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The dynamics of a pair of atoms can significantly differ from the single-atom dynamics if the distance of the
two atoms is small on a scale given by the relevant transition wavelengths. Here, we discuss two nearby
three-level atoms in � configuration, and focus on the dependence of the optical properties on the geometry of
the setup. We find that in general transitions in the two atoms can be dipole-dipole coupled by interactions via
the vacuum field even if their transition dipole moments are orthogonal. We give an interpretation of this effect
and show that it may crucially influence the system dynamics. In particular, for a fixed setup of driving fields
and detectors, the spatial orientation of the two-atom pair decides if the system reaches a true constant steady
state or if it exhibits periodic oscillations in the long-time limit. As an example observable, we study the
resonance fluorescence intensity, which is either constant or is modulated periodically in the long-time limit.
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I. INTRODUCTION

In collections of nearby atoms, the various particles can
interact via the common vacuum radiation field in a process
where a �virtual� photon emitted by one of the atoms is re-
absorbed by another atom. This process gives rise to a col-
lective quantum dynamics, which can significantly deviate
from a corresponding single-particle dynamics. Apart from
larger ensembles of nearby quantum objects which require a
statistical treatment �1–13�, also few-particle quantum sys-
tems have attained considerable interest �14–24�. These sys-
tems reveal interesting cooperative effects, but are still small
enough such that the constituents can be treated individually.
Subradiance and superradiance was studied, e.g., in Ref.
�1–3,14�, while two-atom resonance fluorescence was dis-
cussed in Ref. �15�. Other studies include frequency shifts
�16�, collective quantum jumps �17�, two-photon resonances
�18�, or entanglement �19,20�. Some of these effects have
been verified experimentally �21�. Further references on col-
lective two-atom systems can be found, e.g., in Refs. �5,22�.
Most of these works have focused on two-level systems, of-
ten restricted to somewhat special geometries. For example,
the alignment of the transition dipole moments, the inter-
atomic distance vectors, the laser field wave vectors, and the
observation direction are often assumed fixed and parallel or
perpendicular to each other.

For collective effects to occur, the distance between two
particles should not significantly exceed the involved transi-
tion wavelength, which can be understood from the time-
energy uncertainty relation applied to the exchanged photon.
Another restriction arises from the fact that the polarization
of the emitted photon must match the absorbing transition
�3,4�. Thus usually this dipole-dipole interaction is thought to
couple only nonorthogonal transition dipole moments. This
restriction is in complete analogy to the stringent conditions
for the appearance of spontaneous-emission interference in
single-particle systems, which was studied intensively due to
the large range of possible applications �4,25–28�.

Recently, a collection of two nearby three-level systems in
the V configuration was studied in a more general geometric
setup �24�, with the emphasis on vacuum-mediated cou-

plings. Interestingly, the authors found a new type of
vacuum-induced coherences, which arises from dipole-
dipole coupling of transitions with orthogonal dipole mo-
ments. In Ref. �24�, however, little physical interpretation of
the effect is given, and no external driving field but the
vacuum was considered.

Thus in this article, we study two nearby laser-driven
three-level systems in the � configuration as shown in Fig. 1.
We demonstrate that the vacuum-induced dipole-dipole cou-
pling of orthogonal transition dipole moments can crucially
influence the dynamics of the laser-driven system. For oth-
erwise fixed parameters and experimental setup, the relative
position of the two atoms alone can decide whether the sys-
tem has a stationary steady state or not. The nonstationary
steady states occur even though each of the involved atomic
transitions is driven by a single laser field only. As an ex-
ample observable, we discuss the total fluorescence intensity
emitted by the composite system, which is either stationary
or “blinks” at a characteristic frequency in the long-time
limit. In the final part, we give a physical interpretation for
the new coherences, and show that the coupling of orthogo-
nal dipole moments can be explained in terms of the dipole
radiation pattern.

FIG. 1. �Color online� The system setup. Atom A is located in
the coordinate origin, atom B at r12, as shown in the left part of the
figure. In our coordinate system, the interatomic distance vector is
parametrized by the length r12 and the angles � ,�. Internally, both
atoms �A, B� are three-level systems in � configuration as shown in
the right subfigure. �1 ��2� is the Rabi frequency of the driving
laser field coupling to transition 1↔3 �2↔3� with detuning �1

��2�. The two lower states have frequency difference �. The spon-
taneous decay rates are �1, �2.
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Our results are of relevance for experimental realizations
of collective few-level systems. If the system geometry is not
fixed to one of few special cases, then additional interactions
between the considered transitions lead to a nontrivial modi-
fication of the dynamics. Furthermore, unwanted couplings
to additional transitions can occur via the vacuum, even if no
laser field is applied to the unwanted transitions. Then, for
example, a few-level approximation of the system may break
down. Finally, the geometry-dependent effects provide an
extended set of observables in the study of samples of nearby
atoms. Potential applications include precision three-
dimensional �3D� measurements of relative positions and
distances of the involved particles, or the modification of the
collective dynamics via a controlled change in the system
geometry.

The article is organized as follows. In Sec. II, we intro-
duce the system of interest and analytically derive the master
equation governing the system and the expressions for the
emitted fluorescence intensity. In the following Sec. III, we
numerically solve the master equation and present our re-
sults. In Sec. IV, we provide a physical interpretation of the
new coherences and explain why orthogonal transition di-
poles can be coupled. Finally, Sec. V discusses and summa-
rizes the results.

II. ANALYTICAL CONSIDERATIONS

We consider two three-level systems in � configuration as
shown in Fig. 1. The two lower states have an energy sepa-
ration �. The two transition dipole moments of each indi-
vidual atom are assumed perpendicular as, e.g., for the
case of Zeeman sublevels. The dipole moments of the two
atoms are aligned, e.g., by a magnetic field. We place the
origin of the coordinate system at the location of the
first atom r1= �0,0 ,0�T; the second atom is located at
r2=r12=r12�sin � cos � , sin � sin � , cos ��T. Thus the inter-
atomic distance vector is r12. The driving fields propagate in
z direction. For simplicity, we assume real dipole moments.
The dipole moment d1 of the 1↔3 transition is taken to be
identical for both atoms, and aligned in the x direction. The
second dipole moment d2 corresponding to the 2↔3 transi-
tion is along the y direction for both atoms. The system
Hamiltonian is given by

H = Ha + Hf + Hvac + HL, �1�

where

Ha = �
�=1

2

�
j=1

3

	
 jSjj
���, �2�

Hf = �
k�

	
k�ak�
† ak�, �3�

Hvac = − �
�=1

2

��d1S31
��� + d2S32

����E�r�� + H.c.� , �4�

HL = − 	�
�=1

2

��1�r��e−i�1tS31
��� + �2�r��e−i�2tS32

��� + H.c.� .

�5�

Here, Sij
�k�= �i�kk�j� �i� 	1,2 ,3
 , j� 	1,2
� is the population of

state i of atom k for i= j, and a transition operator for atom k
for i� j. 	
i is the energy of state �i� of each of the atoms,

k� is the frequency of the vacuum field mode with creation
�annihilation� operator ak�

† �ak��. E�r� is the vacuum field.
The driving laser fields have frequencies � j, polarization unit
vectors ̂ j and amplitudes E j. The corresponding Rabi fre-
quencies are � j�r�=� j exp�ik j ·r�, where � j = �d j · ̂ j�E j /	.
The free energy of the atomic states is described by Ha, Hf is
the free energy of the vacuum field, Hvac is the interaction
Hamiltonian with the vacuum field modes, and HL describes
the interaction with the laser fields in rotating-wave approxi-
mation �RWA�.

In a suitable interaction picture, using the RWA and the
Born-Markov approximation, the system can be described by
a master equation for the atomic density operator � given by

��

�t
= − i�

�=1

2

�
j=1

2

�� jSjj
���,�� + i�

�=1

2

�
j=1

2

��S3j
���� j�r�� + H.c.�,��

− �
�=1

2

�
j=1

2

�� j�S33
���� − 2Sj3

����S3j
��� + �S33

���� + � j
dd�S3j

���Sj3
�¬���

− 2Sj3
�¬���S3j

��� + �S3j
���Sj3

�¬���� + �
j=1

2

�i� j
dd�S3j

�1�Sj3
�2�,��

+ H.c.� − �
�=1

2

��vc
dd�S32

���S13
�¬��� − 2S13

�¬���S32
���

+ �S32
���S13

�¬���ei�t + H.c.� + �
�=1

2

�i�vc
dd�S32

���S13
�¬��,��ei�t

+ H.c.� . �6�

Here, ¬� is 1 for �=2 and 2 for �=1, i.e., it denotes the
atom other than �. Further, �=�+�2−�1=�2−�1, where
�=
12, �i=�i−
3i, and 
ij =
i−
 j. Thus the residual time
dependence can be traced back to the frequency difference of
the two driving laser fields, even though each atomic transi-
tion is driven by a single laser field only. The first term on
the right hand side of Eq. �6� contains the detunings �i of the
driving laser fields and is due to the chosen interaction pic-
ture. The second contribution with � j�r�� contains the inter-
action with the driving laser fields. The term with � j de-
scribes the usual individual spontaneous decay on each of the
transitions, where the spontaneous emission rate on transi-
tion 3↔ j is given by 2� j. The term proportional to � j

dd con-
tains the dipole-dipole cross decay between a dipole of one
of the atoms and the corresponding parallel dipole of the
other atom. The contribution with � j

dd is the corresponding
dipole-dipole energy shift. Finally, �vc

dd and �vc
dd are the cross

coupling and the energy shift related to dipole-dipole inter-
action between a dipole of one of the atoms and the perpen-
dicular dipole of the other atom. These are due to the pecu-

EVERS et al. PHYSICAL REVIEW A 73, 023804 �2006�

023804-2



liar vacuum-coupling of transitions with perpendicular
dipole moments, which do not occur in single-atom systems.
The physical interpretation of these terms will be given in
Sec. V. The explicit expressions for the spontaneous decay
constants are

�i =
1

4�0

2�di�2
3i
3

3	c3 , �7�

the dipole-dipole coupling constants are given by �24�

�i
dd =

1

	
�di · Im��J� · di

*� , �8�

�i
dd =

1

	
�di · Re��J� · di

*� , �9�

�vc
dd =

1

	
�d2 · Im��J� · d1

*� , �10�

�vc
dd =

1

	
�d2 · Re��J� · d1

*� . �11�

Here, Re and Im denote the real and imaginary part, and the
components of the tensor �J are

����r1,r2� =
1

4�0
����� k0

2

r12
+

ik0

r12
2 −

1

r12
3  −

�r12���r12��

r12
2

�� k0
2

r12
+

3ik0

r12
2 −

3

r12
3 �eik0r12, �12�

where ��� is the Kronecker delta symbol. Note that we have
approximated 
31�
32�
0 in evaluating the dipole-dipole
coupling constants.

In the following, we will investigate the fluorescence in-
tensity emitted by the pair of atoms and measured by a de-

tector at point R=RR̂. It is proportional to the normally or-
dered correlation function

I = �:E�−��R,t�E�+��R,t�:� , �13�

where E�x , t�=E�−��x , t�+E�+��x , t� and E����x , t� are the
positive and negative frequency parts of the vacuum field
with �E�+��x , t��†=E�−��x , t�. We write the field in the
Schrödinger picture as

E�+��x,t� = i�
k�

uk��x�ak� �14�

with

uk��x� =� 	
k

20V
̂k�eik·x. �15�

The Heisenberg equation of motion for the annihilation op-
erator ak� is given by

d

dt
ak� =

1

i	
�ak�,H� = − i
kak� +

1

	
�
�=1

2

�d1S31
���

+ d2S32
����uk��r��* +

1

	
�
�=1

2

�d1
*S13

��� + d2
*S23

����uk��r��*.

�16�

By formally integrating the expression for ak�, the electric
field operator in the far field limit R�r12 can be derived. It
can be split up in a source part and a free part, where the
latter can be neglected if the detector is placed outside of the
laser field. The source part ES

�+��x , t� of the electric field op-
erator evaluates to

ES
�+��x,t� = − �

�=1

2

�
j=1

2

3j

2

4�0c2

R̂ � �R̂ � d j�
R

· Sj3
����t�e−ikjR̂·r�.

�17�

Here, we have ignored retardation effects �29�. Then the in-
tensity can be written as

I = �
j=1

2 �wj
2 �

�,�=1

2

�S3j
���Sj3

����eikjR̂·r��
− w̄1w̄2 �

�,�=1

2

�S31
���S23

����eiR̂·�k1r�−k2r��

− w̄1w̄2 �
�,�=1

2

�S32
���S13

����eiR̂·�k2r�−k1r��, �18�

with prefactors wj =� j sin � j and w̄j =� j cos � j, where
� j = �
3j

2 dj� / �4�0c2R�. The angle between the observation

direction R̂ and the dipole moment d j is � j. Note that
the expectation values in Eq. �18� should be evaluated
with respect to the Schrödinger picture density matrix of the
system. The first line of Eq. �18� contains the individual
emission of each of the two transitions 1↔3 and 2↔3
from both of the atoms. The other two lines are cross terms
which contain contributions of both transitions. In the
following, we assume our detector to be placed on the y axis,

i.e., R̂= �0,1 ,0�T. Then sin �2=0=cos �1, and the intensity
reduces to

Iy = w1
2 �

�,�=1

2

�S31
���S13

����eik1R̂·r��. �19�

III. NUMERICAL RESULTS

In this section, we numerically integrate the density ma-
trix Eq. �6� for the configuration outlined in the previous
section. Thus the first atom is at the coordinate origin, the
second atom is at position r12, the laser fields propagate in z
direction, and the detector is placed in the y direction. We fix
all parameters except for the angles � and � which determine
the 3D orientation of the two-atom system. As initial condi-
tions, we choose both atoms to be in the excited state �3�.
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Our main observable is the total fluorescence intensity
Iy given in Eq. �19�.

Figure 2 shows the intensity Iy for �1=3�, �2=5�,
�=0, �1=0, �2=2�, r12=0.1�, �=� /4, and for two differ-
ent values of �: �=0,� /2. It can be seen that after an initial
phase of rapid changes in the intensity, the sample comes to
a time-independent steady state for �=0, whereas it under-
goes periodic changes for �=� /2. These changes persist un-
damped in the dynamics, as can be seen in Fig. 2�b�, which
shows the intensity for same parameters as in Fig. 2�a�, but
for times t�1000�−1.

The interpretation of this effect is straightforward: For
�=0, the dipole-dipole cross-couplings �vc

dd and �vc
dd are zero.

Thus the coefficients on the right hand side of the master
equation �6� are time independent, and the system ap-
proaches a time-independent steady state. For �=� /2, the
dipole-dipole cross couplings �vc

dd and �vc
dd are nonzero, and

induce an explicit time-dependence in the master equation
coefficients, which accounts for the nonstationary long time
behavior. This effect is somewhat similar to a two-level sys-
tem driven by a bichromatic field. Also in this case, the long-
time limit is nonstationary. In our system under conditions
where the dipole-dipole cross couplings are nonzero,
each transition is driven both by a laser field and by the
cross coupling contribution. In general, these two contribu-
tions have different detunings, and thus induce the nonsta-
tionary behavior. This interpretation can easily be verified.

The interaction picture in Eq. �6� is chosen such that the
only time dependence that may occur is exp�±i�t�, where
�=�+�2−�1 is a combination of the laser field detunings
and the frequency difference of the two lower states. If the
nonstationary behavior is due to this time dependence, then
the system should approach a constant steady state for any
geometry if �=0. This is indeed the case, as can be seen in
Fig. 3. Here, the same parameters as in Fig. 2 are shown
except for �=−2�, such that �=0. Both for �=0 and �
=� /2, the system approaches a true steady state. Note that
one may also rewrite the frequency of the time dependence
as �=�2−�1, i.e., the difference of the two driving field fre-
quencies. This further substantiates the interpretation along
the lines of a bichromatic driving of each of the atomic tran-
sitions.

Next we study the dependence of the long-time limit on
the angle �. For this, we take parameters as in Fig. 2 with
�=� /2 and �=0,0.1� ,0.25� ,0.4� ,0.5�. The result is
shown in Fig. 4. It can be seen that the angle � modifies the
depth of the intensity modulations. For �=0 and �=0.5�,
there are no modulations, as then the dipole-dipole cross
coupling vanishes. The maximum modulation occurs for
�=0.25�, intermediate modulations are obtained for
�=0.1� and �=0.4�.

FIG. 2. �Color online� The time-dependent fluorescence inten-
sity Iy. The parameters chosen are �1=3�, �2=5�, �=0, �1=0,
�2=2�, r12=0.1�, and �=� /4. The solid line corresponds to
�=� /2, the dashed line is for �=0. �a� Short-time evolution, �b�
long-time limit. The oscillatory behavior of the intensity for
�=� /2 remains undamped in the long-time limit.

FIG. 3. �Color online� Same as in Fig. 2, but with �=−2� and
thus �=0. In this case, both for �=0 and �=� /2, the long-time
limit intensity is time independent.

FIG. 4. �Color online� Dependence of the modulation of the
fluorescence in the long-time limit on the angle �. �a� �=0.25�, �b�
�=0.1�, �c� �=0.4�, �d� �=0, �e� �=0.5�. The other parameters
are as in Fig. 2 with �=� /2.
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The dependence on � can be understood by looking at the
�-dependence of the vacuum-induced coupling constants �vc

dd

and �vc
dd, see Fig. 5. The total fluorescence intensity has a

time independent long-time behavior for phase values where
the coupling constants vanish. For maximum coupling con-
stants, the intensity modulation is maximum. The modulation
amplitude cannot, however, be understood in terms of the
coupling constants only. For �=0.1� and �=0.4�, the cou-
pling constants have identical values, while the fluorescence
intensity has different modulation amplitudes. The reason for
this is that the angle � also enters the fluorescence intensity
via the exponential of the cross terms in Eq. �19�, where the
two � values yield different results.

The dependence on � is shown in Fig. 6, with the depen-
dence of the corresponding vacuum-induced couplings in
Fig. 7. As for the angle �, the modulation vanishes for van-
ishing couplings �vc

dd and �vc
dd. The interpretation in terms of

the magnitude of the coupling constants, however, is difficult
as a change of � also has impact on other variables. This
arises mainly from the fact that � determines the relative
position of the two atoms with respect to the laser propaga-

tion direction, such that the Rabi frequencies � j depend on
�.

The study of the influence of the various detunings is
somewhat complicated by the fact that for equal detunings of
the driving fields, the system moves into a dark state due to
coherent population trapping, such that the intensity is zero.
Thus in Fig. 8, we show the dependence of the intensity
long-time limit modulation on the lower-level splitting � for
�2=−�1=�. Thus one has �=�+2�, and it is not surprising
that the frequency of the modulation decreases with decreas-
ing � until there is no modulation for �=−2�.

IV. PHYSICAL INTERPRETATION OF THE NEW
COHERENCES

In this section we investigate the physical origin of the
cross-coupling terms �vc

dd and �vc
dd that arise from the interac-

tion between a dipole of one of the atoms and the perpen-
dicular dipole of the other atom. In general, vacuum-
mediated interactions arise from an emission of a virtual
photon on one transition and the absorption of the photon on

FIG. 5. �Color online� Dependence of the vacuum-induced cou-
pling constants �vc

dd and �vc
dd on the angle �. The parameters are as

in Fig. 4. The solid curve shows �vc
dd, the dashed curve is for

250��vc
dd. The vertical lines indicate the phase values shown in

Fig. 4.

FIG. 6. �Color online� Dependence of the modulation of the
fluorescence in the long-time limit on the angle �. �a� �=0.25�, �b�
�=0.1�, �c� �=0.4�, �d� �=0, �e� �=0.5�. The other parameters
are as in Fig. 2 with �=� /4.

FIG. 7. �Color online� Dependence of the vacuum-induced cou-
pling constants �vc

dd and �vc
dd on the angle �. The parameters are as in

Fig. 6. The solid curve shows �vc
dd, the dashed curve is for 250

��vc
dd. The vertical lines indicate the phase values shown in Fig. 6.

FIG. 8. �Color online� Dependence of the modulation of the
fluorescence in the long-time limit on the lower-state splitting �.
Parameters are as in Fig. 2 with �=� /2, but with �1=−� and
�2=�. �a� �=−2�, �b� �=−�, �c� �=0, �d� �=�, �e� �=2�.
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the same or another transition. In a single atom, such inter-
actions where the absorbing and the emitting transition are
the same lead to the complex Lamb shift. Any dipole-dipole
interaction between different dipole moments, however, for a
single atom in plain vacuum strictly requires the dipoles to
be nonorthogonal. This is clearly the case since the dipole
moments must couple to a common set of modes.

In contrast, in the present case of two atoms separated by
a distance r12, the cross coupling terms �vc

dd and �vc
dd can be

different from zero although the two involved dipole mo-
ments are orthogonal. As in a single atom, a coupling be-
tween dipole moments of different atoms is only possible if
the involved transitions couple to a common set of modes,
i.e., photons emitted by one transition can be absorbed on a
transition of the other atom. Here we illustrate why this con-
dition can be fulfilled even between orthogonal dipole mo-
ments belonging to different atoms. For this, we return to the
equation of motion �16� for the field modes ak� and keep
only the source contribution from the transition 1↔3 of
atom 1. The corresponding electric field operator then reads

Ed1

�1��x,t� =
i

	
�
k�

uk��x��
0

t

e−i
k��d1 · uk��r1�*� �20�

�S13
�1��t − �� + S31

�1��t − ���d� + H.c.,

where we again assumed that the dipole moment d1 is real.
The aim is to evaluate Eq. �20� at the position r2 of atom 2.
In contrast to the derivation of Eq. �17�, the calculation has
to be performed without taking the far field limit since the
atoms are close to each other. We follow the steps outlined in
Chap. 8 of Ref. �3� and obtain

Ed1

�1��r2,t� = S13
�1��t��J�r1,r2� · d1 + H.c. �21�

=S13
�1��t�� f1�k0,r12�d1 − f2�k0,r12�

�d1 · r12�r12

r12
2 � + H.c.

�22�

The definitions of the functions f1 , f2 follow directly from
Eqs. �12� and �21� and will not be given here. Ed1

�1��r2 , t� can
be regarded as the field radiated by the dipole d1 of atom 1 at
the position of atom 2. Note that a similar expression is
obtained in the case of a classical radiating dipole at r1 �30�.
Obviously, the polarization of Ed1

�1��r2 , t� depends on the rela-
tive orientation of the atoms. In particular, from Eq. �22� it
follows that Ed1

�1��r2 , t� contains not only a contribution along
d1, but also a term proportional to r12. Therefore, a photon
emitted by atom 1 on the 1↔3 transition can be absorbed by
atom 2 on the 2↔3 transition, provided that the projection
of r12 onto d2 is different from zero, i.e., r12·d2�0. The
dipole moment d1 of atom 1 can thus be coupled to the
orthogonal dipole moment d2 of atom 2 since the field radi-
ated by the former dipole moment may exhibit a component
along the latter dipole moment.

In order to verify the consistency of this explanation, we
consider the projection of Ed1

�1��r2 , t� onto d2. This expression
should exhibit the same dependence on the relative position

r12 of the two atoms as the cross-coupling terms �vc
dd and �vc

dd.
In fact, with the help of Eqs. �10�, �11�, and �21� we arrive at

d2 · Ed1

�1��r2,t� = 	�vc
dd�S13

�1��t� + S31
�1��t�� + i	�vc

dd�S13
�1��t�

− S31
�1��t�� . �23�

Thus, the real and imaginary parts of d2 ·Ed1

�1��r2 , t� show in-
deed the same dependence on r12, �, and � as the coupling
coefficients �vc

dd and �vc
dd, respectively.

From another point of view, the preceding discussion
shows that for certain relative positions of the atoms each
dipole of atom 2 interacts with both dipoles of atom 1 and
vice versa. We finally perform a thought experiment and re-
place atom 2 by a photodetector with a polarization filter in
front of it. The question is now if this detector is able to
discriminate between photons that stem from dipole mo-
ments d1 and d2 of atom 1. Surprisingly, the answer is no
since the fields radiated by d1 and d2 are never orthogonal to
each other at any position where �vc

dd and �vc
dd are different

from zero. In this sense, the orthogonal dipole moments of
different atoms are forced to interact, since the absorbing
atom cannot distinguish between photons originating from
the two transitions of the emitting atom.

V. DISCUSSION AND SUMMARY

In the previous Sec. IV, we have shown that the peculiar
vacuum-induced coupling of orthogonal transition dipole
moments can be understood in terms of the dipole radiation
pattern. For certain geometries, the field emitted by one tran-
sition of the first atom has components parallel to each of the
transition dipole moments of the second atom, even if the
emitting and absorbing dipoles are orthogonal. Thus the sec-
ond atom cannot decide on which transition the photon was
emitted by the first atom.

Speaking generally, this result is of relevance for experi-
mental realizations of collective few-level systems. For ex-
ample, in real atoms, usually additional transitions are
present, e.g., from the ground state to other Zeeman sublev-
els of the excited state. Then it may not be possible to real-
ize, e.g., a pure two-level system by choosing the polariza-
tion of the driving fields appropriately, as the vacuum-
induced coupling of orthogonal dipole moments can populate
unwanted extra energy levels.

The collective effects in samples of atoms arise from
vacuum-induced dipole-dipole couplings between transitions
in different atoms. These couplings are analogous to virtual
interactions of a single transition and the vacuum, which
gives rise to the complex Lamb shift, and to virtual interac-
tions between different transitions in a single atom, respon-
sible for spontaneously generated coherences. The coupling
of orthogonal dipole moments by virtual photons discussed
here, however, is not possible in single atoms interacting
with the plain isotropic vacuum. Therefore the vacuum-
coupling of orthogonal dipole moments observed here is a
collective effect.

In summary, we have discussed the dynamics of a pair of
nearby three-level systems in � configuration. We have
shown that in contrast to the single-atom case, transitions in

EVERS et al. PHYSICAL REVIEW A 73, 023804 �2006�

023804-6



the two atoms can be dipole-dipole coupled via the vacuum
field even if the transition dipole moments are orthogonal.
This additional coupling can strongly affect the system dy-
namics. For otherwise fixed parameters, the relative position
of the two atoms alone can decide whether the system has a
stationary steady state or not. As a consequence, the total

fluorescence intensity emitted by the composite system is
either stationary or “blinks” at a characteristic frequency in
the long-time limit, depending on the alignment of the two
atoms. The coupling of orthogonal dipole moments occurs if
the absorbing atom is unable to distinguish between photons
emitted by the two transitions of the other atom.
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