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Exactly solvable 3D model of resonance energy transfer
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13699-5815, USA

Received 20 November 1995, in final form 23 July 1996

Abstract. The dynamics of two atoms coupled to the vacuum radiation field is investigated
within the framework of the resonance dipole approximation. The exact solution of the resonance
energy transfer problem is obtained.

1. Introduction

In a previous article [1], we presented a solution of a 1D quantum model describing a
system of two identical atoms coupled to a vacuum radiation field based on a generalization
of the standard Wigner–Weisskopf renormalization procedure. In particular, we had found
explicit expressions for the spectral density of radiation and the time behaviour of the atoms
plus quantized field system, provided that, in the initial state of the system, only one of
the atoms were excited, while the other and the field were in their ground state (the Fermi
problem).

In this article we study the dynamics of the atoms plus quantized field system in three-
dimensional (3D) space, when all the field harmonics are available for spontaneous decay of
an atomic excitation. This canonical problem of the quantum theory of radiation has been
investigated in numerous works employing various different approximations and approaches
[2–16].

In the same manner as in [1], we use a novel approach based on an exact diagonalization
of the model Hamiltonian, in conjunction with a generalization of the standard Wigner–
Weisskopf renormalization procedure, which allows us to obtain the solution of the
dynamical problem in a trivial way. One of the characteristic features of our approach
will be the use of the spherical harmonic representation in the description of the field. In
this representation, the field operators depend on one continuous variable (a frequency)
and two discrete variables (an angular momentum and a projection thereof on an axis
of quantization). Therefore, within the framework of the resonance approximation, the
model can be reduced to a one-dimensional (1D) model in which a continuous variable
(corresponding to the radius of the ‘wave front’) plays a role as the 1D coordinate.

Our results confirm the approach of Milonni and Knight [9], however we are able to
show that the time evolution of the atomic wavefunctions is such that causality is indeed
preserved. The approach developed here can be seen to have application in the study of
dispersive media or photonic bandgap materials [17], which have been doped with two-level
atoms. In particular, the use of the spherical harmonic representation leads to a simple set
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of equations describing a photon-impurity band for an ordered system of two-level atoms,
which have been placed within dispersive media or photonic bandgaps [18]. We also
anticipate that this approach could be also be applied to studies of many-particle eigenstates
of the two-impurity Kondo and Anderson models, as well as those of a two-atom optical
system.

As a physical example of what our result implies, consider any solid matrix with an
impurity uniformly distributed in it. Then causality would demand that if one excited only
one impurity atom, then no other impurity atom would become excited faster than the time
required for a light signal to travel from the excited atom to that atom. This is exactly what
our result demonstrates.

2. Atom–field coupling

It is convenient to choose the system of coordinates where the atoms are located on the
z axis, with the origin positioned midway between the atoms. Then, in Cartesian coordinates,
the atoms have the coordinatesr1 = a = (0, 0, a) andr2 = −a = (0, 0,−a) where 2a is
the atomic separation.

In what follows, an atom is regarded as a quantum system which has a ground state
of angular momentumJ1 = 0 and an excited state of angular momentumJ2 = 1. The
latter state is triply degenerate with three possible values for thez-component of angular
momentum,M2 = −1, 0, 1. Then, for the transitionM2 = 0 ↔ M1 = 0, the only non-
zero matrix element of the atomic dipole operator is thez-component, while for two other
transitions,M2 = ±1 ↔ M1 = 0, the non-zero matrix elements lie in thexy plane.

As usual, the atomic dipole operator is expressed in terms of the spin operators
σ ia = (σ xa , σ

y
a , σ

z
a ); σ

±
a = σxa ± iσya which satisfy the commutator

[σ ia, σ
j

b ] = iδab eijkσ ka (2.1)

(where eijk is the unit antisymmetric tensor and the indexa = 1, 2 numbers the atoms) as
follows:

da = d ez(σ
+
a + σ−

a ) (2.2)

for the transition 0↔ 0, and

da = d

(
1 + i

2
e−σ+

a + 1 − i

2
e+σ−

a

)
(2.3)

for the transition 1↔ 0, wheree± = ex ± iey andd is the reduced matrix element of the
dipole operator [19].

It should be emphasized that if the ground state of the transition under consideration is
also degenerate (J1 6= 0) then the dipole operator cannot be expressed in terms of the Pauli
spin matrices and instead the full Lie algebragl(4) would have to be considered [20].

The electric–dipole interaction between the two-level atoms and quantized electromag-
netic field is given by the operator

V = −[d1E(a)+ d2E(−a)] (2.4)

whereE(a) andE(−a) are the operators of the electric field at the pointsr = ±a. In what
follows, it is convenient to use the spherical harmonic representation [21] for the electric
field operators. In this representation the operators of the electric field are expanded in
terms of the spherical harmonic vectors

E(r) =
∑
α=e,m

∞∑
j=1

j∑
m=−j

∫ ∞

0

dω

2π
{E(α)

ωjm(r)c
(α)
ωjm + E(α)∗

ωjm(r)c
(α)+
ωjm } (2.5)
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where the operatorsc(α)+ωjm (c
(α)
ωjm), obeying the commutation rules

[c(α)ωjm, c
(α′)+
ω′j ′m′ ] = 2πδ(ω − ω′)δαα′δjj ′δmm′ (2.6)

create (annihilate) a photon of an electric (α = e) or a magnetic(α = m) type with a
frequencyω, an angular momentumj and projection thereofm. The Fourier component

E(α)
ωjm(k) =

∫
d3r E(α)

ωjm(r)e
−ik·r (2.7)

of the functionE(α)
ωjm(r) is given by (n is a unit vector in the direction ofk)

E(α)
ωjm(k) = 4π2i

(
2π

ω

)1/2

δ(|k| − ω)Y (α)
jm (n) . (2.8)

The spherical harmonic vectorsY (α)
jm (n) are also defined in [21].

Since only the photon states with a frequencyω lying near the transition frequencyω12

(and within the width0 � ω12) interact effectively with an atom, we can ignore the photon
states further out (the resonance approximation). In our formalism this means, first of all,
that the termsσ+c+ωjm and σ−cωjm in the operatorV can be omitted. Then, the model
Hamiltonian takes the initial form

H = H0 + V (2.9)

H0 = ω12(σ
z
1 + σ z2 + 1)+

∑
αjm

∫ ∞

0

dω

2π
ω c

(α)+
ωjm c

(α)
ωjm (2.10)

V =
∑
αjm

∫ ∞

0

dω

2π

√
γ (ω)

∫
don

[
π
(α)
jm (n) c

(α)
ωjm (σ

+
1 eiωa·n + σ+

2 e−iωa·n)

+ π
(α)∗
jm (n) c(α)+ωjm (σ

−
1 e−iωa·n + σ−

2 eiωa·n)
]

(2.11)

whereγ (ω) = 4ω3d2/3. The functionsπ(α)jm (n) are different for different transitions. For
the transition 1↔ 0

π
(α)
jm (n) = −i

1 + i

2

(
3

8π

)1/2

e− · Y (α)
jm (n) (2.12)

and it contains both electric and magnetic components, while for the transition 0↔ 0

π
(e)
jm (n) = −i

(
3

8π

)1/2

ez · Y (e)
jm (n) (2.13)

but π(m)jm (n) = 0, because the electric field of a magnetic photon is perpendicular to the
dipole moment of the transition.

3. Renormalization procedure

The ‘particle’ number operator of the model

N =
∑
a=1,2

(
σ za + 1

2

)
+

∑
αjm

∫ ∞

0

dω

2π
c
(α)+
ωjm c

(α)
ωjm (3.1)

commutes with the Hamiltonian (2.9)–(2.11), therefore, all the model eigenstates can be
classified with respect to the number of ‘particles’, or eigenvalues of the operatorN .
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The vacuum state of the model|0〉
c
(α)
ωjm|0〉 = σ−

a |0〉 = 0 (3.2)

contains no particle,N |0〉 = H |0〉 = 0. The subject of our interest in this article is
one-particle eigenstates,

N |91〉 = 1 · |91〉 H |91〉 = λ · |91〉 (3.3)

whereλ is eigenenergy, which we look for in the form

|9〉 =
[
ξ1σ

+
1 + ξ2σ

+
2 +

∑
αjm

∫ ∞

0

dω

2π
f
(α)
ωjmc

(α)+
ωjm

]
|0〉 . (3.4)

Then, the Schr̈odinger equation(H − λ)|9〉 = 0 takes the form

(ω − λ)f
(α)
ωjm(λ)+

√
γ (ω)

∫
don π

(α)∗
jm (n)[ξ1(λ)e

−iωa·n + ξ2(λ)e
iωa·n] = 0 (3.5)

(ω12 − λ)ξ1(λ)+
∑
αjm

∫ ∞

0

dω

2π

√
γ (ω)

∫
don π

(α)
jm (n)e

iωa·nf (α)ωjm(λ) = 0 (3.6)

(ω12 − λ)ξ2(λ)+
∑
αjm

∫ ∞

0

dω

2π

√
γ (ω)

∫
don π

(α)
jm (n)e

−iωa·nf (α)ωjm(λ) = 0. (3.7)

The general solution of (3.5) is given by

f
(α)
ωjm(λ) = 2πδ(ω − λ)ψ

(α)
ωjm +

√
γ (ω)

λ− ω + i0
ξ1(λ)

∫
don π

(α)∗
jm (n)e−iωa·n

+
√
γ (ω)

λ− ω + i0
ξ2(λ)

∫
don π

(α)∗
jm (n)eiωa·n (3.8)

whereψ(α)
ωjm is an arbitrary function. Substituting equation (3.8) into (3.6), (3.7) and making

use of equations (A.5), (A.6) from the appendix, we find

(λ− ω12 + ig11(λ))ξ1(λ)+ ig12(λ)ξ2(λ) = C1(λ) (3.9)

(λ− ω12 + ig22(λ))ξ2(λ)+ ig21(λ)ξ1(λ) = C2(λ) (3.10)

where

C1(λ) =
√
γ (λ)

∑
αjm

ψ
(α)
λjm

∫
don π

(α)
jm (n)e

iλa·n (3.11)

C2(λ) =
√
γ (λ)

∑
αjm

ψ
(α)
λjm

∫
don π

(α)
jm (n)e

−iλa·n . (3.12)

The functions

g11 = g22 =
∫ ∞

0

dω

2π i

γ (ω)

ω − λ− i0
(3.13)

g12 = g21 =
∫ ∞

0

dω

2π i

γ (ω)

ω − λ− i0

∫
don

(
3

8π
sin2 θ

)
e2iωa·n (3.14)

for the transition 0↔ 0, and

g12 = g21 =
∫ ∞

0

dω

2π i

γ (ω)

ω − λ− i0

∫
don

[
3

8π

(
1 − 1

2
sin2 θ

)]
e2iωa·n (3.15)
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in the case of the transitions±1 ↔ 0, contain the contributions of the atom–field interaction
(the effective interatomic coupling) to the atomic wavefunctions.

The integrals over frequency in (3.13)–(3.15) diverge and have to be renormalized. Let
us first analyse the expression (3.13), which could be rewritten in the form

g11(λ) =
∫ ∞

−∞

dω

2π i

γ (ω)

ω − λ− i0
−

∫ ∞

0

dω

2π i

γ (ω)

ω + λ
. (3.16)

In accordance with the standard Wigner–Weisskopf renormalization procedure, we replace

γ (ω) → γ = 4
3d

2ω3
12 = constant (3.17)

and omit the second integral, because this integral describes the purely real correction to
the atomic transition frequency (Lamb shift), which cannot be properly treated within the
framework of our semi-relativistic model, since it is not relativistic. Then the first integral
yields the standard Wigner–Weisskopf expression

g11 = g22 = 1
2γ (3.18)

that leads to the Lorentzian shape of a radiation spectrum for a single atom in empty space.
Turning to equation (3.14), after the integration over solid angles, it takes on the form

g12 = g21 =
∫ ∞

0

dω

2π i

γ (ω)

ω − λ− i0

3

(ωl)2

(
sinωl

ωl
− cosωl

)
(3.19)

or upon using the WW renormalization procedure

g12 = g21 = I1 − I2 (3.20)

I1 = 3γ

(ω12l)2

∫ ∞

−∞

dω

2π i

1

ω − λ− i0

(
sinωl

ω12l
− cosωl

)

= −3

2

γ

(ω12l)2

(
1 + i

ω12l

)
eiλl (3.21)

I2 = 3γ

(ω12l)2

∫ ∞

0

dω

2π i

1

ω + λ

(
sinωl

ω12l
− cosωl

)
(3.22)

where l = 2a is the interatomic separation. The resonance approximation for the one-
atom problem assumes that the main contribution to the atom–field coupling comes from
photon states lying in an narrow vicinity,1 ≈ γ � ω12, near the transition frequency
ω12. However, in our two-atom problem, there is a new parameter,ω12l, involving the
interatomic separationl, which appears. This is because photon states with frequencies
ω ∼ l−1 can contribute to the effective interatomic coupling.

For ω12l � 1, the second integralI2 contains an additional smallness in the parameter
(ω12l)

−1 compared with the first one,I1, and could be omitted. In what follows we confine
ourselves to the case of long interatomic distancesl � ω−1

12 . Then, for the transition 0↔ 0
we have

g12 = g21 = −3

2
γ

(
1

(ω12l)2
+ i

(ω12l)3

)
eiλl . (3.23)

In an analoguous way for the transitions±1 ↔ 0 we also find

g12 = g21 = 3

4
γ

(
− i

ω12l
+ 1

(ω12l)2
+ i

(ω12l)3

)
eiλl . (3.24)

Taking into account that we already omitted the integralI2, only the leading first terms of
expressions (3.23), (3.24) should be retained.
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It should be emphasized that the omitted integralI2 contributes only to the
renormalization of the atomic transition frequency and does not affect the time behaviour
of the system which is the main subject of our interest in the present paper. For short
interatomic distances,ω12l 6 1, the contribution ofI2 can be taken into account by means
of a separation into symmetric and antisymmetric eigenstates as was done in [1]. We will
return to this question in the end of the next section.

It can easily be seen that the above renormalization procedure is equivalent to putting
γ (ω) → γ (ω12) = constant with an extension of the integration over frequency in the
model Hamiltonian, (2.9)–(2.11), to a lower limit of−∞. Then, defining new operators

ε
(α)
jm (x) =

∫ ∞

−∞

dω

2π
c
(α)
ωjmeiωx c

(α)
ωjm =

∫ ∞

−∞
dx ε(α)jm (x)e

−iωx (3.25)

which have the commutation relations

[ε(α)jm (x), ε
(α′)+
j ′m′ (x

′)] = δ(x − x ′)δαα′δjj ′δmm′ (3.26)

the effective Hamiltonian takes the form

H0 = ω12(σ
z
1 + σ z2 + 1)− i

∑
αjm

∫ ∞

−∞
dx ε(α)+jm (x)

∂

∂x
ε
(α)
jm (x) (3.27)

V = √
γ

∑
αjm

∫ ∞

−∞
dx

[
v
(α)
jm (x)ε

(α)
jm (x) σ

+
1 + v

(α)∗
jm (x)ε

(α)+
jm (x) σ−

1 + u
(α)
jm (x)ε

(α)
jm (x) σ

+
2

+ u
(α)∗
jm (x)ε

(α)+
jm (x)σ−

2

]
(3.28)

where the atomic form-factors are given by

v
(α)
jm (x) =

∫ ∞

−∞

dω

2π

∫
don eiω(x−a·n)π(α)jm (n) =

∫
don δ(x − a · n)π(α)jm (n) (3.29)

u
(α)
jm (x) =

∫ ∞

−∞

dω

2π

∫
don eiω(x+a·n)π(α)jm (n) =

∫
don δ(x + a · n)π(α)jm (n) . (3.30)

The variablex can be viewed as a coordinate along an arbitrary ray, passing through the
origin of the coordinate system. Then, the regionx < 0 corresponds to ingoing spherical
waves, while the regionx > 0 corresponds to outgoing waves.

According to the WW renormalization procedure, the last step in (3.29) and (3.30) is
incorrect. What we have done is formally to carry out the integration over frequencybefore
the renormalization procedure was completed. The last integration in (3.29) and (3.30) is
incorrect per the WW renormalization procedure and when done, leads to a loss of causality,
because the atomic form-factors do not vanish for any|x| < a. The correct procedure is to
first integrate over the solid angles and then, before the final integration over frequency is
done, replaceω with ω12 everywhere except in any exponential factors. Moreover, strictly
speaking, the resonance approximation cannot be applied directly to the model Hamiltonian
until after all angular integrations have been done. This is becauseH contains all spherical
harmonics, and, hence, the integration over a solid angle can contain high powers of the
frequency,(ωl)j , whenj � ωl. In what follows, we will use only the first expressions in
(3.29) and (3.30). Then we will apply the resonance approximation to all expressions for
physical values only after any summation over the spherical harmonics has been evaluated.
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4. One-particle eigenstates

In terms of the operators (3.25) the expression for one-particle eigenstate (3.4) is rewritten
as follows:

|91〉 =
[
ξ1σ

+
1 + ξ2σ

+
2 +

∑
αjm

∫ ∞

−∞
dx f (α)jm (x)ε

(α)+
jm (x)

]
|0〉. (4.1)

Then, the Schr̈odinger equation for the photon wavefunctionsf (α)jm (x) and the wavefunctions
of the atomic excitationsξa takes the form(

i
d

dx
+ λ

)
f
(α)
jm (x) = √

γ [ξ1v
(α)∗
jm (x)+ ξ2u

(α)∗
jm (x)] (4.2)

(λ− ω12)ξ1 = √
γ

∑
αjm

∫ ∞

−∞
dx f (α)jm (x)v

(α)
jm (x) (4.3)

(λ− ω12)ξ2 = √
γ

∑
αjm

∫ ∞

−∞
dx f (α)jm (x)u

(α)
jm (x) . (4.4)

The substitution

f
(α)
jm (x) = eiλx

∫
don π

(α)∗
jm (n)φn(x) (4.5)

leads to the simple equation forφn(x):

−i
d

dx
φn(x)+ √

γ [ξ1 e−iλa·nδ(x − a · n)+ ξ2 eiλa·nδ(x + a · n)] = 0 (4.6)

with the general solution

φn(x) = 8n − i
√
γ [ξ1 e−iλa·nθ(x − a · n)+ ξ2 eiλa·nθ(x + a · n)] (4.7)

where

θ(x) =
{

1 x > 0

0 x < 0

and8n is an arbitrary function. Inserting equations (4.5), (4.6) into (4.3), (4.4) and taking
into account equations (A.5), (A.6) from the appendix, for the atomic wavefunctionsξa one
again obtains

(λ− ω12 + iγ /2)ξ1 + iγgξ2 = √
γC1 (4.8)

iγgξ1 + (λ− ω12 + iγ /2)ξ2 = √
γC2 (4.9)

where the integral
∫

dx θ(x)δ(x) is taken to be1
2, and

C1 = 3

8π

∫
don sin2 θ 8neiλa·n (4.10)

C2 = 3

8π

∫
don sin2 θ 8ne−iλa·n (4.11)

g(λ) = 3

8π

∫
don sin2 θ θ(a · n) e2iλa·n (4.12)
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for the transition 0↔ 0, or

C1 = 3

8π

∫
don

(
1 − 1

2
sin2 θ

)
8neiλa·n (4.13)

C2 = 3

8π

∫
don

(
1 − 1

2
sin2 θ

)
8ne−iλa·n (4.14)

g(λ) = 3

8π

∫
don

(
1 − 1

2
sin2 θ

)
θ(a · n) e2iλa·n (4.15)

for the transitions±1 ↔ 0.
In the case of two identical atoms considered here, equations (4.8), (4.9), it is convenient

to rewrite for the valuesξ± = ξ1 ± ξ2

[λ− ω12 + iγ ( 1
2 + g)]ξ+ = √

γC+ (4.16)

[λ− ω12 + iγ ( 1
2 − g)]ξ− = √

γC− (4.17)

where

C± = 3

8π

∫
don sin2 θ8n(e

iλa·n ± e−iλa·n) (4.18)

and

C± = 3

8π

∫
don

(
1 − 1

2
sin2 θ

)
8n(e

iλa·n ± e−iλa·n) (4.19)

for transitions 0↔ 0 and±1 ↔ 0, respectively. Now it can easily be seen that the choice
of an arbitrary function in the form

8n = eiλa·n + e−iλa·n (4.20)

yieldsC+ = 2(1 + 2g′), C− = 0 and, hence, leads to the symmetric solution

ξ1 = ξ2 = ξ (s) = 1√
γ

20(s)

λ−�(s) + i0(s)
(4.21)

f
(α)(s)
jm =

∫
don π

(α)
jm

[
λ−�(s) − i0(s)sgn(x − a · n)

λ−�(s) + i0(s)
eiλ(x−a·n) (4.22)

+ λ−�(s) − i0(s)sgn(x + a · n)

λ−�(s) + i0(s)
eiλ(x+a·n)

]
(4.23)

where

�(s) = ω12 + γg′′ 0(s) = 1
2γ (1 + 2g′) (4.24)

and g′ = Re g(λ), g′′ = Im g(λ)

sgn(x) =


1 x > 0

0 x = 0

−1 x < 0.

The choice

8n = eiλa·n − e−iλa·n (4.25)
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(and, hence,C+ = 0, C− = 2(1 − 2g′)) leads to the antisymmetric solution

ξ1 = −ξ2 = ξ (as) = 1√
γ

20(as)

λ−�(as) + i0(as)
(4.26)

f
(α)(as)
jm =

∫
don π

(α)
jm

[
λ−�(as) − i0(as)sgn(x − a · n)

λ−�(as) + i0(as)
eiλ(x−a·n) (4.27)

− λ−�(as) − i0(as)sgn(x + a · n)

λ−�(as) + i0(as)
eiλ(x+a·n)

]
(4.28)

where

�(as) = ω12 − γg′′ 0(as) = 1
2γ (1 − 2g′) . (4.29)

Thus, we find for one-particle eigenstates corresponding to the eigenenergyλ:

|λ; s〉 =
[
ξ (s)(λ)(σ+

1 + σ+
2 )+

∑
αjm

∫ ∞

−∞
dx f (α)(s)jm (x, λ)ε

(α)+
jm (x)

]
|0〉 (4.30)

|λ; as〉 =
[
ξ (as)(λ)(σ+

1 − σ+
2 )+

∑
αjm

∫ ∞

−∞
dx f (α)(as)

jm (x, λ)ε
(α)+
jm (x)

]
|0〉 . (4.31)

These states compose the complete orthonormal set of one-particle states and will be used
in what follows to study the model’s dynamics. Here, omitting standard but tedious
calculations, we present the expressions for the scalar products, namely

〈σ ′; λ′|λ; σ 〉 = 8π
0(σ)

γ
δσσ ′δ(λ− λ′)σ = s, as. (4.32)

Finally, we need to evaluate the function g(λ), equations (4.12), (4.15) in an implicit
form. Keeping in mind the discussion in the end of the previous section, one has to treat
the factorθ(a · n) exp(iλa · n) in an integral form:

θ(a · n)eiλa·n =
∫ ∞

−∞

dω

2π i

eiωa·n

ω − λ− i0
(4.33)

and to integrate first over a solid angle, neglecting theω-dependence in the denominator
of the expression thus arising in accordance with the resonance approximation. Then, the
remaining integration over the frequency yields the correct expressions (3.23) and (3.24)
which have straightforwardly been derived from the model Hamiltonian (2.9)–(2.11).

To obtain the correction to the resonance transition frequency due to the effective
interatomic coupling one simply needs to replaceω12 in expressions (4.24) and (4.29)
by

ω
(s)
12 = ω12 − I2 = ω12 − 3γ

(ω12l)2

∫ ∞

0

dω

2π i

1

ω + ω12

(
sinωl

ω12l
− cosωl

)
(4.34)

ω
(as)
12 = ω12 + I2 = ω12 + 3γ

(ω12l)2

∫ ∞

0

dω

2π i

1

ω + ω12

(
sinωl

ω12l
− cosωl

)
(4.35)

for the symmetric and antisymmetric eigenstates, respectively.
Thus, we have found the one-particle eigenstates of the model under consideration

within the framework of the resonance approximation. In section 5 we will show that the
Wigner–Weisskopf renormalization of the two-atom problem preserves causality, as must
occur, in order for any renormalization procedure to be physical.
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5. The Fermi problem

Further analysis of the 3D problem is obviously completely equivalent to that of the 1D
model [1]. Indeed, the initial state of the atoms plus field system,

|In〉 = σ+
1 |0〉 (5.1)

is represented as a linear superposition of the one-particle eigenstates of the model,

|In〉 =
∑
σ=a,as

∫ ∞

−∞

dλ

2π
A(σ)(λ)|λ〉 A(σ)(λ) =

√
γ

2

1

λ−�(σ) − i0(σ)
(5.2)

and, hence, the dynamics of the in-state is determined by

|8(t)〉 = exp(−iH t)|In〉 =
∑
σ=s,a

∫ ∞

−∞

dλ

2π
A(σ)(λ)e−iλt |λ〉(σ ) . (5.3)

Then, the probability amplitudes to find the atoms in the excited state are given by

φ1(t) ≡ 〈0|σ−
1 |8(t)〉 = −

∫ ∞

−∞

dλ

4πi

(
1

r+(λ)
+ 1

r−(λ)

)
e−iλt (5.4)

φ2(t) ≡ 〈0|σ−
2 |8(t)〉 = −

∫ ∞

−∞

dλ

4πi

(
1

r+(λ)
− 1

r−(λ)

)
e−iλt

= γ

∫ ∞

−∞

dλ

2π i

g(λ)

r+(λ)r−(λ)
eiλt (5.5)

where

r+ = λ− ω
(s)

12 + iγ ( 1
2 + g(λ)) r− = λ− ω

(as)

12 + iγ ( 1
2 − g(λ)) . (5.6)

Here we have omitted terms containing the functionsr∗
±(λ), because all the zeros of the

functionsr±(λ) lie below the real axis, and hence do not contribute to the integral for any
t > 0.

It can now easily be seen that the probability amplitude for finding the second (initially
unexcited) atom in the excited state vanishes on the interval 0< t < l, as it should be, in
accordance with the causality principle.

The integrals in (5.4), (5.5) have the form

I±(t) = −e−iω12t

∫ ∞

−∞

dλ

4πi

e−iλt

r±(λ)
(5.7)

r±(λ) = λ+ i(γ /2)(1 ± b(l)ei(λ+ω12)l) (5.8)

where

b(l) = −3

(
i

ω12l
+ 1

(ω12l)3

)
and

b(l) = −3

2

(
i

ω12l
− 1

(ω12l)2
− i

(ω12l)3

)
for the transitions 0⇔ 0 and±1 ⇔ 0, respectively. It can easily be seen that these integrals
are absolutely equivalent to that calculated in our previous article [1] devoted to the 1D
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model of the resonance energy transfer. So, we can immediately present the following
expressions for the atomic wavefunctions:

φ
(n)

1 (τ ) = e−i(ω12−iγ /2)(t−nl) 1

2n!

(
dn

dzn
[F+(z)+ F−(z)]

)∣∣∣∣
z=0

(5.9)

φ
(n)

2 (τ ) = e−i(ω12−iγ /2)(t−nl) 1

2n!

(
dn

dzn
[F+(z)− F−(z)]

)∣∣∣∣
z=0

(5.10)

where

F+(z) = e−(γ /2)bτz

1 − ze−(γ /2)lbz e−i(ω12−iγ /2)l
(5.11)

F−(z) = e(γ /2)bτz

1 − ze(γ /2)lbz e−i(ω12−iγ /2)l
. (5.12)

Here the temporal axis 06 t < ∞ is divided into an infinite set of temporal zones, i.e. the
temporal variable is represented as

t = τ + nl (5.13)

whereτ ∈ (0, l) andn = 0, 1, . . . . Carrying out the elementary calculations, the expressions
for the atomic wavefunctions can be rewritten in the explicit form

φ
(n)

1 (τ ) =
n∑

m=0

(n−m)!

2n!

(γ
2
b(l)

)m [
(ml − t)m + (t −ml)m

]
e−i(ω12−γ /2)(t−ml) (5.14)

φ
(n)

2 (τ ) =
n∑

m=0

(n−m)!

2n!

(γ
2
b(l)

)m [
(ml − t)m − (t −ml)m

]
e−i(ω12−γ /2)(t−ml) . (5.15)

The functionsφ(n)1 andφ(n)2 contain only even (m = 2k) and odd (m = 2k+ 1) terms of the
sum, respectively. Therefore, the functionφ(n)1 is not changed at the odd pointsn = 2k+ 1,
while the functionφ(n)2 is conserved at the even pointsn = 2k.

In the limiting case of large interatomic distancesl � ω−1
12 , one can restrict a

consideration by the first several temporal zones. Then, we have

φ1(t) = e−iω12te−γ t

 1 0 6 t < 2l

1 − 1
2

(
1
2γ b(l)

)2
(t − 2l)2e2i(ω12−iγ /2)l 2l 6 t < 4l

(5.16)

φ2(t) = e−iω12te−γ t
{

0 0 6 t < l

− 1
2γ b(l)(t − l)ei(ω12−iγ /2)l l 6 t < 3l .

(5.17)

The ‘retardation’ effect is obvious to take place at the moment of timet = 2l and to be
repeated in the periodT = 2l.

Finally, it should be noted that the results for the 3D model is distinctly different from
those of the 1D model. In the 3D model, we saw the resonance transition, via the definition
λ12 = ω−1

12 , appearing also in the role of a characteristic interatomic separation (wavelength).
On the other hand, in the case of the 1D model [1], an interatomic influence extended up
to even macroscopically large interatomic distances,l ≈ γ−1. The difference is that in 3D
waves can disperse more easily, whereas in 1D they are channelled.
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Appendix

Here we demonstrate the method of the summation over spherical harmonics which is used
in this article. For instance, for the transition 0↔ 0 the characteristic expression has the
form

G =
∑
jm

π∗
jm(n

′)πjm(n) = 3

8π
(ez · ∇n)(ez · ∇n′)D(n,n′) (A.1)

where the function

D(n,n′) =
∑
jm

1

j (j + 1)
Y ∗
jm(n

′)Yjm(n) (A.2)

is obviously the Green function of the angular part of the Laplace operator

1nD(n,n′) = δ(n − n′) (A.3)

and, hence, depends on(n − n′) only. Then, the differential operator in (A.1) is rewritten
as follows:

(ez · ∇n)(ez · ∇n′) = −(ez · ∇n)(ez · ∇n) = sin2 θ 1n + ∂2

∂φ2
(A.4)

and we find

G = 3

8π

(
sin2 θ δ(n − n′)+ ∂2

∂φ2
D(n − n′)

)
(A.5)

where the contribution of the second term vanishes after the integration overφ, because in
the geometry of our problema||ẑ.

An analoguous result can be obtained by a similar, but more tedious way for the
transition±1 ↔ 0:

G =
∑
α=e,m

∑
jm

π
(α)∗
jm (n′)π(α)jm (n) = 3

8π

(
1 − 1

2
sin2 θ

)
δ(n − n′) . (A.6)
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