 10; g1 = 58 cm™ !, go = 17 cm ™!
The initial coherent state of the field is given by a Poisson distribution; (b) same as (a) but with
(n1) = (n2) = 10; g1 = 92 cm~ !, g = 5 cm™!; and the initial coherent state of the field is
given by a Gaussian distribution; (c) same as (a) but with (n1) = (n2) = 25; g1 = 158 cm ™1,
g2 = 50 cm ! and the initial coherent state of the field is given by a photon distribution function.
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Fig. 8. Variation of the photon number distribution with the temperature in off-resonant states
0# A1 # Ag #0; (n1) =25, (n2) =10; g1 = 5 cm™!, go = 8.3 cm~!. The initial coherent state
of the field is given by a Poisson distribution. (a) Regime of very low 8; (b) same as (a) but in
the regime of high 3; (¢) Variation of the detuning parameters A1, A with the temperature in
the regime of high .
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the reason for the violation observed in Fig. 7(a). In Fig. 7(c), where a photon dis-
tribution function for the field, initially in a two-photon coherent state is used, the
inequality in Eq. (103) is always violated in this case. As is well-known, these states
can be generated in a two-photon process, and are squeezed.?® The photon-number
distribution function for such a state is given by

_ (tanh )™
 2mm)! cosh r

1 —1 7 *
Prmm (0) exp [—xl2 +3le X* +€e(x*)?] tanh r

2
, (105)

X

" < ye=0/2 )

V2 cosh r sinh r
where H,,(z) is the mth Hermite polynomial, r is the input squeeze parameter, and
X is a dimensionless intensity parameter y = |x|e’®. The direction of the coherent
excitation is ¢, and 0 is the squeeze direction relative to that of coherent excitation.
For simplicity, we take ¢ = 6/2. This figure shows the squeezing behavior for the
small input squeezing r = 0.6 and |x|? = 60.

To conclude, it is interesting to examine the behavior of the temperature distri-
bution for a fixed mean number of photons in each mode. This is done in the limit
of low and high g in Figs. 8(a) and 8(b) in the isotropic limit v = 0, and for an
initial coherent state of the field given by a Poisson distribution. It is observed that
the excited and ground states are described by two completely different regimes.
The limit of high temperatures characterizing the manifold of excited states be-
comes chaotic with rapid oscillations [Fig. 8(a)]. For larger values of 3, this chaotic
pattern is replaced, as expected, by a smooth behavior [Fig. 8(b)] characterizing
the ground state. This should correspond to some asymptotic limit characterizing
the vacuum state where all spins are ordered. This is clearly seen in Fig. 8(c),
where the variations of the detuning parameters show an asymptotic behavior for
high § characterizing the vacuum state. It is further observed that both detuning
parameters show the same behavior. In fact, from Egs. (14) and (24), it follows

L ((ma) (0 )
famfi=gp ! <<m1><1+<m2>>)’ (106)

an expression which becomes insensitive to the variation of 3 if both (m;) > 1
(i = 1,2). Thus, in the present case, both detuning parameters correctly predict
the same thermodynamic limit, in this case, the vacuum state.

5. Final Remarks

There are a few open systems in quantum optics allowing an exact analytic solution.
Our work addresses a fundamental model here, namely the generalized JCM in an
optical cavity, with a complete description of the quantum state. The spontaneous
decay of a spin level was treated by considering the interaction of the two-level spin
system with the modes of the universe in the vacuum state. Invoking the rotation
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wave approximation, the interaction picture Hamiltonian of the model can be writ-
ten as the sum of two terms, one for each mode. However, these two terms fail to
commute. Therefore, the non-vanishing of this commutator requires special care.
Moreover, since in the present model system, Hy does not commute with H;, except
in the degenerate state of the field at zero detuning, the sum of those terms taken
at different times also fail to commute. The different cases of interest which emerge
from these non-vanishing commutation relations are associated with the relations
between the detuning parameters, according to whether the whole system is in a
resonant or off-resonant state, and if the cavity field is in a degenerate or nondegen-
erate mode. These cases were analytically implemented and numerically discussed
for various values of the initial mean photon number and spin-photon coupling con-
stants. Thus, the spin model-radiation field combined system was described through
a formalism based on the expansion of the time-evolution operator matrix elements
for both modes, assuming that the field states can be represented initially by the
same photon distribution. Regarding an excited initial state, the dynamics of the
present model was investigated via second- and third-order perturbation expansion
of the time evolution operator matrix elements for the excited and ground states
respectively. This required evaluation of the one-, two-, and three-times integrals
involved in the chronologically ordered time perturbative Dyson expansion of the
evolution operator.

The specific case of exact simultaneous resonance of both modes was treated
in terms of a linearization of the expansion of the time evolution operator. This
allowed us to generate explicit analytical expressions for the density operator matrix
elements and the associated amplitudes. Thus, it was found that in the limit of zero
detuning for both modes, the photon number distribution shows a series of peaks
which collapse to a single one after an appropriate average procedure, leading then
to a Poisson shaped structure peaked, as expected, at (n1). It was also found that a
superposition of noncommensurate Rabi frequencies arising due to this distribution
in the number of photons leads to the phenomenon of collapse and revival of Rabi
oscillations. This phenomenon, which is due to the granular nature of the field, is
absent if the field is considered classically.

The time evolution of the average photon number, as well as the normally or-
dered variances for both modes may show revivals and decays similar to those of
the spin inversion under certain circumstances. These novel collapses and revivals
arise from the existence of highly correlated photon states, which are produced via
nonlinear optical processes. These nonclassical effects have their origin in quantum
coherences established during the interaction of the spin system with the cavity
field. For example, the interbeam second-order coherence is qualitatively somewhat
similar to the time evolution of the population inversion computed recently by Fu-
1i*5 in the study of the dynamics of the driven JCM, where a two-level atom coupled
to a single mode of a cavity field driven by an external coherent field is investigated.
This implies that we can examine the field statistics and the associated nonclassical
effects through the interaction of the spin system with two modes of fields.
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The superposition states from two-mode coherent states can exhibit other promi-
nent nonclassical effects, such as antibunching, sub-Poissonian statistics, and vi-
olation of the Cauchy-Schwartz inequality. These nonclassical properties can be
interpreted as due to the quantum interference of the coherent states in phase
space, as claimed by Schleich et al.5° In the present work, attention was concen-
trated in a class of two-mode nonclassical states via superpositions of two-mode
coherent states. As usual, to generate these nonclassical effects in the standard
JCM, one has to cool the cavity to zero temperature and prepare a coherent field
in the cavity. We show that in the present generalized JCM, the nonclassical ef-
fects can be directly generated from a thermal photon state of the cavity field.
The collapse and revivals of the inversion, as well as the normally ordered vari-
ances for the first and the second mode were found to be generally unaffected by
the mean number of thermal photons initially present in the cavity. However, the
detunings between the cavity modes and the spin system do have an important
influence on the nonclassical effects. In fact, the nonclassical effect associated to
the normally ordered variances can be generated by increasing the strength of the
coupling spin system-cavity field, even if the mean thermal photon number is large.
This was verified in the case of nonzero detuning of at least one mode. In ex-
actly resonant states of the spin system with both modes of the cavity field, on
the other hand, the sub-Poissonian statistics seem to be dominated by the photon
distribution of the initial coherent state of the field. We also found a strong ten-
dency for the two modes to be anticorrelated, which is expected, given the form
of the interaction. Another investigated feature of the present generalized JCM is
the possibility of exploring the influence of temperature on the photon distribution.
Thus, it was found that the limit of high temperatures characterizing the mani-
fold of excited states becomes chaotic with rapid and sharp oscillations, whereas
the ground state is correctly described in the thermodynamic limit by the vacuum
state.

The present generalized model admits many of the features of the usual JCM
and as such, it deserves further investigation. For example, the incorporation of
two-photon processes, as well as the squeezing of the field, have to be further in-
vestigated. The importance of the latter has increased recently due to its relation
to quantum entanglement, a basic ingredient of quantum information. Work along
these lines is planned to be reported elsewhere.
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