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Dynamical Casimir-Polder energy between an excited- and a ground-state atom
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We consider the Casimir-Polder interaction between two atoms, one in the ground state and the other in its
excited state. The interaction is time dependent for this system, because of the dynamical self-dressing and the
spontaneous decay of the excited atom. We calculate the dynamical Casimir-Polder potential between the two
atoms using an effective Hamiltonian approach. The results obtained and their physical meaning are discussed
and compared with previous results based on a time-independent approach, which uses a nonnormalizable
dressed state for the excited atom.
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I. INTRODUCTION eral may refer to two situations, one time dependent and the

other frequency dependent, which may also lead to dynamic

The existence of field fluctuations in the vacuum state is Hotentials. This paper is concerned with the first case, i.e.
remarkable prediction of quantum field theory. Vacuum ﬂ“C'epricitIy time-dependent siatuations.

tuations produce observable effects such as the Casimir force |, this paper, we shall adopt a time-dependent approach
between two neutral mirrors or dielectrics in the vacydh  for the calculation of the Casimir-Polder potential between a
and the Casimir-Polder force between neutral atoms or moly,qnd-state and an excited-state atom or molecule. This ap-
ecules in their ground staf®]. The Casimir-Polder forces nroach, which takes into account both the short time dynami-
are long-range effects due to the interaction of the atomgy) gressing and the spontaneous decay of the excited atomic

with the common quantum_radiation_field. Fgr intermolecularstate, will give a deeper understanding of the physical nature
distances smaller than typical atomic transition wavelength§s ihe Casimir-Polder force.

from the ground state, they reduce to van der Waals forces; ag usual, the interaction energy between the excited- and

for larger distances they decrease more rapidly than van defe ground-state atom is assumed to stem from the response
Waals forces due to retardation effe¢3]. The physical = f the Jatter to the field emitted by the former. This idea has
origin of the Casimir-Polder force has been investigated inecently been used in the different context of the calculation
the past in terms of dressed vacuum fluctuations, radiatiogg the Casimir-Polder force between partially dressed atoms
reaction field, or vacuum field correlatiotfr a review, see 110}, we use perturbation theory, and this limits the validity
[4]). More recent studies have also considered the Casimitst oy results to times shorter than the lifetime of the excited

Polder dispersion energy between two molecules, one in agiom_ we find that this potential is zero before the “causality
excited state and the other in the ground sf&t&7]. The van  ime” t=R/c, coherently with relativistic causality. For
der Waals-like interaction between an excited atom and g R/c, we find that the interaction energy contains three

dieletric surface has also been considg@dThese calcula-  1erms. Two of them were already obtained in previous time-

tions_ are _based on fourth-order perturbation theory and thebﬁdependent calculatior§]. The third term is additional and

are time independent. In fact, the spontaneous decay of thejs time dependent; it describes the time dependence of the
excited atom, as well as its dynamical self-dressing, is Nofyrce when one atom is initially in its bare excited state. This
included in these calculations, the excited atom being treategy,y, vanishes for times larger than the time scale of the
as if it were in a stable state. The time-independent potentigly namical dressing of the excited state, which coincides with
contains two terms: one resulting from virtual photon eX-ine so-called Zeno timél1]; after the Zeno timebut at
change and the other from the resonance due to the possibijmes shorter than the time scale of the spontaneous decay
ity of the emission of a resonant photf#j. The term arising y1 of the excited atomic stafethe interaction energy re-

from the virtual photon exchange has the same structure gfces to that obtained by time-independent calculations.
the Casimir-Polder potential for ground-state atoms. The The paper is organized as follows. In Sec. Il we describe
resonant term is a polynomial in the inverse of the intermo-,r effective Hamiltonian approach, and in Sec. 11l we obtain

lecular separatioR. Finally, the possibility of enhancement he complete Casimir-Polder potential between the excited-
of van der Waals forces in nonequilibrium situations has reynq the ground-state atom, inclusive of the ear(iime-

cently been suggest¢l]; this indicates that the matter is not jhqependent[6]) and of the additional(time-dependet
entirely settled and explains our interest in Casimir-Poldekarms.
forces in dynamical situations. The term “dynamic” in gen-

Il. THE EFFECTIVE HAMILTONIAN

We consider two atomA& andB interacting with the elec-
*Electronic address: roberto.passante@pa.ibf.cnr.it tromagnetic radiation field in the Coulomb gaugg;andrg
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are their positions. AtonA is approximated as a two-level 1 8 1 8
system. Its interaction with the radiation field, in the multi- Heft=~ 52 a”(K)(Ey;(rg,t) -E(rg,t)) =— —2 > Bk
polar coupling scheme and within the dipole approximation, ki ki k'jr

is described by the following Hamiltonigw]: X(Ej(rg,t) - Eyrjr (1), (3)
H=7iweS) + E hoaljay; +2 (6 S~ € ) (ay e where the average in E¢3) has to be taken on the initial
kj ki state of the systengatom A excited and the field in the
_ alje_ik'rA), (1) vacuum statg oB(k) is the ground-state dynamic polarizabil-

. . ity of the atomB, and
wherewy=ck; is the transition frequency of the atom a8gl

S,, andS._ are the pseudospin atomic operators. The coupling : . 2l iK.
constante,; in the multipolar coupling scheme is given by E(re,) ‘%‘4 Eij(ret) = 'kzj v [&a (e e

1/2 .
6= i(ﬁwk> 8 1 2 - &l e re] (4

Vv
is the field operator evaluated at the position of atBm

wherep” is the transition dipole moment of atoMandé; Eyj(rs.t) being its(kj) component, which includes a contri-
are the polarization unit vectors. ) ) _ bution coming from the presence of atgmlin this way, we
The use of the multipolar form of the interaction Hamil- gptain the Casimir-Polder potential between the aténasid
tonian is very convenient in our calculation. In fact, in this g from the response of atom to the field emitted by atom
coupling scheme the momentum conjugate to the vector pos_ \we stress that the field operatérin Eq. (4) is the trans-
tential is the transverse displacement field which, outside thggrse displacement field operat@hat is, the momentum
atoms, co_mm_des with t_he total eIect_rlc figlti2) (transverse  conjugate to the vector potentjakhich, outside the atoms,
plus longitudinal. In this way, we directly obtain the total coincides with the total electric field operatdr2]: longitu-

field generated by one atom, inclusive of the longitudinalginal field contributions are already included in Ed).
components.

We assume that d@=0 the atomA is in its bare excited
state, while the gtorB is in the grounq state. The two atoms IIl. THE DYNAMICAL CASIMIR-POLDER
are in general different, and we consider a factorized state as POTENTIAL
the initial state. We are interested in the dynamical Casimir-
Polder potential between these two atoms. Our calculation The first step in obtaining the time-dependent Casimir-
proceeds in two steps. First, we obtain the electromagnetiBolder potential, as outlined above, is to evaluate the average
field emitted by the initially excited atorA and then we value of the operatoE,(rg,t)-Ey/j(rg,t) on the initial
evaluate the interaction energy of the ground-state a@om state, that is, the state with atokexcited and the field in the
with this field. We have already used a similar procedure tovzacuum state. We obtain this quantity by solving at the sec-
obtain the Casimir-Polder potential between ground-state atnd order in the coupling constant the Heisenberg equations
oms and shown its relation to the spatial correlations ofof motion for the field operators and using the Hamiltonian
vacuum fluctuation$13]. (1), and then taking the average value on the state @t the

The interaction energy of the ground-state atBmwith ~ calculation is sketched out in the Appendix. Our procedure
the field emitted by the excited ato&can be conveniently closely follows that of Power and Thirunamachandfah]
obtained by an effective interaction, which is quadratic in thefor a multilevel atom, with the difference that we have spe-
field operators. The two atoms are in general different. Thigialized to a two-level case and that we deal explicitly with
guadratic coupling can be obtained by a unitary transformathe casd > R/c. Substitution of Eq(A8) into Eqg.(3) yields
tion from the multipolar Hamiltonian, and it is given by the following expression for the average valueHgt;, which
[14,15 gives the Casimir-Polder potential between the two atoms:

1 1(2mc)\? A s .
ABps=~7 2 ({1 al0}Ex(rg.t) - Egrjr(ra, )| Ta{0G)}) = 5(_\7;0) Y BB @ Y B - KK
kjk'j’ kjk'j’

8 [aB(k)[Ft(wo + w )@ * R - F(wg — )€ E R[] (g — wyo )€K R — F{ (w0 + ) 7K Rt

, i(KR- 1 ik Ry LK Rea
+iaB(ke* R wkt)((u . {e® RUIF (w + w) = Flwg + )] = €K FUIF (g = wpr) = Fi(wp = @) ]}
0~ Wk

1

wo t wy

+ {eK RAUVE (0 + ) = Fy (09 = wir)] = €76 RHE(y — wp) = Fy (wg + wk’)]}>_ iaB(k)e (KR
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l H ! * * H ’ * *
X( {e_l(k .R_wk,t)[Ft (wk + wk’) - F’[ ((J)O + wkr)] - el(k .R_wk't)[Ft (wk - wk’) - Ft (O)O - wk,)]}
Wo ™ Wk

+

{e—i(k’.R—wkft)[F:(wk_,_ wyr) = Flwp— )] = ei(k’-R—wkrt)[F:(wk— wyr) — Filwg+ wk,)]})] , (5)
W+ wy
where the complex functioR(x) is defined in Eq(A7).
We first perform integrations and summations oké&j’ in the continuum limit, obtaining
- o . o o ~ kR _
AE(A,B) = \_/,U«Ql’«ﬁkz (&) (&) X {aB(k)IC[Ft(wO — w)e KR () + ) e KR 'kOCtFﬁn? + aB(k)ekR
j

1 o €TKR i e—ikOR) 1 ( e kR _ eik0R> _ ( olkR
_ akgkcteR R _ arilkgtcteR & —ik-R B RS
X[ko_k<':€n R an R +k0+k F(’n R € Fen R +te ko—k a(k)an R
‘ elkoR kR . e koR
- aB(ko>e"<k°‘k>°tF?n?> fios k(aBqu?n; ~ Pllkg)e MR )} O(ct-R), (6)
[
where we have defined the differential operator acting on the o
variableR as X | cosky(ct - R)J du aB(iu) + aB(iug) Je U
0
FR = (= 8, V2+V,V,). 7 —
o " o 2kosinhuR * B,
The presence of th® function in Eq.(6) ensures relativ- XW +sinky(ct-R) [ dula(iu)
istic causality in the propagation of the field generated by 0
atomA and consequently in the interaction between the two 2u sinhuR
atoms. The® function results from integrals ovés of the +aB(iug) Je V' ——— O(ct-R), (10
following kind: Ko+u R=R

kk+

o eikx )
P| d k) =im20(x) - 1]e ™ a(ky). (8 —
foo koa( ) =im{2000 - 1] alko) ® where the variabl®, which is put equal td& after the action

After lengthy calculations which include integration over of the Qiﬁerential oper_atoF_?m, has be_en convenieqtly intro-
kj of some of the terms containing (kj—k), Eq. (6) can be duced in order to distinguish the variables on which the op-

expressed in the more compact form eratorsF?n and F?m operate.ax(iu) is the dynamical polar-
izability of the excited state of the atom, extended to

2m . . k imaginary frequencieal,
AE(A,B) = —MQMQ‘E (&) ¢(&j)m ey e
V kj ko_ k
kR[> BuaeR € i B 2kouul
B —_— A _ m~ n
X Re| € (Za (KFp, R [a®(k) apiu) = —ﬁc(kg Y (11)

_ e koR
+ aB(ko)]e'(“‘k)C‘Fgen—) O(ct-R). (9
R For a two-level system, the dynamical polarizability of the
After summation over(kj) in the continuum limit and eXxcited state coincides with that of the ground state except
some algebraic manipulations where the analytical propertielr & change of its sign. The experimental observability of

of the dynamical polarizability®(k) are used, we finally get time dependences of the form implied by expressid) has
been discussed if16].

1 -1 _ We notice from Eq(10) that the first two terms inside the
AE(AB) = | - uhunaB(kg Fi =FR =cosko(R-R) square brackets are time independent, whereas the third term
RR depends on time. This time-dependent term contains, inside

he o1 =1(* the u integrals, an exponential factor decreasing with time.

+ —FRZFR = | due'®Raf (iu)aB(iu) For a givenR, this term rapidly vanishes to zero with a time
2m "R "T'RJo scale of the order ok;*/c=w,". This means that, for this
1 1 -1 given R<ct aft_er_a transignt in v_vhich there is_ a time-_
+ —uhpuhFR ZFR = dependent Casimir-Polder interaction, then the interatomic
™ R R interaction stabilizes to
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1 .1 — self-dressing processes of the excited atom; there is also a
AE(AB) = (‘ ﬂﬁ#ﬁas(ko)':?nﬁ':?m:cos ko(R-R) contribution to the potential from the resonance related to the
R possibility of emission of a resonant photon by the excited
— atom. We find that for times> w;?, that is, for times larger
due‘“(R+R)aﬁm(iu)aB(iu)) »than the inverse of the transition frequency of the excited
R=R atom, and fot > R/c the Casimir-Polder interaction becomes
(12)  time independent. In this limit its expression coincides with
that already obtained by Power and Thirunamachandran us-
which is time independent. We note that the time segfeof  ing a time-independent approach and based on a nonnormal-
the dynamical Casimir-Polder potential is the same as at thgable dressed state for the excited atom. We argue that the
nonexponential early stage of the spontaneous decay of thgne-dependent part of the potential that we obtain is due to

excited aton(Zeno time. Details of the time-dependent term virtual photons that are emitted by the excited atom in the
in Eq. (10) may depend on the choice of the initial state atvery ear|y stages of its decay_

t=0, in our case a bare excited state. Other possible choices,

for example a partially dressed state, might yield a different ACKNOWLEDGMENTS
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during its self-dressing. Our result0) is valid only up to

times of the order of/* or smaller, wherey is the decay rate APPENDIX: ITERATIVE SOLUTION OF THE
of the excited state, because of the limitation of the pertur- HEISENBERG EQUATIONS

bation theory we have used. However, for atomic systems the
Fime interval b(_atweenkalllc a?”d 7_1.is typically quite a long Heisenberg equations describing the interaction of afom
interval. Equat'lor(lz) coincides W'th the r_esul't obtained by with the radiation field, using the Hamiltonigh) for the part
Power and Thlrunamachandra_n using a tlme-mde_pendent a ertaining to atomA. The Heisenberg equations for the field
proach based on a nonnormalizable dressed excited state 9hd atomic operators are

atomA [6,7]. This part of the potential has two components:

one has the same form as the potential for ground-state at-
oms, and the other is spatially oscillating and is related to the
fact that the excited atom can emit a resonant photon.

ic o1 -1 (7
+ _F?n_F{Bm:

In this appendix we outline the iterative solution of the

B30 = = 1@ () + TS0 - 60T A
(A1)

 CONETIRIoNS S0 = 1000 + 2 S0 dfag 057 a0e™ 74
(1) =iweSH(t) + —S\(t €qlagi(H)et A—a . (t)e " TA].
We have considered the Casimir-Polder intermolecular in- ° f Kj kit i

teraction between two atoms, one in its ground state and the (A2)
other excited. The latter is assumed to bé=ad in its bare

excited state. We have used an effective Hamiltonian ap- The iterative solution of these equations and their Hermit-
proach, and the interaction energy between the two atomigin conjugates yields the perturbative expansion of the field
stems from the interaction of the ground-state atthmough  operators

its dynamical polarizability with the field generated by the (1) = 20 (1) )
excited atom. The interaction energy yielding the Casimir- (1) = ag (O + &G +agO + -, (A3)
Polder potential is time dependent because of the dynamicalhere
|
a (1) = a(0)e ¥, (A4)
i i * * * —ik-
a1 = P e SNOF; (wp + wp) — €S O)Fy (g = ) JeT™ 7, (A5)
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2i _ i e « Fllog— o) = Flwg+ wy) * Filog— wy) - F:(wo - wy)
afj)(t)=——2$(0)e "”kte ik rAE |:akrjr(0)elk rA(Ekjfk,j, +6kj6k'j'
rir 0 Kk’ 0 k'
f K] Wyt o wg— W
o . Flogtop) —Flog+ o) Floy + o) = F{ (0o — ay)
_al’J’(O)e ik .rA<EkjEk;j/ +€kj6krjr y (AG)
W~ Wyr (O] + Wy
where we have defined the function
t
Fu(x) = f dtext’. (A7)
0

Using Eqs(A4)—(A6), we obtain the following expression for the average value of the field operators presen{®) &u.
the initial state of the systetmtom A+ field) |7 A{0;}):

2mc\2 . . . N R iK.R—
(Ey(rg, -Ekj(rB,t)>=—<T) (& - &) (& - N @ -uA)kk’{[Ft(womk)e'(k'R o — F (g~ wy)e” KR

Filwg+ o) — F(wg + wyr)

X[Fi(wg = ) €% RV — Fl (g + wy) e Rt ]+ [_ ( .
i(wo = wy)

. Fi(og+ o) = Fy (0= o) Filwg— wp) — Fllwg — o)

)ei(k+k’)-R—i(wk+wk,)t + (

i(wo+ wy) i(wo— @y
+ Ft(wk - c-ok’) - Ft (wo + wk’) )ei(k—k')-R—i(wk—wk’)t + C.C.(k PN k/):| (A8)
i(wo+ wy)

(the last term indicates the complex conjugate of the terms inside the square bracket after exchangekbahsden R
=rg—r, is the interatomic separation.
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