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Atom and quantum oscillator coupled by the vacuum field:
Radiation pattern, emission spectrum, and decay dynamics
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We study the dynamics of a system consisting of a two-level atom and a quantum oscillator coupled by the
vacuum radiation field. The oscillator and the atom are assumed to have the same resonance frequency. In contrast
to the two-atom or two-oscillator case, the atom-oscillator system leads to an unclosed hierarchy of equations
for the operators that determine the radiation pattern emitted by the atom-oscillator system. Instead of using the
operator equations, we formulate the problem in terms of density-matrix equations which can be solved once
the initial conditions are specified. As an example, we looked at the radiation pattern, the decay dynamics, and
the spectrum for an initial condition in which the oscillator is in its n = 1 state and the atom is in its excited state.
Dressed states (dressed by the static interaction between the atom and oscillator) prove to be especially useful
for interpreting the results and comparing them with the two-atom and two-oscillator systems. All calculations
are carried out using the resonance or rotating-wave approximation. The relationship of our work to damped

Jaynes-Cummings models is noted.
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I. INTRODUCTION

A problem of fundamental interest in quantum optics is the
coupling of two atoms or two oscillators via the transverse
vacuum field. By its very nature, this coupling includes all
effects related to retardation of the fields exchanged by the two
atoms or oscillators. For separations of the atoms or oscillators
that are less than a wavelength, one recovers interaction ener-
gies that can be obtained using an alternative theory in which
retardation is neglected and the atoms or oscillators are as-
sumed to interact by the longitudinal fields of their static charge
distributions, producing effects such as the van der Waals inter-
action. With increasing separation of the atoms or oscillators,
retardation begins to play a role and the calculations become
somewhat more complicated, especially when either or both of
the atoms or oscillators are prepared in their excited states [1].

For stationary atoms, the inclusion of retardation leads to
differential equations for state amplitudes that show explicitly
how the time rate of change of a given state amplitude depends
on other state amplitudes evaluated at retarded times [2]. For
example, the time rate of change of the state amplitude to
have one atom (atom A) excited and the other (atom B) in its
ground state at time ¢ will depend on the amplitude to have
atom B excited and atom A in its ground state evaluated at
t — R/c, where R is the interatomic separation. However, in
the limit that

F'R/c <1, (1
where I is an excited-state decay rate, the solution simplifies
considerably since effects related to retardation can be
neglected except insofar as they appear in phase factors.

Lehmberg [3] obtained equations from which the atomic
or oscillator dynamics could be calculated for arbitrary initial
conditions, under the assumption that Eq. (1) holds. He then
went on to study the radiated field intensity for several different
initial conditions, corresponding to excitation of each or both
of the atoms or oscillators with the equivalent of 7 /2 or &
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pulses. In both the atomic and oscillator cases, it is possible
to obtain time-evolution equations for the relevant Heisenberg
operators that form a closed system; that is, one does not find
an open-ended hierarchy of equations for the operators.

On the other hand, if we replace the two-atom or two-
oscillator system with one consisting of a two-level atom and
a quantum oscillator, it appears that the equations for the op-
erators are no longer closed for arbitrary initial conditions. As
a consequence, the coupled atom—quantum-oscillator system
can exhibit fundamental properties not found in atom-atom or
oscillator-oscillator systems. For this reason alone, there is suf-
ficient motivation to understand the atom-oscillator dynamics.
From a somewhat more practical viewpoint, the coupling of an
atom to a quantum oscillator is a topic of current research in
the field of metamaterials [4]. There is considerable interest in
coupling atoms or quantum dots to nanoantennas to increase
the decay rate of the atoms [5]. If the antennas are modeled as
point quantum oscillators, we have exactly the physical system
we propose to study in this paper. Of course, real nanoantennas
are not point dipoles, and there can be important effects arising
from the excitation of surface plasmons; such effects are absent
in our atom-oscillator system.

In Sec. II we introduce the basic formalism and obtain gen-
eral expressions for the radiation pattern and the energy in the
atom-oscillator system. A dressed atom-oscillator approach is
introduced in Sec. I1I to allow one to easily view the relaxation
processes and level splittings that occur and to compare them
with the corresponding results for two oscillators or two atoms.
Using this dressed-atom approach in a secular approximation,
we obtain the spectra associated with the atom-oscillator
decay. In the Appendix, we review the results for the two-atom
and two-oscillator systems. All calculations are carried out
using a rotating-wave approximation (RWA).

At first glance, it would seem that our calculation is closely
linked to damped Jaynes-Cummings models. In these models
a two-level atom is coupled to a single-mode cavity field
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whose energy levels are identical to those of an oscillator.
When damping of the cavity field [6] or both the cavity field
and atoms [7] are taken into account, the physical systems
appear to be the same. It is true that the dressed states of
the Jaynes-Cummings model and our atom-oscillator system
are identical. On the other hand, there is no coupling of the
atom and the oscillator via spontaneous emission in these
damped Jaynes-Cummings models, while such coupling plays
a critical role in our model. In addition, the cavity in the
Jaynes-Cummings model is not a point-dipole radiator and
does not contribute to the type of radiation patterns considered
in this work. There is also a discussion of atom-oscillator
coupling in the paper of Eberlein and Janowicz [8], but
they are concerned mainly with level shifts without making
the RWA approximation; moreover, their Green’s-function
approach differs considerably from ours.

II. RADIATION PATTERN AND ENERGY

The physical system under consideration consists of an
atom located at Ry = —(X(/2)i and an oscillator at R, =
(Xo/2)i (Fig. 1). At t =0 the atom and the oscillator are
prepared in some arbitrary initial state of the combined
atom-oscillator system. It is assumed that the oscillator is
constrained to move in the z direction and that the atom has
a J = 0 angular momentum ground state and J = 1 angular
momentum excited state. This allows one to treat the atom as a
two-level atom provided its m = 1 excited state sublevels are
initially unpopulated. Physically, this type of initial condition
ensures that the field emitted by the atom is z polarized at the
position of the oscillator and the field emitted by the oscillator
is z polarized at the position of the atom. In the RWA and
with the neglect of the zero-point energy of the oscillator, the
Hamiltonian for the system is

Hao = ﬁw()O'ee + ha)()bfb + h Z a)kalikak;\

kA
+h Z(gk‘7+akkeikk] + gﬁaix(f_efikkl)
k.1
+ ﬁZ(gl’(bTak)\eik.Rz + gl/:alfdbe,ikkz)’ @)
k.1
R
z 1
0
0
S . y
2 :

FIG. 1. Geometry of the problem. The atom is located at position
1, and the oscillator is at position 2. The electronic motion of the atom
and the motion of the oscillator are constrained to the z direction. The
atom and the oscillator are separated by a distance Xj.
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where 0., = |e)(e|, |e) and |g) are the eigenkets of the atom,
b' and b are raising and lowering operators for the oscillator,
o, and o_ are raising and lowering operators for the atom, a;
is the annihilation operator for a photon having momentum k
and polarization A,

e |2k sin (3a)
=ie | ———2g ,
£k 2h€0vzg K
, . [ o | R .
= e Ok, 3b
8k e ZhEOV 2ma)() S % ( )

wy = ke, and G is the angle between k and the z axis. The
quantity z,, is the matrix element (assumed to be real) of the
operator z between the atomic states, and +/h/2mwy is
the matrix element between the n = 0 and n = 1 states of
the oscillator.

Since the Hamiltonian (2) is written in the RWA, it does
not include contributions from any virtual transitions induced
by the vacuum field. Such virtual transitions would lead to
position-independent Lamb shifts, as well as van der Waals
shifts of the atom-oscillator system that are proportional to
Xy ® In order to neglect the shifts that are proportional to X °,
we must assume that

where
ry, 1 2 ezzf,ewg
"= T lnes he oV
r, 1 1 ezw(z)
Yo= 57 = (5b)

2 4mey 3 me?

are (half) decay rates associated with the atom and oscillator,
k() = g / C, and

& = koXo. (6)

Inequality (4) corresponds to the requirement that the shifts of
the resonantly coupled levels of the atom and the oscillator are
much less than the unperturbed level spacings of the atom and
the oscillator.

The objective is to calculate the radiation pattern for some
arbitrary initial condition of the system, as well as the system
dynamics. Using a source-field expression [9], we can write
the electric-field operator in the radiation zone as

wlesin IR — Ry
E-‘r(R’t) ~ 47T€0C2R Uy deU_ r — —C

+ 4/ blt— , 7
2mawy c

where uy is a unit vector in the direction of increasing 6.
Assuming that, in the radiation zone,

R-R R :
o_ (l — g) ~ 0o_ <t — _>e_’k0“R'R1’ (83)
c c
R-R R .
(o= BB (i Bt
c c
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where uy, is a unit vector in the R direction, we find that the
differential time-averaged (over a cycle of the field) power is

d*W(2,1) 3 .
—ig = R*(S(1)) -ug = 2yaﬁw0<§> sin® 0

x [m(r)a_(r» + Y2 bt (0)b(r))

+ 2/? Re(<0+(f)b(r))€i“)], €))

where (S(t)) is the time-averaged Poynting vector of the
radiated field,

o = &sinfcos g (10)

is the phase responsible for interference effects, and

R
T=1t—— (11)
c
is a retarded time.

We can get equations of motion for the Heisenberg
operators appearing in Eq. (8) and for the field creation and
annihilation operators using the Hamiltonian (2). It is then
possible to formally solve for the field creation and annihilation
operators, substitute the results in the equations for the atomic
and oscillator operators, and take a quantum-mechanical
average using the Weisskopf-Wigner approximation (and
neglecting any position-independent Lamb shifts). In this
manner [ 1], for quantities defined by

M(7) = (04(T)o_(D)) + (b'(D)b(1)) = (00(T)) + (n(7)),
(12a)
P(1) = (0 (D)b(1)) + (b (1)o_(7)), (12b)
D(7) = (01(1)0_(1)) — (b'(D)b(T)) = (0ee(T)) — (n(T)),
(12¢)
Y (1) = i((b'(1)o_(2)) — (04(D)b(T))), (12d)
T(7) = (0:(D)o_ (DB (D)b(T)) = (0ee(TIn(T)), (12¢)
with
Oee = l€){el,  n(t) =bI(T)b(7), (13)
we can arrive at the following equations:
aM
E = _(Va + VO)M - (7/11 - VO)D - 27\/ VaV()Pv (143)
i_f = _(Va + VO)P - 2rv VaVoM + 4VV VaVoTv (14b)
dT
I =2Ya + YT — (r = i5)\/VaVo {0 (T)n(T)b(7))
—(r +i8)YaVo b (Dn(D)o_(1)), (14c)
dD
T = ~Ya +Y)D — (Va — Vo)M + 25 /VaYoY, (14d)
Y
Z—T = —Va +vo)Y = 25/VaVoD + 4s/VaYoT, (14e)
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where
3 /siné cos&é  siné
rzi( = ) (o
3 cosé siné  cosé
s_§<— F + £ + £ ) (15b)

The initial values at T = 0 are denoted by My, Py, Ty, Dy, and
Yo.

Unfortunately, Eqs. (14) are not closed, in contrast to
the analogous equations for two atoms or two oscillators
(see the Appendix). We still need differential equations for
(o+(t)n(t)b(r)) and (b'()n(v)o_(1)). These new equations
will bring in extra factors of n(t), and the equations will never
close [10].

In terms of the variables defined in Egs. (12), the radiation
pattern (power radiated per unit solid angle) is

d*w (R, r)

3\ .
J7d< R*(S(7)) -ug = 2)/(1560()(@) sin® 0

y [M(T)+ D(t) | ¥o M(z) — D(r)

2 Va 2

+ \/ZP(t)Cosa +\/ZY(r)sina]- (16)
Ya Va

The time-integrated radiation pattern is defined as

dw 0

3 d*W(Q,7)
Qe — Jo

17
dtdQ2 an

and the spatially integrated radiated power is defined as

dW / dA*wW(, r)
dtdQ2

M(t) + D(r) | v, M(z) — D(z)
= 2y.hao —2 y——z

+ \/ZrP(r)iI (18)
Va

where, to arrive at this result, we used

3
/dQ(—) sin6 cosa = r, (19a)
8
3 P
dQ[ — ) sin“ O sina = 0. (19b)
8
The total energy in the field at time ¢ is given by
rodw
W) = / i (20)
0 dt

and it follows from Egs. (14a) and (18) that the sum of the
energies of the atom, oscillator, and field is a constant of the
motion, that is,

hawoM (t) + W(t) = hwoM,. 21

Since Egs. (14) are not closed, they cannot be used to
calculate the values of M(t), P(t), and Y(r) needed in
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Egs. (16)—(18). To get a solvable set of equations from which
these quantities can be evaluated, we go over to density-matrix
equations. In terms of density-matrix elements 0,000, the
variables M(t), P(t), D(t), Y(7), and T (7) can be expressed
as

M(7) = (0ee(7)) + (n(7))

= Penen(D+ Y Y10 n(T), (222)
n j=g.e n
P(7) = 2Re(o (1)b(1))
=2Re Y v+ 1pguiten(r), (22b)
D(1) = (0e(1)) — (n(1))
(220¢)

= Zpen;en(f) - Z anj";j”(r)’

j=g.e n

Y(0) = 2Im{o4 (0)b(0)) = 2Im Y Vi1 + 1pgnrtien(D).

(22d)

T(T) = <Uee(7:)n(f)> = anen;en(T)a (226)

where the g and e indices refer to atomic states and the n indices
refer to oscillator states [11]. The time evolution of the density
matrix equations can be obtained from equations for state
amplitudes if “in terms” are added into the resulting density-
matrix equations. That is, in an interaction representation,
the equations for the state amplitudes c,, (¢ = g,e; n =
0,1,2,...), obtained in a manner similar to the one employed
in Ref. [12], are

¢e0 =0, (23a)

Cen = —(Va + 1Vo)en — (1 + iV + 1/VaVoCon+1,
(23b)

¢on = —(Va + nYo)on — (r + iS)NN/YaVoCen-1. 1 > 0.
(23¢)

Special care must be given to the inclusion of the in terms
resulting from spontaneous emission in getting the density-
matrix equations. Such in terms are calculated in the usual
manner [9] by tracing over field states, that is,

dll)tr}l‘lm dom'm
Pan:p :Z Pank;p k. 24)

dt " dt

In this manner, forming density-matrix elements pyn.gm =
c'a,,c;m + ca,,c';;m using Eqgs. (23) and adding in the terms
obtained using Eq. (24), we find

dpen;em
dt

- _[2Va + (I’l + m)yo]pen;em

— N4 1 +08)/VaVoPg n+1:em
—vm+ 1(r —is),/ YaYoPen;g,m+1

+ 2)/0 vn+1 vm + lpe,n+1;e,m+lv (2521)

PHYSICAL REVIEW A 93, 013804 (2016)

dpgn;gm

dl - \/E(r + is)\/ Ya J/ape,n—l;gm

- M(r - l.S)\/ Ya yopgn;e,mfl + zyapen;em
+ 2V0 vm+1vn + 1pg,n+1;g,m+1

+2r VaVolvm + lpen;g,m-ﬁ-l"‘v 1+ 10g nttieml,
(25b)

= —(n + M)YoLgn;gm

dpgn em

dt = _[Va + (n + m)yo]logn;em

- \/E(r + is)\/ YaVoPe,n—1;em
—vm+1(r — is)\/ YaYoPgn;g,m+1
+2y,vm + 1v/n + lpg,n+l;e,m+l

+ 2r\/ YaYoNv m + lpen;e,m-H )

(25¢)
(254d)

*
Penigm = logm;gn .

The in terms, underlined in Eqgs. (25), give rise to interesting
exchanges between the atom and the oscillator. For example, if
the atom in its excited state and the oscillator in a superposition
of two neighboring states, as indicated in Fig. 2, spontaneous
emission can result in a “coherence swap,” in which the atom
acquires the dipole coherence of the oscillator, while the
oscillator transitions into the lower of its two initially excited
states. In other words, dpgo.c0/dt is driven by an in term of the
form 2r \/YaYoPeoce1-

Equations (16), (22), and (25) can be used to calculate
the radiation pattern and system dynamics for arbitrary
initial conditions. As a specific example we solve for initial
conditions in which the atom is inverted and the oscillator
isinitsn = 1 state, My =2, Ty = 1,Dy = Yy = Pp = 0. We
then compare the results with those for two-atom (both atoms
excited initially) and two-oscillator (both oscillators initially
in their n = 1 states) cases for a specific value of £&. With the

initial
Atom Oscillator
e - Pp—n=1
peO;el
g #p—n=0
final
Atom Oscillator
e 0. n=1
ng;eO

g o *_n=0

FIG. 2. A relaxation process in which coherence is transferred
from the oscillator to the atom.
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initial conditions as given, the maximum » possible is 2, and

we arrive at nine coupled equations for the variables,

X1 = Pe0:¢0> (26a)
X2 = Peliel» (26b)
X3 = Pg0;405 (26¢)
o= Prigts (26d)
X5 = Pg2ig2, (26€)
X6 = Pgl;e0> (261)
X7 = Pg2el; (26g)
X8 = Pe0igl> (26h)
X9 = Pel;g2, (261)

with initial condition x,(0) = 1 and all others equal to zero. In
the limit that y, = y, = y, the equations of motion are

X1 = =2yx1 +2yx — y(r +is)xe — y(r — is)xs, (27a)
X2 = —4yxy — V2y(r +is)x; — 2y (r —is)xe, (27b)

X3 = 2yx1 + 2y x4 + 2ry(xs + x3), (27¢)
X4 =2yxy —2yx4+4yxs — y(r —is)xe (27d)
+2v2ry(x7 4 x9) — Y (r + i5)xs, (27¢)

X5 = —dyxs — \/Ey(r —i8)x7 — «/Ey(r +is)xg, (271)
Xoe = —y(r +is)x; +2ryxo —y(r —is)xy

—2yx6 4 242y x7, (27g)
X7 = —N2p(r +is)xs — dyx; — 2y (r —is)xs, (27h)
Xg = —y(@r —is)x; +2ryxy — y(r +is)xy

—2yxg + 232y xo, (270)
X9 = —«/zy(r —i8)xy — \/Ey(r +is)xs —4yxg.  (27))

These equations can be solved analytically for a given value
of &.
In terms of these variables,

M = x1 + 2x5 + x4 + 2xs, (28a)
P = x¢ + v/2x7 + x5 + /20, (28b)
T = x,, (28¢)
D = x| — x4 — 2xs5, (28d)
Y = i(xg — v/2x7 — x5 + v/2x0). (28¢)

In Fig. 3, we plot the time-integrated radiation pattern
given in Eq. (17) as a function of ¢ for0 = 7/2and £ = 1.5
[r +is = 0.601 + 0.626i] and compare it with that for two
atoms and two quantum oscillators when the atoms are both
inverted and the oscillators are both in their n = 1 states
at t = 0 (see the Appendix). The curves are normalized to
the corresponding result for two independent dipole emitters.
The radiation pattern of the atom-oscillator system differs
from both the two-atom case and the two-oscillator case.
For two atoms, the time-integrated signal does not exhibit
any interference phenomena, a result found by Lehmberg [3].
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g
=

8t dW
3Wy dQ)

0.5+ 1

0.0~

FIG. 3. Time-integrated radiation pattern for § = /2 and § =
1.5. The solid blue line is for two atoms (there is no time-integrated
interference), the long-dashed green curve is for two oscillators,
and the short-dashed red curve is for the atom-oscillator system.
The results are expressed in dimensionless units, normalized to the
emission pattern of two independent dipole emitters. In this case,
Wy = 2hwy = hwoM,. The curves for two atoms and two oscillators
are drawn using Eqgs. (A9) and (A21) of the Appendix.

Interference effects are seen for the two-oscillator and atom-
oscillator systems. Other initial conditions and atom-oscillator
separations can be explored using the numerical solutions of
Eq. (25).

III. DRESSED STATES, DECAY DYNAMICS,
AND SPECTRA

It is convenient to introduce dressed states to explain the
decay dynamics and to calculate the spectrum of the radiation
emitted by the atom-oscillator system. If we look at the
amplitude equations (23) in the absence of decay, they take
the form

G0 =0, (29)
iée,nfl = &nCg.n> (29b)
iCon = &nCen—1, n >0, (29¢)

where

8n = \/E\/ YaVoS- (30)

These equations are those encountered in the Jaynes-
Cummings model for a two-level atom interacting with a
single-mode radiation field. Thus, in the absence of decay,
the atom-oscillator problem in free space maps into the
Jaynes-Cummings model for a two-level atom interacting with
a single-mode cavity field. In contrast to the Jaynes-Cummings
model, however, the coupling constant depends on the product
of the decay rates of the atom and the oscillator; that is,
spontaneous emission is responsible for the atom-oscillator
coupling. Moreover, the decay terms appearing in Egs. (23)
have a structure similar to the coupling terms and must
be included for consistency. Nevertheless, as in the Jaynes-
Cummings model, we can use the coupled atom-oscillator
dressed states as our basis states to investigate the nature of
decay rates and the emission spectrum. This approach will be
especially useful only in the so-called secular approximation,
|s| > r, since the coherence between the dressed states in a
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given manifold (en; g,n + 1) oscillates rapidly on a time scale
(yayo)_l/ 2 and averages to zero. The condition |s| > r will
be satisfied if £ = wyR/c < 1 since r +is ~ 1 + 3i/(2&3)
in this limit [see Eqgs. (15)]. If |s| < r, different components
of the emission spectrum are not resolved, and there is little
advantage to using the dressed basis.

In this section we set

Vo=Va=y =1/2. 31D

The dressed-state eigenkets and eigenenergies are given
by

[0) =1g0), Eg =0, (32a)
le,n — 1) + [gn)

ny) = 8T =8 B (wo £ ays).

[n+) N (wo £ +/nys)

(32b)

The density-matrix elements in the two bases are related by

[9]

1
Pnin, = §(/0e$n—l;e,n—l + Pgn;gn + Pen—1;gn + ;Ogn;e,n—l)’
(33a)
1
Pn_n_ = §(/0e,n—l;e,n—l + Pgnign — Pen—1lign — ;Ogn;e,n—l)’
(33b)
*
,On+n, = IoninJr
1
= i(pe,nfl;gn - pgn;e,nfl + Pe,n—1e.n—1 — pgn;gn)-

(33¢)

It is now a relatively easy task to use Egs. (25), Egs. (33),
and the inverse of Egs. (33) to get equations for the time
development of density-matrix elements in the dressed basis.
In the limit |s| > r ~ 1, we can neglect the off-diagonal
density-matrix elements in the dressed basis and obtain rate
equations for the dressed-state populations given by

pn+n+ =-TI'(n+ \/EV)PMM

r
+ E[(V l+n+r)(1+n+ \/ﬁ)]p(n+l)+(n+l)+

r
+ 5[(\/ 1+n—r)W1+n—VDlpus1) wt1).
(34a)
pn,n, =-T'(n- \/ﬁr)pn,n,

r
+ E[(V L+ n+ 1)W1 +n—Vm)putty. o),

r
+ 5[(«/ 1+n—r)W1+n+ VD)o w1

(34b)

oo =T +r)p1, +TA—=r)p_1, (34¢)

where Eqs. (34a) and (34b) are valid forn > 1. If the maximum
value of 7 is npax, the problem in the secular approximation
is reduced to solving a set of (2npm,x + 1) coupled, linear
differential equations.

As a specific example, we use the dressed atom-oscillator
approach to calculate the decay dynamics and the spectrum
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for initial conditions in which the atom is inverted and the
oscillator is in its n =1 state corresponding to My = 2,
To =1, Dy = Yy = Py = 0. Moreover, we compare the results
with the corresponding results for two atoms prepared in their
excited states and two oscillators prepared in theirn = 1 states.
For this initial condition, Egs. (34) reduce to

P22, = T2, 0,2, (35a)
Pro. =T pro, (35b)
P, = T, +T2, 1,000, + T2 1,002, (35¢)
Pro1. =T pi1, + 2,1 02,2, + T2 1022, (35d)
oo =T 00,1, + 1001 1, (35e)
where the decay rates are given by
Ty, = TR+ V2r), (36a)
r, =I'Q-+v2n), (36b)
I, =Ty =(1£7), (36¢)
and the repopulation rates are given by
r
Ty1, = 5(\/5 + D2+ 1), (37a)
r
P = 5(V2=DW2+7), (37b)
r
M= 5(V2=12-1), (37¢)
r
M =52+ 1DW2-1), (37d)
[0="Tx. (37¢)

The initial condition p,;..; = 1 in the “bare” basis translates
into 03,2, = P22 =p2,2. = P22, =1/2 in the dressed
basis; the atom-oscillator system is prepared in a coherent
superposition of its two excited dressed states; however,
we are concerned here only with dressed-state populations.
Equations (35) can be solved exactly, but the solution is
somewhat unwieldy and is not given here.

A. Decay dynamics

InFig. 4 we plot the energy remaining in the atom-oscillator
system in dimensionless units, namely,
M)

My’
along with the corresponding curves for (a) two noninteracting
atoms prepared in their excited states, (b) two interacting atoms
prepared in their excited states (see the Appendix), and (c) two
interacting quantum oscillators prepared in their n = 1 excited
states (see the Appendix). The curves are drawn for & = 0.2
(r +is = 0.992 + 8.2i). For this value of &, the exact value of
M (t) given by Eq. (28a) which is obtained by solving Eqgs. (26)
differs insignificantly from the value

Eit) = pro, )+ p2 2 @)+ [p1,1,()+ p11_(H]/2 (39)

obtained by solving the approximate dressed-state population
equations (35). For two noninteracting atoms, E(¢) decays

E(t) =

(38)
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0.8

06f (C)

E(®)

0.4} (d)
0.2 (a)

0.0

FIG. 4. Normalized dimensionless energy E(¢) with & = 0.2
(r +is = 0.992 + 8.2i) for (a) two independent atoms, both initially
excited, (b) two coupled atoms, both initially excited, (c) two coupled
oscillators both initially in their n = 1 states, and (d) the coupled
atom and oscillator, with the atom initially excited and the oscillator
initially in its n = 1 state.

simply as exp(—2yt). The decay is more rapid for the
two interacting atoms, characteristic of superradiant decay.
However, there are slowly decaying components for both the
two-oscillator and the atom-oscillator systems.

These results can be explained qualitatively using the
dressed-state diagrams shown in Fig. 5, drawn for § < 1.
The solid arrows indicate allowed decay paths, while the
dashed arrow indicate pathways that are suppressed owing to
a cancellation of matrix elements when & < 1 (|s| > r &~ 1).
For the noninteracting atoms, each excited atomic state popu-

Two atoms (b)

Two independent atoms (a)

FIG. 5. Decay channels for (a) two independent atoms, both
initially excited, (b) two coupled atoms, both initially excited, (c)
two coupled oscillators both initially in their n = 1 states, and (d) the
coupled atom and oscillator, with the atom initially excited and the
oscillator initially in its n = 1 state. The levels shown are the dressed
states of the coupled systems. Dashed arrows indicate transitions
that are suppressed for r ~ 1. The eigenkets |£) for two atoms and
[14)°,124)° for two oscillators are given in the Appendix, while the
repopulation rates I'; ; are given by Eqs. (37). All curves are drawn
fory, =y, =T/2.
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lation decays exponentially with rate I [for two noninteracting
oscillators, E(¢) also decays exponentially with rate I']. For the
two interacting atoms [Fig. 5(b)], the dominant decay channel
is through the symmetric intermediate state. The decay rates
in this channel are enhanced by a factor of 2 when r ~ 1,
leading to the simplest example of superradiant decay. For
the two interacting oscillators [Fig. 5(c)], the oscillators are
prepared in an equal superposition of the dressed oscillator
states shown in the figure by the large dots. One of these states
is metastable when r ~ 1; half of the population is almost
completely trapped in this state. From the exact solution for
M(t) = 2E(t) given by Eq. (A19a) in the Appendix [which
is identical to that calculated from the decay rates shown in
Fig. 5(c)], one finds

E()=3[e™ +e ] (40)

The slowly decaying component seen in Fig. 4, curve (c),
corresponds to the second term in Eq. (40). Finally, for the
atom-oscillator system the initial state is a superposition of the
n = 2 symmetric and antisymmetric dressed states shown in
Fig. 5(d). Both of these states decay to the n = 1 symmetric
and antisymmetric dressed states. The n = 1 antisymmetric
state is metastable when r ~ 1, decaying slowly to the ground
state with rate I'_. The total decay rate out of the n = 2 dressed
states is 41", and (2 + r)I" /4 of the decay is via the symmetric
intermediate state and (2 — r)I" /4 is via the antisymmetric one.
This explains the slow decay component having amplitude 1/4
and decay rate I'_ seen in Fig. 4, curve (d).

Explicitly, in the limit that » & 1 but inequality (4) is still
respected, we find

E(t) ~ e (noninteracting atoms), (41a)
E@) ~ e (1 +T1) (two atoms), (41b)
E(t) ~ (14 e 2")/2  (two oscillators), (41c)

1 e~ 2t 1+ \/i)
E(t) ~ — —T(2—V2)t
() 1 + 3 + g ¢
1 —42
+ (T\/_)e_r(y’ﬁ)’ (atom-oscillator) (41d)

for the initial conditions depicted in Fig. 5. In each case, E(t) ~
(1-TpforTt « 1.

Figure 6 shows the decay dynamics if the oscillator is
prepared initially in state ng (np = 0,1,2,3,4) and the atom
is prepared in its excited state, in the limit that r ~ 1.
These curves exhibit two interesting features. First, the energy
trapped in the system decreases with increasing ng, owing
to the fact that decay via the symmetric states is favored over
those into the antisymmetric states. As the population cascades
downwards from the initially excited state via spontaneous
emission, the population trapped in state |[1_)? is 1 /[2(ng + 1)]
as r approaches unity. The various decay rates of the cascade
emission are shown in Fig. 7. Second, although the decay rate
increases with increasing ng, there is never a superradiant effect
since the energy always decays more slowly than e~ (an e 1"
decay is indicated by the dashed black curve in Fig. 6).
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— ny=0
— — np=
N
84 ng=2
— I10=3
Il()=4

I't

—_——

FIG. 6. Normalized dimensionless energy E(t) with r ~ 1 for
initial conditions in which the atom is excited and the oscillator is
in the n = n state. The solid curves from top to bottom correspond
to ng = 0,1,2,3,4, while the dashed curve is the simple exponential
decay, e,

B. Spectrum

In the secular approximation and for the initial conditions
depicted in Fig. 5(d), the spectrum for the atom-oscillator
system consists of four lines associated with transitions from
the second excited manifold to the first excited manifold and
two additional lines from the first excited manifold to the
ground state. The width of each line is one half the sum of the
widths of initial and final states of each transition,

vij =T +T))/2, (42)

and the relative strength of each line is proportional to the
branching ratio for the given decay channel. With the various
decay rates I'; defined by Eqgs. (36) and repopulation rates I'; ;

5.59T 1.87T
3.) 3.)
43 1150
2.) 2.)
2917

10)

FIG. 7. Decay rates in the dressed-state basis for § < 1 (r ~ 1).
In this limit, state |1_) is metastable. As can be seen, decay via the
symmetric channels is favored. The energy-level splitting AE, =
ha/nTs between the dressed states in a given manifold has been
suppressed.
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defined by Egs. (37) and with |s| > r, we find the spectrum is
given by a sum of six terms,

S$2.1 V2.1
12; — 1) = —— - ,
[a)k —wy — ‘/52_1 Fs]2 + y22+1+
(43a)
So1e V2,1
12, — 1 )= 2= - :
T [a)k —wy — @I‘s]2 + V22+1,
(43b)
S 1 V2.1
Q. > 1,) = 2=l + ,
T o —wo+ @T‘s]2 + )/2271+
(43c¢)
AV V21
10— 1 )=l :
T [or— w0+ AT + 02
(43d)
2 1
10, >0 ==-1r1 Y140 . (43)
b o — oo~ BT 4yl
2 +
2 _
- —so=2"""" 10 . (43D

1
4o o -0+ BT 4wl

where the branching ratios (relative to the total decay rate of
the n = 2 manifold) are given by

Si;j =Ti;/4T, (44)

with I'; ; given by Eqgs. (37). The corresponding dressed states
and spectra for two atoms and two oscillators are given in the
Appendix.

In all the cases considered, we have not included the
nonresonant van der Waals shifts in the definition of the dressed
states based on the assumption that inequality (4) is valid.

IV. SUMMARY

We have derived equations that characterize the dynamics
of a system consisting of a two-level atom and a quantum
oscillator coupled by the vacuum radiation field. In contrast to
the two-atom or two-oscillator case, the atom-oscillator system
leads to an unclosed hierarchy of equations for the operators
that determine the radiation pattern emitted by the atom-
oscillator system. Instead of using the operator equations, we
formulated the problem in terms of the density-matrix elements
associated with the problem. These density-matrix equations
can be solved once the initial conditions are specified. As
an example, we looked at the radiation pattern, the decay
dynamics, and the spectrum for an initial condition in which
the oscillator is in its n = 1 state and the atom in its excited
state. Dressed states (dressed by the static interaction between
the atom and oscillator) proved to be especially useful for
interpreting the results. Although we looked at the limit in
which y, = y, = y, another interesting limit is y, > y,. This
limit could correspond to a nanoantenna coupled to a quantum
dot in which the antenna is the oscillator and the quantum dot
is the “two-level atom.” For y, > y,, the antenna results in an

013804-8



ATOM AND QUANTUM OSCILLATOR COUPLED BY THE ...

enhanced radiation rate for the quantum dot. We have limited
the discussion to spontaneous emission from the coupled
atom-oscillator system, but the results can be generalized to
allow for driving of either the atom or the oscillator (or both)
by a cw or pulsed optical field.
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APPENDIX
In this Appendix, we summarize the results for the two-

atom and two-oscillator cases.

1. Two atoms

The Hamiltonian is

Ha = ﬁ(,z)() Z O’e(g) + h Z wkalhak,\
kA

j=1.2
+hYy Y (ko awe™™ + glal, oV e TR,
ki j=1.2
(A

and the differential time-averaged power is

d*W(Q,7) )

——— =R (S,)-u

dtdQ (Sa) - ux

= 2yahwo<%> sin? 0[ (0" ()0 (1))

+(0P e ? (1)

+2Re((0f ()P (T))e ™). (A2)

In obtaining the Heisenberg equations of motion for the opera-
tors needed in this equation, we find that an additional operator,

afrl)(1:)a(_l)(r)aj_z)(r)a(_z)(r), is needed. It is convenient to
define

M) = (0" (V@) + (0P ()0 P (D)

= (o P(@) + (62 (1)), (A3a)
P(r) = (0" (0P (0)) + (0 (1) V(7)) (A3b)
D(1) = (6" ()P (@) — (62 (1) P ()

= (o)) = {02(D). (A3c)
Y(r) = i((0? ()0 (1) — (0 (T)eP (), (A3d)

T(v) = (0" ()o@ ()0 P (1)) = (0P (0)0 2 (v)).

(A3e)
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Using the Hamiltonian (A1), it is then possible to obtain the
Heisenberg equations of motion for the operators appearing
in Egs. (A3), as well as for the field annihilation and creation
operators. Eliminating the field states, we can arrive at the
closed equations:

dM

— = —2y,M - 2ry, P, (Ada)

dt

dP

T = 2y,P —=2ry.M + 8ry,T, (A4b)
T

dT

— = —4y,T, (A4c)

dt

dD

— = —2y.D +2sy,Y, (Add)

dt

dy

— = =2y,Y —2sy,D. (Ade)

dt

These equations can be solved easily for arbitrary initial
conditions to get the radiation pattern,

d*W(Q,1) ) 3 2
_— R Sa . = 2 ah b i 9
d7dQ (Sa) -ur =27 ”0(8n> -
X [M(t) 4+ P(t)cosa + Y(tr)sina]. (AS)
The general solution of Egs. (A4) for M, P, and Y is

r2

M) = —4e-4WTo1 —

M, P, 2r
e 2020 A6
+ |: > 2 07— 2], (Aba)
PO 2r
P(t) =—4e 7Ty | 22
(v) e 01—r2+e |: +2+ 0T 2
_ Mo P() 2r
—e T — - 2 A6b
e |: > 5 T3 (A6b)
Y(7) = e T [Y) cos(2y,sT) — Do sin(2y,s1)], (A6c)
with
Y+ = Ya(1 £71). (A7)
The time-integrated values of these variables are
o0 Mo—rP0—2r2To
dtM(r) = 3 ) (A8a)
0 2, 1—r
& 1 Py—rMy+2rT
/ dtP(t) = _LJ;” (A8b)
0 2J/a 1—r
o 1 —sDg+ Y,
f dey(r) = — 20t o (ASc)
0 2y, 1452

Note that if the initial condition corresponds to both atoms
being inverted, then My =2, To =1, Do =Yy = Py =0. In
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this limit, the time-integrated signal is

dw 3 )
— = Wy — | sin“ 9,

A
dQ2 kY4 (A9

and there is no contribution from the interference term.
For dressed states and dressed-state energies defined by

[0) = lgg), Ey =0, (A10a)
leg) £ |ge) a

|4) = 5 E% = Wwo £ y45), (A10b)

[2) = lee), E5 = 2hwy, (A10c)

the decay rates appearing in Fig. 5(b) have been calculated by
Lehmberg [3]. The spectrum consists of a pair of Lorentzians
centered at wy = wy — ¥, s and a pair of Lorentzians centered
at wy = wg + Y, s. Explicitly, the spectrum is given by

1 1
12— 4)= 2 Yo+ . (Alla)
2 7 [wx — o+ VaSI? + vay
1—r1 _
2> —)=—"1= v —., (Allb)
2 7 wx — o — YaSIP + ¥y
1+r1 Vi
I+ —0) = — , (Allc)
2 7 wg —wo — YaS)? + ¥7
1—r1 _
I(——0)=-—"= Y =, (Alld)
2 7w — wo+ Yas]* + y2
where
V2i = 2]/i (A12)
2. Two oscillators
In this case,
Hy =T Y b1 + 1" wpal, a
j=1.2 k, A
+ hz Z (gl/(bT(j)ak)Leik.Rj + gl/(*al't)\b(j)e_ik.R/)’
kA j=12
(A13)
and
d2W(Q,r) 3 .
— o = R%(S,) - ug = 2y(,hwo(§) sin® @
x [(bI V(D (1)) + (b (1)b@ (1))
+2Re((b" V()b (1))e ™). (Al4)
Defining
M(z) = (nV(0)) + (n®P(1)), (A15a)
P(t) = (b V(@)b@ (1)) + (P (2)bV (1)),  (Al5b)
D(t) = (nV(v)) — (P (1)), (Al5¢c)
Y(r) = i((b"™()pV(0)) — "V (0)pP(7))), (A15d)
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where
n(j)(.r) — bT(j)(‘E)b(j)(‘L’), (A16)
we can arrive at the closed equations:
am
— = =2y,M —2ry,P, (Al7a)
dt
dp
— = =2y,P = 2ry,M, (A17b)
dt
dD
— = =2y,D +2sy,Y, (Al7c)
dr
dy
ol —2y,Y —2sy,D. (A17d)
T

Note that the function 7' that was present in Eqs. (A3) for the
two-atom case is absent from these equations, a result related
to the linearity of the oscillator dynamics. These equations
can be solved easily for arbitrary initial conditions to get the
radiation pattern,

LW, 3
—’ = R al = 2 ,,ﬁa) e in? 9
dtdQ (Sa) - u =2y 0<8n)sm

x [M(t)+ P(t)cosa + Y(r)sina]. (Al8)
The general solution of Eqs. (A17) for M, P, and Y is
M(z) = e 2" [My cosh(2y,rt) — Pysinh(2y,r7)], (Al9a)

P(t) = e """ [Pycosh(Ry,rt) — My sinh(2y,r7)], (A19b)

Y(1) = e 27 [Yy cos(2y,sT) — Do sin(2y,s)]. (A19c)
The time-integrated values of these variables are
o 1 M() - l”P()
dtM(t) = . ————, (A20a)
0 2V0 l—r
*° 1 P() — }"M()
dtP(r) = —_ (A20b)
0 2')/0 1—r
o0 1 —sDy+ Y
/ dry(r) = — 20t o (A20c)
0 2V0 1452

Note that if the initial condition corresponds to both oscillators
in their first excited states, then My =2, Dy = Yy = Py = 0,
and the time-integrated radiation pattern is

dw 3\ ., (1—rcosa
— =Wyl — )sin" 0| ——— ).
ds2 8 1—r2

Now there is a contribution from the interference term.

The amplitude equations for the two oscillators, derived
using the same method as that used for the atom-oscillator
system, are

Cnm = _(\/’%“‘ V') YoCmm
- (}" + l'S))/o[v m(m/ + 1)Cm—l,m’+1
Y (m + l)m/cm-&-l,m’—l]’

(A21)

(A22)
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where the unprimed index is for oscillator 1 and the primed
one is for oscillator 2. Only states having a fixed value of
m + m’ = n are coupled in the RWA. In other words, for a given
value of n, there are n coupled equations. The corresponding
“in terms” for the density matrix equations are

pll;:l,m’;m”,m”/ = 2)/0 (m + 1)(1’)’!// + 1)pm+l,m’;m”+l,m”’
+ 2y0\/(m/ + D" + D) omm+15m7 m+1
+2ry,

4 D"+ Dottt 1

+ 27)’0 (m/ + 1)(1’)’1” + l)pm,m’+1;m”+1,m”’-

(A23)

The dressed states and dressed-state eigenfrequencies are
obtained by finding the normal modes of Eqs. (A22), keeping
only terms on the right-hand side of the equation proportional
to s. The calculation can be done analytically [13]. For a given
m + m’ = n there are n eigenfrequencies equally spaced with
spacing 2y,s, symmetrically located about the unperturbed
energy. The corresponding eigenkets |n,g)° are given by

n
n,g)° =Y AGrin —ny,q)lnn —ny), (A24)
n;=0
where —n < g < n, |ny,ny) = |n;)ny) are the eigenkets
associated with the uncoupled oscillators, and

A(ny,n —ny,q)

_ 1
= (n1 —

x F(% —(n—n) 14+ %;—1)
(A25)

where F(a,b;c;z) is a hypergeometric function.
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For n = 2, the appropriate dressed states and dressed-state
energies are

10)? =10,0), Eg=0, (A26a)
o _ o 11,0)£10,1) 0
L)’ =1, £1)° = — 7 E} = hwo £ ¥,9),
(A26b)
) . 12,00 +10,2) £2]1,1)
124) =2, £2)° = ,
V2
E5. = h2wo £ 2y,s), (A26¢)
2,0) — 0,2
120)° = [2,1)° = 12,0 - 10.2) Ej =2hwy.  (A26d)

NG )
The decay rates shown in Fig. 5(c) can be obtained from
Egs. (A23) and (A26). The spectrum consists of a pair
of Lorentzians centered at w; = wy — ¥,s and a pair of
Lorentzians centered at w; = wo + y,s. Explicitly, the spec-
trum is given by

I1+r1 V2.1,

12y > 1) = ——= . (A27)
" " 2 7o —aw— Vos]2+3’22+1+
l1—rl Va_1_
122~ 1) = ——— . (A28)
2 wlox— o+ vosP+vs
1+7r1
I, > 0)=-—"1 V1.0 . (A29)
2 7o —wo— voSIP+ ¥
1—r1
(1. —0)=—"— N . (A30)
2 7wk — o+ vesP+ vl
where
Yo, = 3v.(1£7r), (A31)
Y10 = Vo(l +r). (A32)
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