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The Casimir interaction between two media of ground-state atoms is well described with the help of the
Lifshitz formula depending upon the permittivity of the media. We will show that this formula is in contra-
diction with experimental evidence for excited atoms. We calculate the Casimir force between two atoms if one
or both of them are excited. We use methods of quantum electrodynamics specially derived for the problem. It
enables us to take into account the excited-state radiation widths of atoms. Then we calculate the force between
the excited atom and medium of ground-state atoms. The results are in agreement with the ones obtained by
other authors who used perturbation theory or linear response theory. Generalization of our results to the case
of the interaction between two media of excited atoms results in a formula, which is in not only in quantitative,
but in qualitative contradiction with the Lifshitz formula. This contradiction disappears if the media of ground-
state atoms are considered. Moreover, our result does not include the permittivity of the media. It includes a
quantity which differs from the permittivity only for excited atoms. The main features of our results are as
follows. The interaction is resonant, the force may be either attractive or repulsive depending on the resonant
frequencies of the atoms of different media, and the value of the Casimir force may be several orders of
magnitude lager than that predicted by the Lifshitz formula. The features mentioned here are in agreement with
known experimental and theoretical evidence obtained by many authors for the interaction of a single excited

atom with dielectric media.
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I. INTRODUCTION

The dispersion force between two atoms separated by a
distance R large enough to neglect wave function overlap—
the van der Waals or the Casimir force—has been studied in
numerous works when the atoms are in ground states. If
the distance R is smaller than the wavelength of the atom
transitions, the force is described by the London formula [1].
If R is larger than the wavelength and the retardation effects
are significant, the force is described by the Casimir formula
[2], which was generalized later to arbitrary distances R
by Casimir and Polder [3]. Numerous papers, where the
Casimir interaction of ground-state atoms is considered, have
been appearing for more than the last 50 years. For refer-
ences see [4-6].

If one or both atoms are excited, the results for the Ca-
simir force differ significantly from the ones mentioned
above. If the atoms are in the ground state, the force is at-
tractive. If one of the atoms is excited, the force is either
attractive or repulsive depending on the transition frequen-
cies of the atoms. Moreover, the force is resonant. To obtain
these results the authors used either linear response theory
[7] or perturbation methods of quantum electrodynamics [8].
But in both papers the excited energy-level widths of the
atoms have not been taken into account. But if we deal with
excited atoms and a resonant interaction, we should take into
account the finite level widths of the atoms. Here we suggest
a method which enables us to calculate the van der Waals
potential taking into account such widths.

The interaction of an excited atom near a cold (nonex-
cited) dielectric surface is of great interest now. There are
two theoretical approaches to the problem. The first one is
based on linear response theory without explicit quantization
of the electromagnetic field [9,10]. The second one is based
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on macroscopic quantum electrodynamics with the permit-
tivity included in the Hamiltonian [11,12]. A review of recent
works can be found in [11,12]. Both approaches result
in a dependence of the Casimir force on the permittivity of
the medium. Here the Casimir force is resonant and it can
be either attractive or repulsive depending on the relation
of excited atom and medium transition frequencies. For a
dilute gas medium the results are in agreement with the
ones obtained for a two-atom interaction [10]. The latest
experiments [10,13,14] are in agreement with theoretical
predictions.

The Casimir force between two dielectric media was
found for the first time by Lifshitz [15] with the help of
linear response theory. Another method of obtaining Lif-
shitz’s result is based on Matsubara-temperature Green func-
tions and is given in [16]. The results are identical and de-
pend on the permittivities of the interacting media. The
validity of the Lifshitz formula is discussed now for the case
of the interaction between two real metals described by per-
mittivities of the Drude model [17] and two magnetodielec-
tric bodies embedded in another magnetodielectric body
[18]. We examine the applicability of the Lifshitz formula to
excited media. We will show that the result obtained with the
help of the Lifshitz formula for excited media is in contra-
diction with the results of quantum electrodynamics and,
moreover, they are in contradiction with the experimental
evidence.

In Sec. II we consider electric-dipole interaction of two
atoms, one of which is excited. We take into account the
radiation width of energy levels. A specially developed
method of quantum Green functions is implemented. We
show that the results are in agreement with the ones obtained
by different authors [1,7,8].
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Section III is devoted to the interaction of an excited atom
with a dielectric medium of dilute cold gas. We show that the
Casimir force is expressed in terms of the coherent permit-
tivity, but not the conventional one. But the results are in
agreement with the ones expressed in terms of conventional
permittivity [9-14]. If a ground-state atom interacts with an
excited medium, the situation is different. We suppose that
such a result cannot be obtained in terms of conventional
permittivity.

In Sec. IV we calculate the Casimir force for a case of two
media of diluted gases with excited atoms. The result ob-
tained here is not expressed in terms of conventional permit-
tivity (contrary to the Lifshitz formula), but in terms of co-
herent permittivity. We have shown that the results obtained
with the help of quantum electrodynamics and the Lifshitz
formula are not in agreement if the amount of excited atoms
is significant. Moreover, the Lifshitz formula is in dramatic
contradiction with the theoretical and experimental results
obtained for the interaction of a single excited atom with a
cold medium [9-14].

II. INTERACTION BETWEEN AN EXCITED ATOM AND A
GROUND-STATE ATOM

We consider two nonidentical atoms A and B with infinite
masses. We take atom A to be in the excited state and situ-
ated at a point with radius vector R4 and B in the ground
state and situated at a point Rz. We suppose the electromag-
netic field to be in its vacuum state. The exchange interaction
is negligible. Let us suppose for the sake of simplicity that
the radiation width of excited level of atom A is negligible in
comparison with the width of the excited level of atom B.
The Hamiltonian of the system is as follows:

H=HA+HB+th+Hint’ (1)
where I:IA=EI~8A1-I;2-LI;,-, I:IB=E,vsBiﬁ?;r,éi are the Hamiltonians of
noninteracting atoms A and B, g; is the energy of the ith state
of the corresponding atom, bi(blT) and ,Bi(,Bf) are annihilation
(creation) operators of the ith state of the corresponding
atom, Hp/FEkwa\)(&]i)ﬁk)\"'%) is the Hamiltonian of the
free electromagnetic field, k is the wave vector, A=1,2,3 is
the index of polarization of the electromagnetic field, &,

(Evf()\) are annihilation (creation) operators of the electromag-
netic field,

Hyp=~ J (e = Ry)d"E" (1) (r — R)dr

- f ¢'(r - Rpd"E"(r)$(r - Rp)dr (2)
is the interaction Hamiltonian, where

‘Aﬂ= E Ui(r - RA)l;i’ o= E @i(r— RB)ﬁiv (3)

with ;(r—R,) and ¢,(r—Rp) being the wave functions of
the ith state of the corresponding atoms. d” is the operator of

the dipole moment, E"(r) is the operator of the free electro-
magnetic field,
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FIG. 1. Contour c.
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where V is quantization volume, ey, is the polarization unit
vector, w(1,2)=k, and w(3)=0. Now our aim is to calculate
the van der Waals potential for the system. It is evident that
this potential is equal to the energy shift of a single atom
resulting from the presence of the other atom. Consequently,
we should calculate the energy shift of, say, an excited atom.

To take into account the level widths of atoms we should
use a nonperturbative approach. But methods based upon the
linear response theory [9,10] or macroscopic quantum elec-
trodynamics [11,12] are not suitable for us, since these meth-
ods involve classical polarizabilities of atoms. In a number
of problems these methods yield the correct results [9-12],
but as we are going to show, in the general case the van der
Waals potential or the Casimir force cannot be expressed in
terms of classical polarizabilities. To calculate the energy
shift we will use the method of quantum Green functions
similar to the one suggested by Keldysh for kinetics in a
medium [16,19]. This method has no phenomenological ele-
ments, but on the other hand, it will be possible to take into
account the energy-level widths of the atoms.

Let us consider the excited atom. Let

Gy (xx") == T 00§, (x)S.) (5)

be the Green function of atom A. Here x={r, 1}, operators are
in interaction representation [16],

Sc: Tc exp E (_ l)llf Hint l(t)dt (6)
=12 ¢
is the scattering operator, ¢ is the contour of integration
given in Fig. 1, T, is the operator of time ordering for con-

tour ¢ [19], H,,,(?) is in interaction representation, and {-- )
means averaging over the initial state of free atoms. Using
Egs. (2)—(4), we obtain
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i == [ BB

- J 8 E}()gi(x)dr, (7
where
= E Yr —Ry)e ath, = 2 @r —Rp)e s 3,
(8)

2mw(N)

E'(x)=i
(x) l% v

v (A ikr —ioN\)r _ AT —ikr jio(N)r
epy (Ggpe™Te NN G gmiker gl

)

Using the Green function (5) it is easy to find the matrix of
density of atom A:

pA(xx) = iGH(x,x").

Representing the S matrix (6) as a perturbation expansion we
come to the following system of equations (Appendix A):

p,x') = pl(ex’) + pl(x,x'), (10)

where pf(x,x’) represents the coherent channel of interac-
tion, with atom A returning to the initial state (e.g., elastic
scattering). The matrix pﬁ(x,x’) represents the incoherent
channel, where atom A does not return to the initial state
after the interaction (e.g., spontaneous radiation, Raman scat-
tering, etc.). Here we are not interested in the incoherent
channel processes and we omit p/(x,x").

For the coherent channel we obtain equations similar to
the ones derived in [20] for an electromagnetic field and in
[21] for a system of atoms:

Pf(x,x') =p8(x,x') + f dxldng?l(xsxl)Ml1(x1,xz)P6‘(x2,X’)
+fdx]dXZPIg(x’xl)Mﬂ(-xl’xz)géz(xbx,)

+ f dxldXZdXde&g/?l(x’xl)Ml 1y ,xz)Pf)\(xz’xs)
X M py(x3,x4) 855 (4%, (11)

where pé(x,x’) is the matrix of density of free atom A,

Poex") = () g(r)eeaot="), (12)

where 0 stands for the initial state of atom A, gf(x,x’)
[g4(x,x")] is the retarded [advanced] propagator of atom A,
which obeys the equations [22]

g?l(x,x,) = g(l)f(xa-x,)

+fdxldng%(X,xl)Ml1(X1,x2)g/111(x2,x')’
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gh(xx") = g2 (x,x")
0A A ,
+Jdxldx2g22(x,xl)Mn(xl,xz)gzz(xz,x ).

(13)

with
e40nx) = = {1 (0P (),
=—if(t- tI)E wj(r/)wi(r)e—ism(t—t')’

e 0ex") = = T (PR e
= =it =12 o (¢ f(r)e a1 (14)

being the retarded (advanced) propagator of free atom A.
M, and M,, are the mass operators,

M (x,x") =~ ig/?l(x,x')Dl”f (x',x)cAl”c?”',

Mas(x,x") == igh(x,x")D2¥ (x" x)d"d"", (15)

where fo/(x’,x) and Dg/(x’,x) are photon propagators
[22],

Dﬂ’/(x’,x) = D(l);”’,(x’,x) + J dx,dx,

X E D(l);wl(x,7x1)HHV2(x1’x2)DTrl(xz’x)a

[SL9)

D;é”(x’,x) = Dgg”’(x’,x) + f dxdx,

X 2 Dgéjyl(x,’xl)ngévz(xl’XZ)DIZ}EI(-XQ’X)s

Vi
(16)
with
DY (' x) = (T BV EY () e
DY (¢ %) = i LB EY (1)), . (17)

In the frequency-coordinate domain these functions are equal
[22]:

oy’ ’
D" (w,r—1")

; 1 (r=r"),(r-r"),
= w? 0, /(1+ : - )+
“’[ U elle=r] T ofr—r'P

( 3 3i )ein’l
X - ~1
=1’ olfe—rx'| ) r-r| [

DY (w,r—r') =[D"" (w,r —1")]". (18)

e —r'f?

Now it is convenient to rewrite the integral equation (11)as a
differential one (Appendix B):
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\ FIG. 2. Feynman’s diagrams.
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P xx") =T ()T ("),

(,'6%_ﬁA)\If(x)=fM11(x,x1)‘I’(x1)dx1- (19)

The coherent channel processes do not change the initial
state of atom A, and consequently

W(x) = gho(r - Ry)f (), (20)

where the index O stands for the initial state of atom A.
Substituting Eq. (20) into Egs. (19) and neglecting nondiago-
nal elements of the mass operator we arrive at the equation

i&%f(t)—so;\f(t)=j MO (e.1)f(t)dt,,

M(l)(l)(t7t1)=f o(r = RY)M , (x,x)) hy(r; — Ry)drdr;

(21)

here, we suppose that the interaction was switched on at £,
(tg——).
Using the pole approximation we find

W(x) = iy(r - RA)e—iSAote—iM??@Ao)(f—to)’

where M??(sAo)zfiM??(t,t/ Yet®a0=1d(t—¢ 1) is the Fou-
rier transform of mass operator taken at point E=g,.

Thus the density matrix of the coherent channel in the
energy domain

. P
p?(E’E,9r9r,) = f p?('x’x,)elEt_lE ! dt dt,v tO i OO’
)
is

r-R y r-R i(E—E’)[0
PME.E rx') = ol OOA)%( ’ Ae i |
[E—ex0— M1 (a0 [E" — a0 — M3 (£a0)]
(22)

Such an equation for the case of the electromagnetic field

was obtained [20].
Now we can easily calculate the energy shift of atom A
and, consequently, the van der Waals potential

UR, - Rp) = AE, = Re[M (e 50)] (23)

and the energy-level width for atom A resulting from inter-
action with the vacuum and atom B:

r
- == M (e r0)] (24)
We suppose that the Lamb shift due to the interaction with
the vacuum is already taken into account in &, and in ex-
pression (23) we take into account only interaction between
atoms A and B. Using Egs. (13), (15), and (16) we can draw
Feynman’s diagrams given in Fig. 2.

Here the solid line corresponds to g#, the dashed line

corresponds to D?l',’v , the dash-dotted line represents pB, and

the thick solid line represents gZ, which are the density ma-
trix and propagator of atom B.

We suppose that the ground energy levels of atoms have
no width; thus, we can replace p® by p5 and g” by gi. The
propagator g® obeys Eq. (13). For the sake of simplicity, in
Eq. (13) we take into account only the interaction of atom B
with the vacuum, which is described by the mass operator
given in Fig. 2(a), where the solid line represents gj. The
solution of Eq. (13) in the energy domain is

') = 2 @(r - RB)‘P?(I" -Rp)

gllgl(Ear,r ) (25)

. /Bi
E—83i+l_l
2

1

with y,5/2=-Im[MY (e5,)] being the radiation width of en-
ergy level i, while M (sp,) is described by the diagram
shown in Fig. 2(a).

Thus, for the mass operator given in Fig. 2 with omitting
terms whose contribution to the final result is zero, we find

M (x,x")=- ic}”cAiV/g(r)A(x,x’)D(l)lw/(x’,x) + ig(r)A(x,x') f a”cAiV/a”l;i”z[D?fvl(x,xl)pg(xl,xz)gf(xz,xl)D?;’z"’(xz,x’)

+ DO (x,x1) oy (,1) g2 (1, x2) DY (30, x") Jdx s (26)
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The first term corresponds to the interaction of atom A with the vacuum [Fig. 2(a)]; it results in a radiation-level width and
Lamb shift. Consequently, we can omit this term. The second term [Fig. 2(b)] corresponds to the interaction between atoms A

and B. In the energy domain we have
i
(2

M“(E,r,r,) =

)Sg, AE-w,r,r') f a'd” @ a (D" (. k) pE(E’ + o,r1,12)g"(E' 130D (,k,)

+ D" (w.k))ph (E' = o,15,11)g(E rl,rz)DOVZV (w,ky))e™1 ek 0gE" doy dr| dr,. (27)

The Fourier transforms of g™

and pp could be easily found using and Eqs. (12) and (14):

po(E,r.r 1) =2mey(r") @o(r) S(E - &), (28)
A 17[, (r,)‘//z )
g (Erxr,rr)= EE ot 10 (29)

Substituting Egs. (25), (28), and (29) into Eq. (27), we find

M (Err') = i ‘ﬂ:(r/—RA)lﬂg(l'—RA)
1 2m)’ E—w—gy,+10
—R)o (r, —
« @(1> B, (r|
VB

ng—sBe—w+i?

% @.(r; —Rp) @:(rz -Rp)

. /B
8Bg—83e+w+l?

Here g and e stand for ground and excited states corre-
spondingly.

Now we should substitute Eq. (30) into Eq. (21) and take
into account the integral in the dipole approximation

f Ty (r = R)d"y(r - R)dr = dje™ R,

where d}’j is the matrix element of dipole moment:

1

®— &y, +10

M{(en,) =
A (277) Epe

dVAdV Adledsz

eg “ge
.YB
ng—sBe—w+l?

J[otremns

XDOVZV,((U,RA RB) +D0VV1((U,RB— RA)

vA v A v|B jv,B
deg dge dge d62

DY (w,R, - Rp) |dw.

€

. YB
g—836+w+l?

(31)

Using the symmetry property of DO'”’ function DO”” (w)

—D(l)lw (—w), which is evident from Eq. (18), we can rewrite

Eq. (31) in terms of the coherent polarizabilities introduces
in [22] and widely discussed in [23],

DY (w.ky) |e

avd” d"d» D?i’”l(w,kmp;(rz -Rp) g, (r —Rp)

R ) 1297% 1221 *
D0 (0.ky) + DY (0.k ) @y(r) - Rp)@,(r, — Ry)

rr)eor ) g0y dr | dr, dk, dK,. (30)
[
i VV 1% V
Mi(erd =~ D?1 (0, Ry~ R)D" (0,Ry ~ Ry)
X ol ()l w)dw, (32)

or using Egs. (23) and (24), we find

i - 14% 12 V,
U(R,-Rp) =R3{EI D(l)l ](waRB_RA)D(l)lz (0,Ry—Rp)

—o0

X aﬁf)w,(w) ag)ylyz(w)dw:| (33)
and
Q — L N OVV Ov, v’
=—Im (@, Rp=Ry)D|?" (0,R4 —Rp)
2 4 ) _

X a(c)’””(w) a(“)"l"z(w)dw , (34)
A B

with the coherent polarizability for the ground-state atom,

dyedy, dydy,
geTes 878 ’ (35)
Y

!
a(c)m/ (w) —
8
Wpe— W=~ Wyt @—i~
2

and for the excited atom,
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drde d’de,

egge

" () =

(36)

Y Y
W m W= T — Wt w—iT

Here we introduce wy=¢&,4—&44 and wp=¢€,5—&,4p.
The conventional polarizabilities of atoms are well known
[22]:

) dvd” d’d”
al (w) = —— (37)

Y
weg—a)—iz Wpgt w+iT

, d’d, d’.d’,
) (w) = = = (38)
Y
— Wy — W— 1~

eg —w€g+w+15

Equation (33) coincides with the result well known from the
classical textbook [22] for the case of neglecting the radia-
tion width (yz/2—0) and supposing that atom A is not ex-
cited (w4, ——w,). Equations (35) and (37) as well as Egs.
(36) and (38) are different due to the sign of the imaginary
part of the denominators of the second terms. The signs of
the imaginary parts of the denominators of the conventional
polarizabilities (37) and (38) are connected with their ana-
lytical properties. They should be analytical in the upper part
of the complex plane, while the signs of the imaginary parts
of coherent polarizabilities (35) and (36) are the result of the
causality principle. If we change the corresponding signs in
our calculations, we will come to violation of the causality
principle in quantum electrodynamics [22]. As was shown in
[23-25] the signs in the denominators of coherent polariz-
abilities could be changed only due to the presence of an
incoherent channel, which describes the processes of sponta-
neous and induced radiation (at any rate the initial state of
the atoms should be changed). But in our case of the van der
Waals interaction, the incoherent channel does not contribute
to the result.

After averaging over all possible orientations of dipole
moments of atoms we can write [22]

d,*
dVIdV2_)@5 (39)

egge 3 [SLoN

Let us consider a case of small distance between the
atoms, R<<\, where R is the distance between the atoms and
N\ is the wavelength of radiation of atoms. Substituting Eq.
(18) into Eq. (33) and taking into account Eq. (39) as well as
R<N\:

U(R) =Re{ f ) aﬁg')(w)ag)(w)dw] (40)

27R®

After substituting Egs. (35) and (36) into Eq. (40), we find
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i (wy— wB)|dgg|2|d§g|2

3R® Vg 2
(w4 - w3)2 + <_>

2

Uey(R) = (41)

For the case of (y5/2—0) we come to the formula obtained
in [7,8]. Here we should mention that the van der Waals
interaction between the excited and ground-state atoms could
be either attractive or repulsive depending on the sign of
Wy — Wp.

Now let us consider an opposite case. Let atom A
be a ground-state one and atom B be an excited one. In
this case we should use Eq. (26), but we should substitute
Egs. (22) and (14) into Eq. (26) but not Egs. (28) and (25).
If t<<7, where t is the time of interaction and 7 is the
lifetime of excited state of atom B, we come to the evident
result

i (wB - wA)|d?g|2|dfg|2

Ug(R) = (42)

6

R Y, 2
(wq — wp)* + (;B)

The results for the case of both the ground-state atoms could
be obtained analogously:

2 (wy+ wp)|d? [*|d® )?
Ugg(R):——( A+ B)| eg| | eg| . (43)

3R Y 2
(w4 + ws)z + (;B)

Evidently the result (43) corresponds to attraction of
atoms. This result coincides with the London formula [1] if

III. INTERACTION BETWEEN AN ATOM
AND A DIELECTRIC SURFACE

For the sake of simplicity we will consider a dielectric
semi-infinite body of a dilute gas of atoms. Our aim is to
compare the results for the van der Waals force obtained with
the help of the Lifshitz formula and the one obtained with the
help of quantum electrodynamics, taking into account pair
interactions between atoms.

(i) Let us consider an excited atom A near a surface of a
gas of ground-state atoms B. Taking into account only pair
interactions, we can obtain a formula for the interaction po-
tential by integrating Eq. (41) with respect to the volume of
the medium, with g being a collision width of excited en-
ergy level of the atoms of the gas:

2 (wy— wp)ldd?d5)?
U,(ZQ)=JdV— 2 e e,
3R®

2 b
(w4 - w3)2 + (ﬁ)
2

where n is the number of density of atoms of the medium.
If the atom is separated by a distance of z from the in-
terface, the result of integrating is
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T d 2
U](Zo)z_(wA w3)| || |

(44)

(ii) Let us consider the interaction of ground-state atom A
and a ground gaseous medium of atoms B. Using expression
(43), we find

(wy + wp)n
5.
(wq + w3)2 + (%)

The results (44) and (45) are in agreement with the well-
known experimental and theoretical results [9-14].

(iii) Let us consider the interaction of ground-state atom A
and an excited gaseous medium of atoms B. Using expres-
sions (42) and (43), we find

ar
Uz(Zo)=—;|d g2 (45)
0

Us(zo) = %|d REAE
v (wp = wy)n, 5 (w4 + wB)ng
YB : YB 1
(wA—wB)Z"' ? (wA+wB)2+ ?

(46)

where n, and n, are the density numbers of excited and
ground-state atoms. The result of such a kind, as far as we
know, is obtained for the first time.

Using Eq. (40), we can rewrite expressions (44)—(46) in
the following way:

i (C)w (@) - 1]dw
om f (0)[e'(w) —1]d ] (47)

Ulzp) = Re|:

Here we introduce the coherent permittivity
£9(w) =1 +4aln,0l)(0) + n,al(w)], (48)

where aff)(w) and o'“(w) are the coherent polarizabilities
given by Egs. (35) and (36).

The conventional permittivity could be constructed
of the conventional polarizabilities (37) and (38) and as
follows:

g(w) =1 +47an,a,(o0)+n,a(w)]. (49)

We see that the van der Waals potential of an atom interact-
ing with a dielectric interface is expressed in terms of
the coherent permittivity, but not in terms of the conventional
one. But for the case of a single excited atom interacting
with a nonexcited medium, the result obtained by the linear
response theory is in agreement with the result obtained
by quantum electrodynamics, Eq. (44). The situation
differs dramatically if a ground-state atom interacts with
a medium of excited atoms. The result (46) obtained
with the help of quantum electrodynamics cannot
be obtained in the framework of linear response theory or
other phenomenological approaches requiring conventional
permittivities to describe media [9-12]. It results
from the dependence of the conventional permittivity of the
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FIG. 3. Interacting media.

media, which must be included in the result obtained with
the help of the phenomenological approach, on a
difference of numbers of the density of ground-state and
excited atoms:

g(w) = 1 =4maln,a,(w) +na(w)] = n,—n,.

But the result obtained here without phenomenology (46)
does not depend on such a difference.

We must stress that a similar situation, where the
result is expressed in terms of the coherent permittivity,
but not the conventional one, appears in other phenomena. It
has been shown [20,24] that the reflection coefficient of
resonant radiation reflected from a gas medium containing
excited atoms is expressed in terms of the coherent permit-
tivity. The correlation function (E*(r 7 ,£)E"'(r, 1)) of an elec-
tromagnetic field in a hot medium depends on the coherent
permittivity as well [23].

IV. INTERACTION BETWEEN TWO MEDIA
OF EXCITED ATOMS

Let us consider the simplest case of two media of dilute
gases separated by a distance of L (Fig. 3). Let both the
media contain excited atoms.

To find the van der Waals potential per unit area we
should integrate Eq. (47) with respect to dz,, taking into
account pair interactions of atoms of both the media. The
result is evident:

f [£(w) - 1[e})(w) — 1]dw |,

(50)

u(l) = R{ 1287212

where 81(:)((1)) and sg)(w) are the coherent permittivities of
media A and B, which are expressed through the coherent
permittivities (48). Differentiating Eq. (50) by L, we can find
the van der Waals force per unit area:

F(L) = ﬁu@),
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| et - ek e - 1de} | (51)

Substituting Eqgs. (48), (35), and (36) into Eq. (51) and calculating the integral with respect to dw, we find

(wp + wp)

_ T Ap B2 A B
F(L)= 9L3|deg| |deg| nyn,

2
(w4 + w3)2 + (ﬁ)

2
- +
- (n’:ng - nz‘nf) (w03~ @) s —non? (@, + ) 5| (52)
2 VB 2 VB
(wp—wp)"+| (wp+ wp) +| =
2 2
We consider a case of thermal equilibrium, with atoms obeying the Boltzman distribution
ni =nje T nl=nles'T
with nA=n’;+n/:, n® =n§ +nf being the total numbers of density, which is supposed to be constant:
A B
™ nn
F(LT) = —|dy Plde,|?
9L} Wy wp
I +exp| —— 1 +exp| ——
T T
w4 w4 Wp
(wy + wp)| 1 —exp| — — |exp| - expl—— | —exp| - — | (w4 — wp)
T T T T
2 - ) (53)
VB VB
(wA+wB)2+<_) (wA_wB)2+(_)
2 2
|
It is interesting to compare our result (52) with the one de- T
rived from the Lifshitz formula [15,16]. For dilute gases the — Fy(L,T) = _3|d?g|2|dfg|2
Lifshitz formula is oL
o) 1)
nnB| 1 - exp(— —A) 1- exp(— —B>
T T
R = 55 [ Lot = eyt~ e, 54 g
L = 5 3 eplin) — epliu) — u, w w
2L 0 1+exp(——A) 1+exp<— —B>
T T
(wy + wp)
(56)

with g,(iu) and eg(iu) being the conventional permittivities
(49), which are expressed in terms of the conventional polar-
izabilities (35) and (38). After integrating with respect to du
supposing that w,,wz> yz we find

(w4 + wp)

(w4 + w3)2 + (%)2.

(55)

T
F,(L)= ﬁ|d?g|2|dfg|2(”? - nf)(n? —nf)

The temperature dependence of the Casimir force resulting
from the Lifshitz formula is

X 5
Y
(w4 + w3)2 + <ZB>

The difference between expression resulting from quantum
electrodynamics, Eq. (52), and the one obtained with the
help of the Lifshitz formula is dramatic. The results coincide
only for the case of cold media where the density numbers of
excited atoms are negligible (Fig. 4). If the temperatures are
high enough for the media to contain excited atoms, the de-
pendences (52) and (55) differ qualitatively (Fig. 5). The
temperature dependences of the Casimir forces are shown in
Fig. 6. Now let us return to the case of the interaction of a
single excited atom and the dielectric nonexcited media dis-
cussed in Sec. III. Using expression (55) of the Casimir force
obtained by Lifshitz, one can easily find a corresponding
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WA

wB

~ FIG. 4. Normalized Casimir
force calculated by means of
quantum  electrodynamics  (53)
(solid line) and the Lifshitz for-
mula (56) (dashed line). (a)
T/wp=0.1, y5/ w5=0.002 and (b)
T/ wp=0.08, v/ wp=0.002.

1.005

0.49 | =

0.4%8 [

expression for the potential of a single excited atom interact-
ing with a cold medium:

(w4 + wp)n

5.
2 (B
(wy + wp) +<2>

a
UL(Z()) = _3|d?g|2|dfg|2 (57)
9Z0

Disagreement of the results of quantum electrodynamics, Eq.
(44), and the consequence of the Lifshitz formula (57) for a
case of excited atom near a cold medium is dramatic (Fig. 7).
We see that the van der Waals potential obtained by means of

quantum electrodynamics corresponds to resonant attraction
(repulsion) for red (blue) detuned atomic transition frequen-
cies wy < wp (w4 > wp). This is a well-known result. The van
der Waals potential resulting from the Lifshitz formula cor-
responds to repulsion for all atom frequencies. The differ-
ence between the results is impressive. At some points it is
about three orders of magnitude. But our result (44) coin-
cides with the well-known theoretical results [9—-12] and ex-
perimental ones [10,13,14]. Thus failure of the Lifshitz for-
mula for a case of excited atoms is clear. If we consider the
case of a ground-state atom near an interface of cold dielec-
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FIG. 5. Normalized Casimir
force calculated by means of
quantum  electrodynamics  (53)
(solid line) and the Lifshitz for-

0.46

tric, the results obtained by using the Lifshitz formula (55)
and quantum electrodynamics (45) are obviously the same.

V. SUMMARY

Using a specially developed method of Green functions,
which enabled us to take into account the energy-level
widths of atoms, we calculated the van der Waals potential
for a two-atom dipole-dipole interaction if the atoms are in
the following initial states: one atom is excited and the other
is in the ground state; both atoms are in the ground state. We
generalized well-known results obtained in the framework of
perturbation theory and linear response theory [7,8,22] to the

Bl%

mula (56) (dashed line). T/wg
=03, 5/ wp=0.002.

case of a finite energy-level width of atoms. The results are
not expressed in terms of the conventional polarizabilities of
atoms, Egs. (37) and (38), but they contain the so-called
coherent polarizabilities (35) and (36) with different analyti-
cal properties in the upper complex semiplane.

The analysis of the interaction between two atoms en-
abled us to calculate the van der Waals potential for the
interaction of a single atom with a semi-infinite medium. We
considered the case of a dilute gas medium and took into
account only pair interactions of atoms. The result obtained
for the case of excited atom and medium of ground-state
atoms is in complete agreement with theoretical works,
which used a linear response approach or macroscopic quan-

0.6 | / F\
0.5 | ~— ~— . e,
N \
oa o FIG. 6. Normalized Casimir
) . force calculated by means of
. quantum electrodynamics  (53)
o | . (solid line) and the Lifshitz for-
~. mula (56) (dashed line). w,/wpg
~ — —
- =0.9, vp/ wp=0.002.
0.2 .
- e
— ——
0.1 -
‘ T
0.2 0.4 0.6 0.8 1 B
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WA

1.005

(a)

0.502

0.501 |

05 F

0.499 |

0.4% |

wB

FIG. 7. Normalized Casimir
potential for excited atom and
cold media interaction calculated
by means of (a) quantum electro-
dynamics (44) and (b) the Lifshitz
formula (57). yg/ wp=0.002.

(b) 0.99%5 1
tum electrodynamics (i.e., conventional polarizability)
[9-12], and experimental works [10,13,14], while in our pa-
per it is not expressed in terms of conventional polarizabil-
ities. What is the reason for such an agreement? The authors
of the above-mentioned papers used the linear response
theory or macroscopic QED to describe a medium; as a re-
sult, it was described in terms of conventional permittivity
(49), while the excited atom was described with the help of
the Heisenberg equation of motion. Thus the function corre-
sponding to the excited atom possesses analytical properties
of the coherent polarizability (36). But for ground-state at-
oms, the first term of the conventional polarizability(37) is
resonant and it coincides with the first term of the coherent
polarizability. As a result, the formulas obtained in this paper
and [9-12] are in complete agreement.

The situation is different if a ground-state atom is placed
in the vicinity of a medium of excited atoms. The result

1.005

obtained in this paper cannot, as far as we know, be obtained
with the help of the linear response theory and cannot be
expressed in terms of conventional permittivity.

In the last section we compared the results obtained with
the help of the Lifshitz formula and quantum electrodynam-
ics for the van der Waals interaction of two media of excited
atoms. Here we considered dilute gas media and took into
account only pair interactions. It was shown that the results
coincide only if the media do not contain excited atoms. If
the concentrations of excited atoms are significant, the dif-
ference of the results is dramatic. The result obtained in this
paper is expressed in terms of coherent permittivity, while
the Lifshitz formula depends on conventional permittivity.
We compared the results of the Lifshitz formula calculated
for a case of a single excited atom near ground-state medium
and showed that it is not in agreement with theoretical and
experimental results [9-14]. The difference is dramatic.
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FIG. 8. Feynman’s diagram corresponding to Eq. (A1). (a) First
term, (b) second term, (c) third term, and (d) fourth term. The solid
line corresponds to g%, the dashed line corresponds to D?;,’V , and
the dash-dotted line represents pj.

Quantum electrodynamics results in a resonant interaction
(attractive or repulsive), while the Lifshitz formula gives us
nonresonant repulsion only. The graphs are given in Fig. 7.
The difference may be up to three orders of magnitude.

Thus we state that the Lifshitz formula is applicable only
for ground-state (cold) media. If the media are hot enough to
possess excited atoms in a significant amount, the Casimir
interaction cannot be described by the Lifshitz formula, at
any rate, for distances smaller than the wavelength of the
atom transition. It cannot be described even in terms of the
conventional permittivities of media. To describe the Casimir
interaction of excited media one should use coherent permit-
tivities.
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APPENDIX A: METHOD OF GREEN FUNCTIONS

Here we use a specially elaborated method of quantum
Green functions, which enables us to take into account the
energy-level width of atoms. This method resembles a very-
well-known method of kinetic Green’s functions suggested
by Keldysh [19].

Now we will outline some basic principles of the diagram
technique.

A Green function of atom A is given by Eq. (5), with Eq.
(6) being the scattering operator taken on the contour given
in Fig. 1. The density matrix of atom A is

pA(x) = iGH(x,x").

To derive Egs. (10) and (11) we should expand the scattering
operator (6) and substitute the result into Eq. (5). One should

PHYSICAL REVIEW A 72, 052703 (2005)

FIG. 9. Feynman’s diagram of the fourth order of the coherent
channel.

mention that all odd orders of the expansion are equal to zero
since we have only one operator of the electromagnetic field
in each term of the interaction Hamiltonian (7). The first two
orders of perturbation theory read

px,x")

1/ A A
=P/3(x,X’)—§<chdX1dX2l//1(X)¢§(X’)(— 1)+t

X (e E7 ()" Jx(xl)@g<x2)é,gz(x2>&vz&<x2>>.
Using Wick’s theorem, we find
pAna’) = po(ex’) — i f dox,dxypf (6,x1)d"d" 835 (x1.,x2)
X D" (x2,%1) 895 (x2.x")
i [ naeies)a@ i v
XD?;/V'(xz,x])p'g(xz,x’)
—ifdxldng?/f(x,xl)ﬁ”ﬁ”’pé(xl,xz)

XD (x3,%1) 895 (x2,x"), (A1)

with the Green functions given by Egs. (14) and (17).
We take into account that for a single atom all the normal
products of orders higher than 2 are equal to zero,

(N, () () (e )y () -+ ) = 0,

while the second order of the normal product represents the
density matrix of the initial state of the atom:

p°(e,x") = (N4, () i (x7).

We can take into account that g?2=—i< lAﬂT @)Vacuum=0.

We can draw Feynman’s diagram corresponding to Eq.
(A1) [Fig. 8]. All the disconnected diagrams are canceling.

The first term of Eq. (A1) is represented by diagram (a). It
corresponds to the matrix of density of the initial state of the
atom. The second and third terms are represented as dia-
grams (b) and (c). They correspond to the processes of co-
herent channel, with the resultant state of atom being the
same as the initial one; it means that the resultant state is
described by the same wave function. As an example of such
processes, we can consider elastic scattering of a photon or
interaction of an atom with the electromagnetic vacuum. The
last term given by diagram (d) represents the process of the
incoherent channel, with the initial state changing as a result
of such a process. As an example, we may consider the pro-
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cesses of the inelastic scattering of a photon or spontaneous
and induced radiation of an atom. It is significant that these
channels (coherent and incoherent) are separated and the
complete matrix of density is equal to the sum of contribu-
tions of these channels. The same separation of channels
appears in the I"-operator technique [20].

Now we take into account the higher orders of the pertur-
bation technique and use the well-known Dyson equation for
photon and electron propagators and (13) and (16). It is easy
to show that we should substitute complete electron and pho-
ton propagators satisfying Dyson equations (13) and (16)
into Eq. (A1) instead of free-field propagators and add a term
appearing in the fourth order of perturbation technique and
shown in Fig. 9. Neglecting the incoherent channel, which
has nothing to do with the van der Waals interaction, we
come to Eq. (11), with the mass operators given by formulas
(15).

APPENDIX B: DERIVATION OF Eq. (19)

Here we will derive the differential equation (19) using
the integral one (11).

0A(-1)

PHYSICAL REVIEW A 72, 052703 (2005)

It is easy to show [22] that the free-electron propagators
and the density matrix satisfy the equations

gl Vel (ex') = Sx—x"),  gh(rx")ghs ) = Sl —x"),
(B1)
g p%ex) =0, pxx)gds =0, (B2)
d A d ~
0A.B(-1) _ [ .2 0AB-1) _ (. 2
=|\i——H s =11 -H .
811 ((% A,B) 822 (0.,“ A,B)
(B3)

Using Egs. (B1)-(B3) and (13), we find

g?‘?(_l)g?l(x,x’) =dx—x")+ f dsz”(x,xZ)g?l(xz,x'),

ggz(X,X')g%(_l)=5(x—x’)+fdx,gé‘z(x,xl)Mzz(xl,x').

(B4)

Now Eq. (11) can be rewritten as

g VP (xx g% ) = f dxydx;M 1 (x,x2) P (2,3) My (3, x7)

+ f doxdxadxsdx M 1 (x,%) P (X3,3) My (x3,%4) 855 (X402 ) My (x1,x7)

+ f dox dxadxsdxyM 1 (x,x4) 811 (g )M 1 (x1,50) P (0, 203) Moy (3, %)

+ J dx dxydxsdxydxsdxeM (X,xs)g/?l (xs5,x1)M 1 (x ,xz)Pé (Xz’x3)M22(x3,X4)g/2‘2(x4,x6)M22(X6’x,) .

Using Dyson equations (13) and formula (11), we come to
the equation

DA (x,x") gD

=Jdxldszl1(X,X1)P?(X1,Xz)Mzz(xz,x/)- (BS)

Equation (B5) can be easily solved if one represents the

density matrix as pf(x,xr):‘l’(x)\lf*(xl ), with ¥(x) being
the wave function of atom A in the Shrodinger picture.
Such a representation is evident since the coherent channel
describes the processes which return the atoms to the
initial states; consequently, the final state of atoms can be
described in terms of wave functions (pure state) if the initial
state is pure. Taking into account formulas (B3) we come
to Eq. (19).
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