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Long-range tails in van der Waals interactions of excited-state and ground-state atoms
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A quantum electrodynamic calculation of the interaction of an excited-state atom with a ground-state atom is
performed. For an excited reference state and a lower-lying virtual state, the contribution to the interaction energy
naturally splits into a pole term and a Wick-rotated term. The pole term is shown to dominate in the long-range
limit, altering the functional form of the interaction from the retarded 1/R’ Casimir-Polder form to a long-range
tail—provided by the Wick-rotated term—proportional to cos[2(E,, — E,) R/(ic)]/ R?, where E,, < E, is the
energy of a virtual state, lower than the reference-state energy E,, and R is the interatomic separation. General
expressions are obtained which can be applied to atomic reference states of arbitrary angular symmetry. Careful
treatment of the pole terms in the Feynman prescription for the atomic polarizability is found to be crucial in

obtaining correct results.
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I. INTRODUCTION

Recently, the long-range tails of the interaction between an
excited-state and a ground-state atom [ 1-5], as well as those of
the interaction between an excited 25 state and a conducting
wall [6], have received considerable attention. The question
behind the investigation concerns the existence of long-range
tails for excited reference states, for which partially conflicting
results have been obtained in the past [7-9].

In this article, we reconsider the derivation of the long-
range interaction, with particular emphasis on the interaction
of an excited-state atom with another ground-state atom, their
separation being large compared to the Bohr radius. We follow
a method that deduces the long-range interaction from the
scattering amplitude (see Chap. 85 of Ref. [10]). This method
requires the use of the Feynman prescription for the Green
functions of the photon field and the time-ordered product of
atomic dipole operators.

We also aim to generalize the recent treatments in Refs. [1]
and [2] to reference states of arbitrary symmetry and to clarify
the role of the virtual-state energy in the calculation of the final
expressions, without any approximations. In our formalism,
we aim to calculate the long-range tails of the van der Waals
and Casimir-Polder energy shifts on the basis of a unified
formalism, which can be applied to both ground-state and
excited-state interactions with an atomic state of arbitrary
symmetry. The general idea is to use the matching of the
forward scattering amplitude from quantum electrodynamics
(QED) against the effective potential that describes the long-
range interaction.

The paper is organized as follows. In Sec. II, we reconsider
the derivation of the van der Waals and Casimir-Polder
interaction from first principles, using the matching of the
S-matrix element with the effective interaction potential.
Applications are discussed in Sec. III. First, in order to check
our results and connect them to the literature, we rederive the
familiar form of the ground-state interaction in Sec. III A and
verify the van der Waals close-range limit in Sec. III B. General
excited states are treated in Sec. IIIC, and the expressions
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are specialized to excited S states in Sec. IIID. Finally,
conclusions are reserved for Sec. IV.

II. DERIVATION

A. S-matrix and matching with effective interaction

We consider two atoms in states ¥4 (¥4) and ¥ 5(¥p) which
scatter into states ¥, (74) and Y5 (Fg) under the action of a
potential U (FA,FB,ﬁ). Here, the absolute electron coor@inates
are x4 and Xp; the relative coordinates are 74 = x4 — R4 and
g = Xg — Ry, where Ry and_Rp are the coordinates of the
nuclei. Their distance is R = R4 — Rp. We denote the initial
state i (atoms are in states Y4 and ¥p, respectively) and the
final state by the subscript f (atoms are in states ¥, and ¥p).
The corresponding S-matrix element reads as [11]

i e
Sapap = ~; /d3VA/d3VB V(P Vg (Fp)
X U(Fa,75,R) Ya(Fa) V5(Pp)

X /dt exp |:—;€ (E1+ E; — Ei — Eé)t] (D

—}%T /d3rA/d3r5 Vi (Fa) Vg (F)

X U(F .75, R) Ya(Fa) Wp(Fp), )

where we have assumed energy conservation (E| + E, =
E{ + E}) and denoted the (long) time interval over which
the transition from initial to final state occurs as f dt=T.
The matching of the effective perturbative Hamiltonian Heg
and the S-matrix element thus is

(W V| HeitlWa Ws) = (Wh WhIUGaFp. RV vp)
ih
= %SA/B’AB- 3)

On the level of a scattering matrix element, the matching is
obtained in an “averaged” sense, where the “averaging” (i.e.,
the integration) occurs over the wave functions of the initial
and final states of the two-atom system. In the following, we
concentrate on forward scattering, i.e., |V a') = |¥a), |¥p) =

|¥5).
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B. Interaction Hamiltonian

We are inspired by the derivation outlined in Chap. 85 of
Ref. [10]. We use time-dependent QED perturbation theory,
where the interaction is formulated in the interaction picture
[11,12]. This means that the second-quantized operators in
the interaction Hamiltonian have a time dependence which
is generated by the action of the free Hamiltonian [13]. We
use a second-quantized approach for the operators describing
the electromagnetic field, so that a time-ordered product of
the four-vector potential operators results in the Feynman
propagator of the photon [11]. For the position operators of the
atomic electrons, though, we use a first-quantized approach,
i.e., we treat these on the level of quantum mechanics, without
the introduction of fermion creation and annihilation operators.

The interaction Hamiltonian in the dipole approximation is
then

V(t) = —E(Fa.1) - da(t) — EGp.t) - dp(1)
~ —E(Ra,t) - da(t) — E(Rp,t) - dp(?), “4)
where c?i = e, is the dipole operator for atom i (for atoms with
more than one electron, one hag to sum over all the electrons
in the atoms i = A,B). The R4 and Rp are the positions

of the atomic nuclei. A clarifying remark is in order: In the
standard formulation of QED, one would use the interaction
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Hamiltonian density H = j* A,, where j* = ¢ y# ¥ is the
fermionic current operator, y* are the Dirac y matrices, and
A, is the four-vector potential [11,12]. The fermionic field
operator v contains the fermionic creation and annihilation
operators. However, in the nonrelativistic limit, one may
renounce the quantization of the fermion field and treat the
electronic degrees of freedom using first quantization [13,14].

The fourth-order contribution to the S matrix is (the full
matrix, not a single element)

“4) _ (_i)4
S = W dt dt, dts dty

x TV()V () V(13)V (1)l (&)

where T denotes the time ordering of all operators, pertaining
both to the atomic and to the field degrees of freedom.
According to the Wick theorem, the time-ordered product is
equal to the normal-ordered product, plus all contractions.
We need to calculate the fourth-order S-matrix element
(¥,0|S®|4r,0) for forward scattering of the atomic reference
state | V) = |¥a,¥B) = |[¥a) ® [Yp) with the vacuum |0) of
the electromagnetic field (the product state is |y,0)). After the
subtraction of terms which pertain to the self-energies of the
atoms, one obtains four contributions, which are proportional
to (T denotes the time ordering of dipole operators)

ValT dai(t1) dax(t3)|Va) (V| T dpj(t2) dpe(t)|¥5), (6a)

Ci={
Co = (YalT dai(t) dae(ta) |4
C3 = (Y| T dpi(t) dpe(t4) V8

Y|T dpj(t) dc(t3)| V), (6b)

(
(
(YAlT daj(t2) dar(t3)¥a), (6¢)
(

Cy = (YBIT dpi(t1) dpi(8)| V) (WalT daj(t2) dae(ta)Pra). (6d)

Contributions C, and C4 correspond to the crossed-ladder diagram (in the language of Feynman diagrams; see Fig. 1), whereas
C, and Cj; correspond to the two-photon ladder exchange. The contributions of atoms A and B to the atomic reference state
are denoted | 4) and |{p), respectively. All terms Cy, C,, C3, and C4 lead to equivalent contributions, and we finally arrive at

(7 denotes the time ordering of field operators)

l > - > -
W0ISO1p0) = - / d, / dt, / dns / At O TTE R pty) E;(Rpot)10) O1TLEx (Rast3) Ev(Rpt)110)

X (YalT dai(t1) dar(t3)| ¥ a) (YT dpj(12) dpe(t)|Vp). )

C. Temporal gauge and propagator

The time-ordered product of electric-field operators can be
evaluated as follows:

DE(x) — x3) = (O|T[Ei(Ra,ty) Ex(Rg,1)10).  (8)

With E = —B,A, we have, for the “electric-field propagator”
Dfi(x1 — x2),

o= (5) ()
ik ot ot

x (O1T[Ai(Ra.11) Ar(Rp.22)1|0).  (9)

One can relate the time-ordered product of field operators to
the photon propagator,

(0|TA,(x) Ay(xN]0) = —i Dy, (x — X'). (10)

We resort to the Fourier representation for the temporal
gauge (also known as the Weyl gauge, with vanishing

(

scalar components Doy = 0and D;o = Dy; = 0). According to
Eq. (76.14) of Ref. [10], one has

> h 1 ki k
Di(e.k) = — — Sk — ? =5 ).
4 enc? (2)* — k2 +ie w?
1D
According to Eq. (76.16) of Ref. [10], the propagator in the
mixed frequency-position representation is given by

Vi Vi -
2 > D(w,R), 12)

Dix(w,R) = —(aik +c?

where
A ei\/w2+ié R/c

- 4 egc? R

D(w,R) = : (13)

and € is an infinitesimal parameter used in the frequency-
coordinate representation of the Feynman propagator. In the
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FIG. 1. Feynman diagrams for the excited-state long-range inter-
action of an atom in state [{4) (excited) with a ground-state atom,
B, in state |p). (a) Ladder diagram; (b) crossed-ladder graph. The
power of using the Feynman propagator in the calculation lies in the
fact that all the time orderings of the electron-photon vertices, which
are otherwise relevant to time-ordered perturbation theory [14], can
be summarized in only two diagrams.

following, we use the nonstandard definition

o] = Vo? +ie (14)

for the complex photon frequency w. We carry out the
differentiations, with the result

iR 2 ilelR

Vvec _(60)26 c +ic e
PR T\ MU 2R T 1w R) R

n (a)>2 Ri Ry [ 3c2 3ic ! oER
c R? \w?r? |o|lR R
(15)

The temporal gauge photon propagator in the mixed represen-
tation becomes

- h
Do, R) = ——| 5,1+
K@, R) 4neoc2|: k( |w|R

wzlz)
)*

R; Ry 2\ R
i
R? |a)| R a)2 R? R
h ny ic c? ei'eR
=——7 | i - )
4enc? k k lw|R  w? R? R

(16a)
J
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where

R,‘ Rk R Rk
R? R

The photon propagator, which is the propagator for the vector

potential A, can be translated into the propagator for the
electric field by differentiation with respect to time,

s ﬂzk - 81/( 3

i = 8[/( — (16b)

. 9 9 q B,
D (x1 — x2) = — — (0|7 A;(R4.t1) Ak(Rp,12)|0)
daty I

—_ a a (_
At —h) At — 1)
2

)
=iz3 D (x),

i Dix(x1 — x2))

X = X| — X3. (17

If we work in the mixed representation, we can implement the
differentiation with respect to time in the Fourier integral as
follows:

DE(t,R) = (0|T E«(R4,1) Ex(R3,1)|0)

d .
= —i /—wa)zDik(w,R)e_"“’. (18)
2

Now, let us proceed to the time-ordered product of dipole
operators, which is given as (for atom A)

apsi(th — ) =

]lg (U alT(dai(t1) dax(t2))1¥a)

= ;rl (ValT(dai(ty — 12) dar(0)|¥ra), (19)

and analogously for atom B.

Now, according to the prescription that Fourier transforma-
tion is a summation over exponentials with frequency factors
exp(—iwt),

®do .
opik(t) = / T e ay (), (20
oo 2T

we write

(YalT dai(t)) dax )|V a)
= —ihas it — 1)

—iw(t)—1t)

o0
d
=—iﬁ/ 8L prioti—) o (). Q1)
oo 2T

The time-ordered product of dipole operators can be evaluated
in terms of the polarizability of the atom, with the poles being
displaced according to the Feynman prescription (so that the
integrals converge),

(o] . l o0 i X
@ ik(@) = f dre™ g ) =2 ) / dit BT (dyua) (aldaclYa)
v 0

. 0
l i ;
+ § j f dt e B Eatho—ial (10 o) (ualds 1)

_ Z( Yaldailva) (aldaxlva) n

E, o —ho —ie

(Waldailva) <vA|dAk|w>>, (22)

Ev,A +ha) — i€
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where € > 0 and
Ev,A = EUA - EA (23)

is the difference between the virtual-state energy E,, and
the reference-state energy E4 of atom A. In the last step
of Eq. (22), we have used the fact that the polarizability
has to be purely real rather than complex for real driv-
ing frequency w, thus replacing (Y a|dax|va) (Valdail¥a) —
(Valdailva) (valdak|¥ra) in the second term. In assigning the
time dependence of the atomic dipole operators, we have taken
into account the Heisenberg equation of motion, h d A1) =

[HA,dA(t)], where H, is the Schrodinger Hamlltoman of
atom A. The poles in the polarizability a4 ;x are displaced
according to the Feynman prescription. Poles occur at iw =
E, o —ie and at iw = —F, 4 +ie. If the virtual state is
displaced toward a lower energy, i.e., E, 4 < 0, then the pole
at iw = —E, 4 + i€ migrates into the first quadrant of the
complex plane.

The “correct” prescription for the placement of the poles of
the energy denominator of the polarizability has recently been
controversially discussed in the literature [15—-19]. A different
prescription, which puts the poles into the lower half of the
complex plane, was recently used in Ref. [20]. In the latter
study, one considers the relative permittivity €,(w) of a dilute
gas and its relation to the dynamic dipole polarizability o(w)
of the gas atoms,

Ny

€(w) =14+ —ag(w), (24)
€

J
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where ag(w) denotes the polarizability in a pole prescription
corresponding to the retarded Green function, i.e., with a sign
change (—ie — +ie¢) in the second term on the right-hand side
of Eq. (22). Furthermore, Ny is the number density of atoms.
These considerations are valid upon an interpretation of the
dielectric constant in terms of the retarded Green function G,
which describes the relation of the dielectric displacement
D(7,t) to the electric field E(7,1):

o0
D(F,t) =€y E(F,t) + eof dt Gr(D) E(F,t —1). (25)
0
The Fourier transform is

Grlw) = M ag(w), (26)
€0

where ag(w) denotes the “retarded” polarizability. The re-
tarded prescription is thus required for the dielectric function
€-(w) = 1 + Gg(w). The answer to the question regarding the
correct placement of the poles of the polarizability [15-19]
thus is as follows: Namely, there is no universally correct
displacement for the poles from the real axis. Instead, the
correct placement depends on the form of the Green function
represented by the polarizability, in the context of a particular
application. If the retarded Green function is needed, then
all poles should be displaced into the lower half of the
complex plane, while the Feynman prescription is relevant
for the current calculation, in which the time-ordered product
of dipole operators is sought. Neither the retarded nor the
Feynman prescription is universally correct; it depends on the
context in which the calculation is being performed.

We now reformulate Eq. (7), with the help of Egs. (16) and (21):

1 d S d S
(¥,015Yy,0) = T / dn f dt / drs / dt4(—i / %aﬁ D,-j(a)l,R)e—'wl“l—’z)) (—i / zi;wg Dk@(wz,R)e—'wz(’ﬂ—’“)

d
X <—l iFlOéA a(w3)e” lwz(hh))( f
2

d
ﬁﬁ ap je(w4) e lw4(12t4)>. (27)

One now carries out the d; integrations one after the other, with the results f dty — 2 §(w; — w4), then f dty — 2w §(wr — w3),

and f dty — 21 §(wy + w4). As a result, the condition w; = w4 = —w; = —ws is implemented in the final result, yielding
(¥,015“1,0) /d | / —w1< ®1)* Dj (@1, R) Die(—w1.R) ap ik (—w1) o, jo(1)
- f 90 4 Dyj(w,R) Dyolwr, Ry g (@)t jo(), (28)

where we use the invariance of the photon propagator and of the polarizability under the transformation w <> —w [see Egs. (16)
and (22)]; we reemphasize that this invariance holds only if the Feynman prescription is used.

D. Energy shift

Using Eq. (3), we obtain the diagonal matrix element of the
effective Hamiltonian, and thus the direct term of the energy
shift AE@D a9

AEY = (Yo yrp| Hetr|l Yy a¥rs)
i * dw
= 2h _7'[ w4 D,,(w R) Dkg(a) R)

X aA,ik(w) ag, ji(w). (292)

(

This general result can be applied to states of arbitrary
symmetry and is not restricted to ground-state atoms. Invoking
the full symmetry of the integrand under a sign change of w,
one may write
. i [ d - -
AE@) = L f 22 0% Dij(@.R) De(w, R)
h 0 2 ’
x g ir(w)ap, jo(w). (29b)

For convenience, we recall the definition of D;;(w, I_é) accord-
ing to Eq. (16) and the definition of a4 ;;(w) according to

042506-4



LONG-RANGE TAILS IN VAN DER WAALS ...

Eq. (22):
= ele R ic c?
Dij(w,R) = dren R | %Y + Bij wR o2k
R R; R R;
aij=5ij_#v Bij =38i; — 3 lRZJ’

i@ =Y ((‘/fA|dAi|UA> (valdajl¥a)

E, s —hw—ie
VA ’

. (Yaldajlva) (UA|dAi|'¢/A)>. (29¢)

Eya+ho—ie

Of course, the tensor structures o;; and f;; need to be
distinguished from the polarizabilities a4 and ap.

It is a feature of the time-ordered product of dipole and
field operators that all possible time orderings in time-ordered
perturbation theory (see Fig. 1 of Ref. [8]) are automatically
taken into account using a single propagator.

E. Mixing term

In the case of two identical atoms, an additional interaction
energy term exists which needs to be taken into account. Here,
states | 4) and |1 p) are obviously not tied to any of the atoms,
but rather, atom A may assume state |Y5), and atom B may
assume state |{r4) after the interaction. The eigenstates of the
van der Waals Hamiltonian in this case are states of the form

(1/N2) (1¥a,¥5) % |5, ¥a)) with an energy
AE = AEWD 4+ A i) (30)

where AEWY is given by Eq. (29), and AE™X is obtained
by calculating the S-matrix element of the initial state |y) =
|¥4) ® |Y¥g) and the final state |/') = |¥/5) ® |¥4). In order
to calculate the mixing term, one repeats all steps leading from

Eq. (1) to Eq. (29), for the out state |1/’) and the in state |/).
The result is

mix i *dw D D
AEM™X — ﬁ/o 7 o’ Djj(w,R) Dye(w,R)

x aap k(@) dyp (). 31
The definition of D;; (a),ﬁ) has been recalled in Eq. (29c).

The mixed polarizabilities a4 ;; (@) and o4p ;j(w) are given
as follows:

appij(w) = Z <<wA|dAi|vA> (valdajl¥g)

Eya—ho—ie

vA

(Yaldajlva) (valdailyp)
+ ; )
Eya+ho—ie

EvB —hw — i€
VB ’

(Yaldgjlvg) (UBldBiWB))
+ : .
E,p+how—ie

(32)

Here, the designations of the dipole transition operators with
regard to atoms A and B, i.e., as d4; and dg;, constitute mere

PHYSICAL REVIEW A 95, 042506 (2017)

conveniences; for the mixing term to exist, the two atoms
have to be identical and |{r4) and |{p) are different states
of the same atom. The important feature which differentiates
ap,ij(w) from asp ;;(w), in the case of identical atoms, is the
different reference-state energy in the denominator.

III. APPLICATIONS
A. Ground-state interaction

For a reference S state of atom A, denoted |4) = |n4S),
the polarizability tensor assumes the form

ik (naS|dalvaP) - (vaPldalnaS)
k(@) = 3 Z ( E, o —hw—ie€

VA

(naS|dalvaP) - (vaPldalnaS)
+ -
Eya+how—ie
= ik aa(w), (33)
where we denote the S and P states by their respective sym-
metry [in thiscase, E, o = E,, — Ea = E(va P) — E(naS)],
where the reference-state energy is that of the S state with

principal quantum number n,4. This leads to the following
tensor structure in Eq. (29):

D;j(w,R) Dij(w’l_é)

- <47‘L’606‘2) R?

1+ 2ic 5¢2
X J— J—
lw|R  (wR)?

6i 3 N 3c4>
(|w|R)?*  (wR)*)’

A Wick rotation of expression (29) then leads to

. h o o
AE(dlr) [ / d(,() 672wR/c _
mct(dmey)? Jo R?

1+ 2c + 5¢2 . 6c3 " 3¢t
X —
oR  (wR? (wR)? (wR)*

X as(1S;iw)ap(1S;iw), (34)

where we indicate the atomic states relevant to the investiga-
tion, for clarity. Expression (29b) verifies known results (see
Chap. 85 of Ref. [10]).

B. van der Waals (close-range) limit

A classic result which needs to be verified is the close-range
limit. For R « ¢/w, where w is a typical transition wavelength,
we find, from the dominant term in Eq. (16) in this limit,

o B
Ameg w? R3

Dij(@,R) ~ — (35)
For arbitrary angular symmetry of the reference state, we thus
have

il Bij Bre

2 (4meg)* RO

*® dw 36
/700 EQA,ik(w)aB.jé(w)» (36)
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where it is advantageous to keep the integration limits as —oo
and oo. In view of the general result

%0 1 1
il od S S
/,oo ‘”(; Eua £ho— ie) (Xi: Eyp £ho— ie)

i
- (37)
Ev,A + EU,B

we have

N I BijBre ZZ 1
(47760)2 R6 Ev,A + Eq,B
VA g8

X (Yaldailva)(valdakl¥a)
x (Vgldpjlgr){qpldpel¥s). (38)
We denote the virtual states of atom B as |g) as opposed to
|v). This is precisely the expression which would be obtained
using second-order perturbation theory with the van der Waals
potential

_ L Byduids

41 € R3

; (39)

which can be obtained by expanding the electrostatic potential
of the bound electrons and protons in both atoms in the limit
[Fal,|Fs| < R.

C. General excited reference states
1. Pole term

Let |m 4) be a virtual state of atom A, accessible by a dipole
transition, We now assume that at least one state in atom A
is energetically lower than the reference state, i.e., E, 4 < 0,
while atom B is in the ground state. For the pole term, in the
decomposition, (22), we restrict the sum over virtual states v4
to just one state, whose quantum numbers we denote by the
multi-index m 4 (see Fig. 2). A Wick rotation of the integration
contour w € (0,00) from Eq. (29b) to the imaginary axis then

J

(d !
ir) _
Q) =—

PHYSICAL REVIEW A 95, 042506 (2017)

[1a) [1a) [a) [ha)

|ma) |ma)

[¥5) [¥B)

(a) (b)

FIG. 2. The virtual resonant contribution due to a lower-lying
level |m,) leads to the pole term, which generates the long-range
interactions for excited states [see Eqs. (43b) and (58b)].

picks up an additional pole term at

fiw=—Epa+i€, Epa<O0, (40)

which we need to take into account. Consequently, the
interaction energy shift AE due to the energetically lower
virtual-state energy with quantum numbers m 4 (multi-index)
naturally splits into a pole term Q" and a Wick-rotated term

W(dir):
dir dir dir
AE(I)_— Q,(nl)—i-W(l) (4')

The total direct term is

AE(dir) — + W(dir), (42)

Z Q rgir)
A

E, <0

where the Wick-rotated term WD is obtained after the
summation over all virtual states (including those of higher
energy) and enters the expression in Eq. (45). For the
contribution from the pole, one finds by Cauchy’s residue
theorem that

Res
w=—Ey A /li+ie N T

__ (Waldailma) imaldar|a) o Epa
- (47€p)? RO BIh

= Di,-(w,ﬁwke(w,ﬁ)(Z

EmAR : .
— Qo Bre +,35jﬁkz)< : ) —Zlaijﬁke(

hc

Epa tho — i€

<wA|dA,-|mA><mA|dAk|x/fA>)aB @)
sJ

2iEnaR 6.8 1+2.Em,AR
expl| ——— i i —_—
P hc j PRt ! hc

EnaR

3 4 .
E, AR . i
e ) *“”“"‘( e H:Pﬁ?:”—zfﬁi’;“- (432)

Here, P10 is the real part of the interaction energy, and T'\e"" is the induced width. The identification of the width term ['{¢i»

follows the general paradigm that a bound-state energy can be written as E = Re E — %F, where I is the width. One obtains

(Valdailma) (maldaxl¥a)
(4mep)? RO

pidn — _

Em,A Em,AR Em,A R 2
OlB,je< i ){COS (2 e )|:,Bij Bre — Qaij Bre + Bij ﬂkz)( e )

Ena R\ EwaR . (. EnaR
ij Sl 2 2
+a]ak£< hc ) ]+ hic Sm( hic

(43b)

EnaR\’
)ﬁijﬁkz—otijﬂkz( » ) )
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The width term I'{""’ can be obtained from P by the substitution

2E, AR . {2En AR . (2E. 4R 2E, AR
cos — sin , sin — — oS
hc hc hic hic

and an overall factor 2. It reads

(Yaldailma) (maldag|¥a)

F(dir) — _2
ma (4mep)? RO

Em,A . EmAR
ag,je W sin | 2 h'c

E, 1 R\* E, 4R E, AR
+Ol,'j(¥ke< ialad )]—2 i cos<2 22

hic he

The result, (43b), is at variance with the corresponding result
given in Eq. (14) of Ref. [7] and with Eq. (4.1) of Ref. [8]. It
is in better agreement with recently published results, such as
Eq. (19) of Ref. [2] and Eq. (4) of Ref. [1] (provided we average
the latter over the interaction time 7 > 2R /c). We have used
a symmetry of the integrand according to the replacement
@;j Bre + are Bij + Bij Bre — 2aij Bre + Bij Bre in the cosine
term in Eq. (43b) and o;; Bre + ke Bij — 20t Pre in the sine
term. This is valid under the same assumptions as used in
Eq. (22).

Weritten in terms of a sum over states for atom B, we have

Eyn
aB,,-l( h’*‘) =Y (¥slds;lqs) (asldp|vs)
qB

1 1

X (E%B ~ Ema + Eop+ Em,A)' (43e)
The authors of Ref. [1] consider a situation with two non-
identical atoms, which have resonance energies iw4 and fiwp
mutually close. They define E,, 4 = —fiws (with manifestly
positive w4) and write £, p = hiwp, assume that ws ~ wp, and
define App =hws —hwp with |A | K hwa,hiwg. Further-
more, they restrict the sum over virtual states in Eq. (43e) to the
resonant state, and they keep only the term 1/(E,, 4 + E, p)
in Eq. (43e), because under their assumptions [see Eq. (4) of
Ref. [1]],

1
Em,A + Eq,B

1
QE(,()B.

(44)

>>‘

‘ AAB Eq,B - Em,A

Our result, given in Eq. (43b), is much more general, as
it includes nonresonant terms of atom B, which enter the
expression op j¢(En a/h), and thus not restricted to the
special case of distinct atoms with mutually close resonant
frequencies.

J

(43c)

Em,A R>2

>|:,3ij Bre — Qaij Bre + Bij ﬂk@)( e

(43d)

En aR\?
),Bijﬂu—aijﬂke( e ) .

2. Wick-rotated term

Let us now consider the Wick-rotated term in Eq. (29),
which has the following tensor structure:

h 2

Xy ik(iw)ap jiw)

h *® dw —2wR/e w*
T T A2 4 5-¢ 2
Ameg)?>c* Jo 2w R

. C C2 .. . 7
X |:O(z] + <ﬁ + W)ﬂu]aA,lk(lw)
2

X [Ofke + <$ + (L;T)Z>,3kéi|a3,j€(iw)- (45)

. 1 [*do S S
wiin — ——/ — o* Djj(iw,R) Diy(iw,R)
0

Here, the full polarizabilities are to be used; i.e., the sum over
virtual states is not restricted to states with an energy lower
than that of the reference state, for atom A. According to the
nonstandard definition, (14), one has

liw| =+ (w)?+ie=iw, o >0,

(46)

and the Wick rotation can be carried out as usual.

It is now crucial to verify that, in the sum of the pole term
and the Wick-rotated term, the contribution of the virtual state
m 4—which has a lower energy than 14—to the nonretarded
van der Waals energy, (38), gives the expected result. The Wick
rotation performed in Eq. (45) is not “innocent”; within the
Wick-rotated integral, it changes the sign of the contribution
of the energetically lower state to the van der Waals energy.
A compensating term is offered by the pole term, in a way
discussed in the following.

First, we approximate Eq. (45) for close range using the asymptotic behavior of the photon propagator given by Eq. (35). In

view of the general result

o 1 1 4 E,, E
ﬁ/ do Z . Z . _ sgn(E,, 4) sgn( q,B)7 @7
oo m E,atiho n E, p ihw |Ep Al + |Eg Bl
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an evaluation of the Wick-rotated integral in the short-range limit leads to
i) R0 1 Z Bij Bre

" (4mep)* RO o 1Emal + Eqp
_ 1 Z Bij Bre

(47 €))? RO ” —Eua+E;B

(Yaldailma)(maldar|¥a)(Veldpjlgs){qpldpe|¥p)

(Yaldailma)(maldar|¥a)(Veldpilgs){qsldee¥a). (48)

We have assumed that E,, 4 < 0; the result is not equal to the contribution of the virtual state m 4 to the van der Waals energy,
(38). The compensating term is obtained by considering the short-range limit of the pole term, which is obtained from Eq. (43b)
in the limit R — O:

R 1 »
P 20— (Z PuiPre )<wA|dAi|mA><mA|dAk|wA><wB|dB,-|q3><q3|dm|w3>.

(47'[60)2 RO o :l:Em,A + Eq,B
(49)
For completeness, we also note the short-range asymptotics of the width term,
iy R=0 2[Ep 4/ (iC)]? BijBre — 3ij Bre
p(din R20 2. / / da; d dg; d :
o T B 2 B, L, | Aldam A maldada) (Uslds;las) sl Vs)
(50)

The sum of the terms in Eqgs. (48) and (49) restores the van der Waals limit,

Bij Bre

. ) . 1
AEUD _ pin 4y din R0
" " " (47eo)* RO %: Ema+ Eqs

(Yaldailma)(maldax|Va)(Wsldpjlgs){geldpel¥p). (51)

This result precisely corresponds to what would be expected from second-order perturbation theory if the Hilbert space of atom
A were restricted in the two states ¥4 and m,4. Supplementing the energetically higher states |v,) for atom A, given in the
Wick-rotated form, Eq. (45), one restores the full van der Waals limit.

Let us now turn our attention to the long-range limit. For the 1S5-1S interaction, the classic result for very large interatomic
separation [21] calls for a Casimir-Polder 1/ R’ asymptotics. This is valid only, as we now argue, if both atoms are in their ground
state. Indeed, in this situation, only the Wick-rotated contribution subsists, and its asymptotics is indeed of the Casimir-Polder
form. In the general case, however, for arbitrary tensor structure, we have both the Wick-rotated term

din Rzoo lic ay,ik(0) ap, je(0)

—QWG%W + Sai;j B + 58i Bu) (52)
0
and the pole term, which has the long-range asymptotics
, 1 Ena\’ EnaR E
(diry Rzoo m,A m,A . ; o —A
Pul = Anel B2 < o ) cos <2 o )aljakl (Yaldailma) (mA|dAk|WA)aB,je< A ) (53)
The long-range form of the width term reads as
< 2 Ena\* En AR E
(diry R>o0 m,A . m,A - ) ) m,A
Ly, = - Anco)? K2 ( e ) sin (2—ﬁc )az,/akl (Valdailma)(ma |dAk|1/fA>OéB,,e< ﬁ ) 54

This result confirms the existence of an extremely long-range van der Waals interaction for excited states.

3. Mixing terms
We now need to start from Eq. (31) for the mixing term and analyze the pole term generated for a virtual state of lower energy, in
atom A, and the Wick-rotated term, as well as its nonretarded limit. The mixing term is relevant only for identical atoms. We recall
that for identical atoms, the eigenstates of the van der Waals Hamiltonian are states of the form (1/ V2)(1Wa,¥s) £ V5. ¥ A))s
with energy AEWD & AE™®_ where AEY is given by Eq. (29) and A E™® by Eq. (31). We write the contribution AE,(,‘,‘:\”‘)
from an energetically lower state |vs) = |[m4) with E,, 4 < 0 as
AE(mlx) — Q(mlx) + Wr(nn:lx). (55)

my ma
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The total mixing term is obtained as the sum

AEMmX) _ Z QUi | gyt (56)

Ena<0

where W™iX) ig the total mixing term, summed over all states, energetically lower as well as higher.
The generalization of Eq. (43a) to the mixed pole term reads as follows:

i ¢ - - dailma)(maldaxl¥e) | (Yaldailma)(maldar|¥s)
M _ _ Res 2 Di(w. R) Dyg(w. R (Valdailma)(maldar| e aldailma)(maldaxl¥e .
Qs e RS i T D@ B)Die(@. R) Epa —hw— i€ + Epa+lio—ic ®ap.je(@)
__ p(mix) i (mix)
= 'PmA — EFmA . (57)
For the pole term generated at w = —E,, 4 + i€, we need the second term in parentheses, with the result
mix) _ _ (Paldailma) (maldar|¥s) (Ema . _2E, 4R B ey EnaR
Qs (47eo)? RO FAB.je\ Ty | <XP hic B e \ 142000
(2 :3 + ﬁ /3 ) Em,AR 2 o ﬁ Em,AR 3 n Em,AR 4 P(miX) i F(mix) (58 )
— (L0 i — 2105 o = - = . a
j Pkt Jj Pkt hc j Pkt he j Gkt he )

The real part of the pole contribution to the mixing term is

(Yaldailma)(maldak|¥p) E,, E,. AR
— A(ZTAE();AR6 ACTE aaB, (- W A){COS (2}1—:) [,Bij Bre — Qaij Bre + Bij Bre)

EnaR 2+ EnaR\' Lo EmaR G EnaRN| B[ Ema® ’ (58b)
X i Sin ij - Wi :
- oy e | = he S e j Pree = aij Pre| —-

The corresponding width term is

(Yaldailma)(maldax|¥p) ( Em,A){. < EnaR
aaB.je| — sin | 2

P;STX) —

rmo _
A (4mep)? RO he

Ema R\’ N EmaR\' o EnaR 2 EnaR\ [ g (EnaR : (550)
X | — ij - cos ij — o . ¢
fic ij ke fic hic hic ij Pkt = ij Pre hc

The mixed polarizability a4, j¢(w) has been defined in Eq. (32). The (total) Wick-rotated term from Eq. (56) is

) |:.3ij Bre — Qaij Bre + Bij Bre)

. 1 [°°d - -
W = o [ €2 04 Dy, B Dustio, R alie) aan. i), (59)
hJy 2m - -
The generalization of the energy shift AE given in Eq. (51) to the mixing term, in the van der Waals range, reads as follows:

Bij Bre

A 1

AEm0 f20 )

ma (47‘[60)2 R6 7 Em,A “+ Eq,B
B

(Yaldailma)(maldpe| V) (Waldajlgp){gpldpel¥s). (60)

The mixing contribution to the width term, at close range, is

pmin) K20 2LEm 4/ GO 3 Aibre = 30 P
m :I:Em,A + Eq.B

ma 3 meg) RO )<wA|dAi|mA><mA|dBk|wB)(I/IA|dAj|QB><QB|dBZ|I/fB>' (61)

In the long-range limit, the mixed Wick-rotated term is

- R hic
pymin) K20 —m(3atjak1 + 505 B + 5B Bri) 2as.ix(0) aap, j¢(0). (62)
0
The mixed pole term has the leading long-range asymptotics
: 1 Ena\ 2E,. AR E
(mix) R—o0 m,A m,A - ) ) _ m,A
Py = T @ne)? R2< e > COS( e )Oluakl (¢A|dAz|mA)(mA|dAk|1ﬁB)<¥AB,je< A > (63)
Finally, the mixed width term is
, 2 Ena\ 2E,. AR E
(mix) R—o0 m,A . m,A - ) ) _ m,A
e = T ane)? Rz( e ) sm( e >0lz]06kz (l/fA|dAl|mA)(mA|dAk|1ﬂB>0lAB,ﬂ( 7 ) (64)
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Due to the symmetry of the wave function, the total interaction energy A E@Y 4+ A E(MX and, also, the Wick-rotated term

W = W(dir) + W(mix) (65)

and the pole and width terms

P, = Pt £ P,

are the sums of the direct and an exchange (mixing) contribution.

Ty =T £ T (66)

D. Excited reference S states

1. Pole term for S states

For § states (i.e., when atom A is in a state with S symmetry), a number of simplifications are possible, as we can replace
g ik(w) = Sir as(w) [see Eq. (33)]. We restrict the discussion to the direct term. The interaction energy, (29), becomes

@iy _ 1 Fdo = =
AETY =~ 5= @ Dij(w,R)Dji(w,R) aa(w) ag(w). (67)
h 0 2
The pole term for an energetically lower |m 4 P) state becomes
A - - E 2iE, AR
(dir) — Sld P . Pld S m,A _ m,A
Q 3ameg) RO (naSldalmaP) - {maPldslnaS)es| —= | exp | ————
EnaR  _(EnaR\® (EnaR\' (EnaR\*
3+6i———— -5 . 2| —— — . 68
X|:+l hic (hc) l< he )+ fic (68)
The real part is
‘ - - 2E, 4R
PUD — = (4, S|dalmaP) - (maP|dalnyS
3negP RO (naSldalmaP) - (maPldalnsS)ap e

2E, AR

EnaR\> [EniR\"
3_5’— :
es(5) (52 )

The corresponding width term is

. 4 - .
M = — —— ———(n,SldalmaP) - <mAP|dA|nAS>aB<

3(4meg)’> RO

= '(

hc

)
|

2EmAR>

e

E, 4R\’ E, aR\*
XG—S(MA)'+(MA>>—
he hc

2E, AR 2E, AR E. 4R\’
A7 cos A 3— A . (70)
he hc hc

We recognize a number of prefactors also present in Eq. (19) of Ref. [2] and recall the definition of the S-state polarizability
from Eq. (33). In the sum-over-states representation, the polarizability relevant to the pole term reads

E’n, 1 3 7
otg( A) :gZ(”BSWBWBP)'(CIBP|dB|nBS)<

h
qB

We recall that the pole term persists only for E,, 4 < 0.

2. Wick-rotated term for S states
For S states, the Wick-rotated term, (45), becomes

h /oo dw —2wR/c 604
- - Ze ol
mct(dmen)? Jo w R?
{ + 2 + 5¢2 n 6¢3 n 3c*
(wR)?*  (wR)®  (wR)*
X aA(la))aB(lw). (72)

W(dir) —

Irrespective of whether the virtual state |m4) is energetically
lower or higher than the reference state, the long-range limit

1 1
+ . (1)
Eq,B - Em,A Eq,B + Em,A)

(

of W due to the virtual P state |m 4 P) is given as follows:

w23 e 1

ma o (47‘[60)2ﬁ
. (YaSldalmaP) - (maPldalYaS)
Em,A
S|dslgs P) - (gs Pldg|VsS

Xz(WB |dplgp P) - {(qp Pldp|¥s >’ R = oo,

E, B

qB 4
(73)
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Restoring the sum over m 4, one verifies that

. 23 hc 1
Wi ~ —EWF as(0)ap(0), R — oo, (74)

where the static S-state polarizabilities are given by

0 (0) = % Z (WAsldAlvAPE> . <UAP|dA|¢AS)’ (752)
va vn, A
2 S|dslgsP) - (gs Pldg|VsS
wp(0) = X Z (¥pS|dplgpP) - (g P|dp|¥p >. (75b)

E
qB 4.8

IV. CONCLUSIONS

We have investigated the van der Waals interaction between
two atoms in a general setting, allowing for one of the
(conceivably identical) atoms to be in an excited state. The
expressions obtained are widely applicable. We employed
the Feynman prescription propagators for the electromagnetic
field, a prescription which we saw naturally arises out of
time-dependent perturbation theory. Time-ordered expectation
values of the atomic dipole operators are used. Our result, (29),
has been kept in fully tensorial form. Our derivation can be
applied to arbitrary angular symmetry of the atomic reference
states involved. The general result given in Eq. (29) allows us to
split the contribution of an energetically lower state |m 4) of the
excited atom A into a pole and a width term, given in Egs. (43b)
and (43d), and a Wick-rotated term, given in Eq. (45). For an
energetically lower virtual state |m,), the short-range limit
of the Wick-rotated term has an interesting sign change [see
Eq. (48)] and would lead to a repulsive contribution to the van
der Waals interaction. However, the pole term compensates
this unphysical behavior and restores the correct short-range
limit [see Eqgs. (49) and (51)]. The additional mixing term
incurred for identical atoms is discussed in Egs. (58b), (58¢),
and (59).

The formalism used here involves the matching of the
scattering amplitude to the effective Hamiltonian. The use
of Feynman propagators allows us to drastically reduce the
number of diagrams which need to be considered (Fig. 1) in
comparison to time-ordered perturbation theory [1,5], because
all the possible time orderings of the electron-photon vertices
are already contained in the Feynman formalism. The fully
retarded result, and the gerade-ungerade mixing term including
all nonresonant states, is included in one single, coherent
formalism. Indeed, it was the tremendous simplifications
incurred by the use of Feynman propagators which allowed
the simplified evaluation of loop integrals in the early days of
QED [22].

We confirm that for a system involving an atom in an
excited state, the “retarded” 1/R’ Casimir-Polder asymptotics
[21] is never fully reached. Indeed, this 1/ R” behavior
originates in the Wick-rotated version of the integral over
photon frequencies, which gives the interaction energy [see
Eq. (52) for the general tensorial structure of this Wick-rotated
long-range limit]. However, if one of the atoms (say, atom
A) is excited, then poles in the complex energy plane are
picked up upon a Wick rotation of the integration contour.
These poles correspond to virtual states energetically lower

PHYSICAL REVIEW A 95, 042506 (2017)

than the reference state and, therefore, are not present in the
ground state. In the large-interatomic-separation limit, these
pole contributions exhibit a surprising 1/R? asymptotics [see
Eq. (53)]. When the interatomic distance becomes longer
than the wavelength/ic/|E,, 4| (Where |E,, 4| is the transition
energy between the reference state and a lower-energy level
accessible through a dipole transition), the pole contribution
becomes larger than the Wick-rotated contribution (the latter
corresponding to the usual Casimir-Polder 1/R” asymptotics),
with the rule of thumb that

5
LY a5<£> (76)
WmA ap

in the Casimir-Polder range. Let us conclude with a few
remarks on the interaction of a metastable 2.5 state in hydrogen
with a ground-state atom [23-25]. The 2P, states are ener-
getically lower than the reference 2 state but displaced only
by the Lamb shift £. Their contribution is suppressed, even in
the oscillatory terms, due to the E;, , = £* prefactor. In the
Lamb shift range R ~ fic/L (when R becomes commensurate
with the Lamb shift wavelength), the static polarizability
of the 2§ state has the Lamb shift in the denominator, so
that the 1/R7-Wick-rotated term of the interaction energy
shift is of the order 1/(ic/L)’ (L/hc)~" = [L/(#ic)]®. For
R ~lic/L, it competes with the oscillatory term which is of
the same order of magnitude, namely, [£/(ic)]*/[R/(ic)]* =
(L)L) Fc)])? = [L/(c)]8. In the given distance range,
the interaction energy is of order a**m,c?, where m, is the
electron mass, and thus is negligible. The oscillatory term
exists for the 25-1S interaction, but it dominates only for
distances so long that no drastic surprises can be expected
for frequency shifts due to long-range interactions, within
high-precision spectroscopy [26]. The suppression mainly is
due to the smallness of the Lamb shift; analogous observations
have recently been made in Ref. [6], where the 2 P admixtures
to a reference 2§ state in hydrogen have been calculated
for atom-wall interactions: A parametrically interesting long-
range tail has been identified, but it was found to be suppressed
due to the smallness of the Lamb shift.

The situation is different for highly excited states, where
the energy shift naturally splits into a pole term, a width term,
and a Wick-rotated term. This is applicable both to the “direct”
and to the “mixing” term [see Eqgs. (41) and (55)]. Our general
results, (29), (43b), (43d), and (53), are applicable to the direct
term. The corresponding results, for the mixing term which is
relevant for van der Waals interactions among identical atoms,
can be found in Egs. (31), (58b), (58c), and (63).
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APPENDIX: SIGNIFICANCE OF NONRESONANT STATES

We should clarify the relation of our work to other recent
studies [1,3] which are based on a restricted subset of atomic
states, for the two atoms participating in the interaction, and
the reference work [8] which uses time-ordered perturbation
theory. Let us start with the latter endeavor. The Feynman
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propagators [see Eq. (22)], which are used in our derivation,
capture different time orderings of the electron-photon inter-
actions in one full sweep. As the propagator captures different
time orderings of electron-photon interactions in one single
expression, it was possible in the early days of QED [27] to
carry out the so-called virtual loop integrals of the vacuum
polarization and self-energy [28,29]. Using the Feynman
formalism, the 12 time-ordered diagrams for the van der Waals
interaction (given in a number of places in the literature,
including Fig. 1 of Ref. [8]) can be replaced by just two
diagrams, given in Fig. 1, which involve Feynman propagators.
The latter approach also eliminates any guesswork on where
to place the infinitesimal imaginary parts in the denominators
which determine the location of the poles.

Our result interpolates between the close-range nonretarded
van der Waals regime and the long-range tails. When one adds
the pole term and the Wick-rotated term, in our approach, then
one gets the van der Waals result back, in the close-range limit
[see Eq. (51)]. In order for this to happen, one has to include the
nonresonant virtual states in the formalism right from the start.

PHYSICAL REVIEW A 95, 042506 (2017)

In the long range, the pole term dominates [see Eq. (52)]. In
the van der Waals limit, on the other hand, all the nonresonant,
virtual states of the atom become relevant.

The alternative approach, as outlined in Refs. [1,3], restricts
the discussion to a few “active” states, namely, to the ground
state and a single excited state, for each of the atoms. Based on
this approximation, the quantum dynamics can be formulated
within the few-state approximation (for an outline of the
formalism used, see also Ref. [30]). The validity of this
treatment is restricted to nonidentical atoms with two close
resonances.

Our approach is much more general. It would be quite
difficult, if not impossible, to generalize the treatment outlined
in Refs. [1,3] to an infinite number of virtual states. This
endeavor would inevitably result in an infinite number of
coupled differential equations. Our general formulas, on one
hand, capture the tensor structure of the pole terms due to
energetically lower virtual states (the 1/R? long-range tail)
and, on the other hand, yield the correct van der Waals
close-range result (proportional to 1/R®).
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