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Lamb shift of a uniformly accelerated hydrogen atom in the presence of a conducting plate
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We investigate the effects of acceleration on the energy-level shifts of a hydrogen atom interacting with the
electromagnetic field and in the presence of an infinite perfectly conducting plate. We consider the contribu-
tions of vacuum fluctuations and of the radiation reaction field to the Lamb shift, and we discuss their
dependence from the acceleration of the atom. We show that, because of the presence of the boundary, both
vacuum field fluctuations and radiation reaction field contributions are affected by atomic acceleration. In
particular, the effect of the vacuum field fluctuations on the energy-level shifts is not equivalent to that of a
thermal field. We also discuss the dependence of the Lamb shift from the orientations of the atomic dipole. We
show that, for specific orientations of the atomic dipole, the atomic level shifts contain an extra contribution,
as compared with the case of an atom at rest, suggesting the possibility to detect the effects of the acceleration

for atoms with anisotropic polarizability.
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I. INTRODUCTION

One of the most remarkable consequences of quantum
electrodynamics is the existence of zero-point fluctuations of
electric and magnetic fields. These fluctuations are at the
origin of many observable effects, such as the Lamb shift,
i.e., the shift of the energy levels of an atom interacting with
the radiation field, the Casimir effect, and the Casimir-Polder
forces between neutral atoms (see [1] for a review). The
Casimir effect [2] refers to the force between macroscopic
objects, such as conducting or dielectric plates in vacuum;
also, the Casimir-Polder forces [3] are long-range interac-
tions between microscopic objects, such as atoms or mol-
ecules or between an atom and a conducting plate. These
effects are of a purely quantum origin and they can be inter-
preted as a manifestation of quantum fluctuations of vacuum
[4]. The Casimir effect, although it is a tiny force, has been
recently measured with remarkable precision for various
geometrical configurations of the objects [5]. Also the atom-
or condensate-plate Casimir-Polder forces have been recently
measured [6]. The increasing interest in this subject is also
connected to possible application in nanotechnologies. For
example, nanoelectromechanical and microelectromechani-
cal systems can be activated by Casimir forces [7,8]. An
intriguing feature of these effects is that they depend on the
presence of external fields or boundaries [9]. For example, it
is well known that the atomic level shifts change if the atom
is located inside a cavity [1,10]. Also, the Casimir-Polder
interaction between atoms changes qualitatively and quanti-
tatively if the atoms are in the presence of a boundary or
immersed in a magnetodielectric medium [11,12]. Generally
speaking the presence of a boundary affects the structure of
the modes of the vacuum and leads to a change in the
energy-level shifts of an atom or of the Casimir-Polder po-
tential of two atoms [13].
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Recently, it has been also investigated how a dynamical
change in the boundary conditions affects the field vacuum
fluctuations, giving rise to observable phenomena such as the
dynamical Casimir effect [14]. This effect consists of the
emission of electromagnetic radiation when the neutral ob-
jects are put in an accelerated motion or when their dielectric
constant is subjected to a change. Similar effects have been
also studied in the case of dynamical Casimir-Polder forces
[15,16]. Although less known than its static counterpart, the
dynamical Casimir effect has attracted much attention, in
particular in connection with the possibility to detect real
photons from vacuum. Also, the dynamical Casimir effect is
closely related to the Unruh effect according to which an
atom (or a charge) that accelerates in a vacuum with uniform
acceleration perceives the vacuum fluctuations as a thermal
field with a temperature proportional to the acceleration a,
Ty=thal/(2mcky), where kz is the Boltzmann constant
[17-21]. Unfortunately, this is a very small effect: in order to
have Unruh radiation at 1 K, the atomic acceleration has to
be on the order of 10?2 cm/s?. Actually, the question of the
appearance of the vacuum in an accelerated frame is a widely
controversial problem [22,23]. All these phenomena under-
line the highly nontrivial nature of quantum vacuum, whose
dynamical properties critically depend on the topological
properties and/or geometry of the system under scrutiny.

In this paper, we investigate the effects of acceleration on
energy-level shifts of a hydrogen atom interacting with the
electromagnetic field in the presence of an infinite perfectly
conducting plate. Recently, the energy-level shifts of an ac-
celerated two-level system interacting with a scalar field
have been calculated [24,25]. The interest on this issue was
motivated by the possibility of detecting the effects of the
atomic acceleration on the energy-level shifts of the atom
accelerated. Unfortunately, the results obtained show that the
accelerations required to obtain an appreciable effect are
very large to be experimentally realized (a~ 10> cm/s?).
On the other hand, the model considered consists of a two-
level system interacting with a scalar field. A more realistic
calculation of the effect of the atomic acceleration on the
Lamb shift would require considering a multilevel atom in-
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teracting with the electromagnetic field. Recently Passante
[26] investigated the energy-level shifts of a hydrogen atom
moving with uniform acceleration and interacting with the
electromagnetic field in the multipolar coupling scheme. The
main conclusion of his paper is that the effect of the vacuum
fluctuations on the energy-level shifts of the accelerated atom
is not totally equivalent to that of a thermal field with the
Unruh temperature Ty=ha/(2mckg). An estimation on the
order of magnitude of the nonthermal correction to the
energy-level shifts shows that it is comparable with the ther-
mal one and it should be in principle observable.

In this paper we shall extend this investigation to the case
when a boundary, such as an infinite perfectly reflecting
plate, is present. As it is well known the presence of a con-
ducting plate changes the structure of field modes and it is
interesting to investigate its effect on energy-level shifts of a
uniformly accelerated atom. Our calculation is carried out
using a generalization of the formalism of Dalibard er al.
[27,28], according to which it is possible to separate the con-
tributions of vacuum field fluctuations and of the radiation
reaction field to the energy-level shifts of the atom.

In Sec. II we shall introduce the model and the general
formalism developed in [27]. In Sec. III we shall generalize
this approach to the case of an accelerated multilevel atom
interacting with the electromagnetic field in the presence of a
conducting plate and we shall investigate the effects of ac-
celeration on the Lamb shift of the accelerated atom.

II. VACUUM FLUCTUATIONS AND RADIATION
REACTION CONTRIBUTIONS TO THE RADIATIVE
ENERGY SHIFT

Let us consider a uniformly accelerated atom interacting
with the electromagnetic field in the vacuum state and in the
presence of an infinite perfectly conducting plate. The atom
accelerates in the x direction, parallel to the plate. The
Hamiltonian that describes the atom-field interacting system
in the instantaneous inertial frame of the atom and in the
multipolar coupling scheme is (i=c=1) [26,29]

H(7) = Hp(7) + Hp(7) + Hyp(7), (1)
where
HA(T) = E wnUnn(T)v (2)
d
()= 3 ol (3)
kj T

Hyp(D) == er(7) - E(x(7)) = = e, 1 - E(X(D) 0, (1),

(4)

where o, =|€)(m|,|n) being a complete set of atomic states
with energy w, and pu=er=eX;, 1,00, 1S the atomic elec-
tric dipole moment. Also, x=(z,x) is the space-time coordi-
nate of the atom. Finally,
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2wy,

E(x)=i2, £(kj.x)(ay; - aj,). (5)
kj

where f(kj,x) are the appropriate mode functions for the

field operators taking into account the presence of the con-

ducting plate at zp=0. The mode functions satisfy the nor-

malization condition

1
‘—/f Ixf(kj,x)f(K'j' %) = S0 5. (6)

Hamiltonian Hx(7) in Eq. (3) governs the evolution of the
field in terms of the proper time 7 in the instantaneous iner-
tial frame of the atom. It reduces to the usual free-field
Hamiltonian in the simple case of an atom at rest, where
dt/dr=1.

We are interested in evaluating the contributions of
vacuum field fluctuations and the radiation reaction field to
the energy-level shifts of the accelerated atom in the pres-
ence of the reflecting plate. As discussed in [24,26,27], these
two contributions can be obtained from an effective Hamil-
tonian, H/(7), which can be expressed as a sum of two
terms,

2 T
Hfl(7) =i% f dr' Cf,(x(0),x(T)[r(7).r, (D], (7)

2 (T
H‘,f-ff(r)=—i% f A7 X (7). x(T){r((7).x, (D}, (8)

where we defined the symmetrical correlation function and
the linear susceptibility of the field in the vacuum state,

CL,(x(7),x(1)) = OHE (D), E,,(x(TD}0),  (9)

Xen((7),x(7)) = 5O Ee(x(7)),E,,(x(7))][0).  (10)

[.] and {,} denote commutator and anticommutator, respec-
tively. The expectation values of Hi’}f (7) and Hf{f (7) on a
generic atomic state |a) give the vacuum fluctuations and
radiation reaction field contributions to the energy shifts of
the atomic level a at the second order in the coupling con-
stant,

(OE,)pp=- iezf dr' C, (D). (PN (Xeda(m 7). (11)

0

(OE,)r=— iezf A7’ X (K(D) X (7)(CP,) o7 7)), (12)

70

where we introduced the atomic statistical functions,

()7 =5 a7 )oe ()

1 A ,
= EE [{alr¢(0)|b)b]r,,(0)|bye @a(™T)
b

+(alr,,(0)|bXb|r(0)|pye @ ™T], (13)
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(o)) = el ()5 ()

= %E [{a|r (0)[b)(b|r,,(0)|b)ei@ar(™)
b

—{alr,,(0)|b)b|r(0)|pYe a™)]. (14)

In Sec. IIT we shall apply this formalism to investigate the
effects of acceleration on the energy-level shift of the accel-
erated atom in the presence of the reflecting plate.

III. ENERGY LEVEL SHIFTS OF AN ACCELERATED
HYDROGEN ATOM NEAR A CONDUCTING PLATE

We now calculate the energy-level shifts of an atom ac-
celerating in a parallel direction to an infinite perfectly re-
flecting plate. The plate is located at z=0 and we suppose
that the atom accelerates along the x direction. Our approach
generalizes the method developed by Takagi [19] to the case
when boundary conditions are present. In the laboratory
frame, the trajectory of the atom is described, as a function
of the proper time 7, by the equations

t(7) = lsinh(ar), x(7) = lcosh(m'),
a a

y(1)=0, z(7) =2z, (15)

where a is the proper acceleration.

In order to obtain the statistical functions of the radiation
field [Egs. (9) and (10)], we first calculate the Wightmann
function for the electromagnetic field

Goapysx,x") = (0| F op(x) F,5(x)|0ys),

where F,5(x)=0d,A5—dgA, is the electromagnetic tensor and
|0,,) is the Minkowski vacuum. This function can be ob-
tained from the two-point correlation function of the electro-
magnetic four-vector potential A ,(x) taking into account the
condition that the transverse components of electric field
vanish on the conducting plate. We have [we introduce x
=x(7) and x' =x(7)]

<0M|Aa(x)A,8(x’)|OM>
= <OM|Aa(x)AB(x,)|OM>o + <0M|Aa(x)Aﬁ(x,)|0M>b.

= naﬁg(”)(x,x’) + (7= 2nan5)g(b‘)(x,x’), (16)
Nep=diag(-1,1,1,1), and n,=(0,0,0,1)=(0,n), where
n is the unitary normal vector. Also, G(x,x')

=(0,| p(x) p(x")|0,,) is the Wightman function of the scalar
field. In the presence of a boundary, it consists of a sum of
two terms—an empty-space contribution G”(x,x’) and a
term G)(x,x")—which is the correction induced by the
presence of the plate with Dirichlet boundary conditions
[25,30],

1

gl
G0 ) = 47TZ(A(X))2 (Ar- i

(17)
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1 1
GO (x,x") = - ——— : (18)
41 (Ax))’ - (Ar—ie)?

where €— 0%, A(x)=|x(7)—x(7’)| [the difference between
atomic coordinates x(7) taken at two different proper times],
and A(x)=|x(7)—ox(7")| with

0
0 (19)

Q

1]
S O =
S = O

-1

Finally, Ar=#(7)-#(7"). As it has been shown in [30], the
Wightman function obtained satisfies the boundary condition
on the conducting plate.

We now focus our attention only on the boundary-
dependent term, which is relevant for our calculation of
Lamb shift of the accelerated atom in the presence of a re-
flecting plate. The Wightman function for the fields in the
laboratory frame follows from Eq. (16). We get

G2 2. x) = Oyl F g0 F (x| 041
=[(185920 = Mpydads= NasIpdy+ Naydpdy)
= 2(ngns0,0,
+ nany&ﬁﬁg)]G(b')(X,x,) ) (20)

— g0 ,05— nan,gﬁﬁz?;

where ¢’ =d/dx’. From this expression we may easily obtain
the two-point correlation function for the electric field,

Gipm(@.x") = Oy E((x) E,,(x")| 041,
= [(8¢m = 2ngm,) Ao — 3¢, ]G (x,x").
21)
We are now interested in calculating the two-point corre-
lation function of the electric field in the reference frame

comoving with the atom (that is the Rindler function of the
electric field),

Eom(1,7) = Oy Ee(DE,(7)|04), (22)

where we supposed the atom at the origin of the accelerating

frame and where 12",-( 7) indicates a generic component of
electric field operator at the point of the accelerating atom in
the instantaneously inertial frame comoving with atom. The

electric field E(T) observed at proper time 7 by the atom
accelerating along the x direction (at a fixed distance z, from
the plate) is related by a Lorentz transformation to the elec-
tromagnetic field in the laboratory frame by the relation

Ei=Fiy=(A)MA)EF op, (23)

where
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cosh(ar)

—sinh(a7)

7 0
0
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—sinh(a7) 0 0

cosh(ar) 0 0
(24)

0 10

0 01

is the boost relating the laboratory frame to the atomic proper reference frame. Using Lorentz transformation (23) in Eq. (20),

after some algebra we obtain

g0 = 1) = Oy Ed(DE(7)|0),.

a4

where k=(1,0,0), e— 0%, and z, is the atom-plate distance.
From the above express1on follows that the only nonzero
components of g\*)(7,7') are the xx, yy, zz, and xz compo-
nents. In particular, we have

g” )(7' 7) #g(b (r,7) for any i # j{i,j=x,y,z},
(26)

which shows that the two parallel directions to the plate, that
is, the x direction (along the acceleration) and the y direction,
are not equivalent since g'*” is different from gy »)_ Therefore,
in contrast with the case of unbounded space Where the cor-
relation function is isotropic, in the present case the function
g%n)(r— 7') is not isotropic and displays nondiagonal compo-
nents. This anisotropy is due to a cooperative effect of
boundary and atomic acceleration.

We now calculate the correction induced by the presence
of the plate on the atomic energy-level shifts of the acceler-

( Z0)2

O'g
Kon(w;z0,a) <
0

2wz,

+ (5nm - 3nnnm)[ (1

2wz

1
= —{5(," sinhz[g(r— 7= ie)} +a’s [ - 2nen,, sinhz[‘—l(r— T - ie)” T4 BE
167 2 2 {smh [5(7'— T - ie)] +a zo}

smh2[ (r—7 - ie)]

16772[2(1 20(8em — keky) + 2azo(nek,, + ken,, )]{ h2[

(2‘” inh™!( ))
—————>——cos| 2—sinh™!(az,
+ aZZ(Z))SQ a

(r—7 - ie)] + azzé}3 ’ (25)

ated atom. In order to do that, we express the correlation
function g,,(7,7’) in terms of frequency integration. The cal-
culation is sketched in Appendix. From Egs. (A8) and (A17)
we have

1 1 * Tw
F AN 12 I K . th<—)
(Cpp(T ) g 2(220)3Jo dwKy,(w;z,a)co .

X(eiwu + e—iwu) (27)
and

1 1

X7 7N = mmfo dwK p,,(w;zg,a) (" — ™),

(28)

!

where u=7—7" and

=——575) (Gum—nn m)ﬁsin(22sinh_l(azo))
(1 +a’zp) (1+az a

1 N NI
—msm ZZSIHh (azp)

2.2 [ -1 2 . ( w -1 )
+a Sy +30,,) 5 =5cos| 2—sinh™ (a + (8, —20,,) 5 >55sin| 2—sinh™ (a
Z0|:( )(1 + Cl2Z%)3/2 ( a ( ZO)) ( )(1 4 LIZZ%)z a ( Z0)

44
-0l 20555
"0+ a2

X{ (2(1)Z0)2
(1+ azz(z)

+ @[ (Sym = keky)azo + ngk,, + k{’nm]{

sin(Egsinh_1 (aZo))
a

2(0Z() w .
_Wcos<2;smh (azp)

4w o
WCOS 2;smh (azp) | +

)Zsin(nginh_l(aZo)) } + azol (8, — kik,p)azo + nik,, + ki,

1 (e
+msm 2;smh (azp)
4 L
i+ )2s1n( 2—sinh (azo)>}.

(29)
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Let us now calculate the vacuum fluctuations and radia-
tion reaction contributions to the energy-level shifts of the
accelerated atom. Putting Eqgs. (13), (14), (27), and (28) in
Egs. (11) and (12), we obtain, after some algebraic manipu-
lation,

1 o0
(5Ea)z(;l}) E ( ab ba 3Pf dngm(w;ZQ,a)
" (2z0)° J
Tw 1 1
Xcoth(—)( - ) (30)
a w + Wgp W= W,
and
1 o0
(SE,)) = E( ab by 3Pf dwKy,,(0;70,a)
(2z0)* Jo
1 1
><< + ) . (31)
w + Wyp W= Wy,

Equations (30) and (31) reveal interesting features. Let us
first discuss the contribution of vacuum field fluctuations.
Expression (30) clearly shows that this contribution contains
not only a thermal correction due to the factor coth(mw/a)
but also an extra term proportional to the function
Kon(w;79,a), which is induced by the presence of the con-
ducting plate. This term does not have the form of a thermal
correction. The presence of nonthermal corrections in the
vacuum fluctuation part of the shift is not a new one. In fact,
as discussed in [26], the equivalence between uniform accel-
eration and thermal field is lost even in the unbounded space
when considering the case of an accelerated atom interacting
with the electromagnetic field (in multipolar coupling
scheme). In that case

o 2
(E, )<0>——2 (e b")Pf dww3<1 +“—2>
(O]

o) 1 1
a W+ W, W= Wy,

which clearly shows the presence of a nonthermal term pro-
portional to a®>. We also note that the function K,,(w;zy,a)
modulates the energy shift as a function of the atom-plate
distance z and of the atomic acceleration a. This suggests
that for some values of z, and a, the nonthermal contribution
present in Eq. (30) can be enhanced or weakened. In particu-
lar, we may envisage situations in which the nonthermal cor-
rection present in the vacuum fluctuation part of the shift in
the unbounded space [Eq. (32)] can be canceled by that in-
duced by the boundary for specific values of z; and a. For
example, for a dipole oriented along a specific direction (x, y,
or z), it can be found some value of atom-plate distance z,
for acceleration on the order of 10%° cm/s2, such that
a*wp,—1/(220)* Ky 0pg»79,a)=0. We have evaluated some
value of atom-plate distance for the typical transition fre-
quency of a hydrogen atom, w,,~10"% s7' and a
~10% cm/s?, obtaining z,~0.01 um. This means that for
some specific trajectory of the atom, nonthermal effects
could vanish.
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Let us now discuss the contribution of radiation reaction
field. Expression (31) reveals that this contribution is modi-
fied by the atomic acceleration. This behavior is expected; in
fact, this term is essentially the field radiated by the atom.
When a boundary is present, this field can act back on the
atom after a reflection on the conducting plate. Since the
atom accelerates, in the time-interval between the emission
and the subsequent absorption of the reflected field, the atom
has moved from its position for a stretch depending on its
acceleration [see Eq. (15)]. This gives rise to a dependence
of the radiation reaction part of the shift from the atomic
acceleration. This is obviously in contrast with the case of
unbounded space, where the contribution of radiation reac-
tion does not depend on atomic acceleration, being

2 (Mub ba)Pf dww3
0

x( ! + ! ) (33)

W+ Wgyp w — Wyp

(5E )(0) —

Similar features have been already discussed in the case of
an accelerated two-level system interacting with scalar field
in the presence of a plate [25].

Summing the contributions of vacuum field fluctuations
and of radiation reaction field to the Lamb shift in the pres-
ence of the reflecting plate [Egs. (30) and (31)], we obtain
the energy-level shifts of the accelerated atom in the pres-
ence of the plate. We get

(8E,)" = (3E,)\) + (SE,)%). (34)

In Fig. 1 we have plotted the result obtained as a function
of distance z, for a ground-state atom with isotropic polariz-
ability and for different values of atomic acceleration. The
distances considered are on the order of microns, which are
the typical distances in experimental setup for measurements
of Lamb shift in the presence of a conducting plate. A com-
parison between the different curves shows that, in order to
reveal effects of acceleration on the energy-level shifts, it is
necessary to consider accelerations on the order of
104~10% cm/s>. These are the typical accelerations neces-
sary to observe the Unruh effect. In other words, as in the
case of unbounded space, in the presence of a reflecting plate
the effects of atomic acceleration on the Lamb shift become
appreciable for accelerations on the order of 10?* cm/s% We
have also considered the ratio between the energy-level shifts
of an atom at rest in front of the plate and the energy-level
shift of the accelerated atom SE’(a=0)/SE"(a+#0) with a
=10% cm/s? Figure 2 shows the behavior of this quantity as
a function of the distance z,. We observe that this quantity
decreases, increasing z. This suggests that the effects of
atomic acceleration on the energy-level shifts become more
relevant for distances on the order of 10~

We also stress that our calculation concerns with an ac-
celerated atom in the ground state. Although we do not have
performed explicit calculations, we expect that in the case of
an atom in the excited state, resonant terms could appear due
to the resonant atom-field interaction, in analogy with the
case of an excited atom at rest near a conducting plate.
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FIG. 1. (Color online) Energy
level shifts as a function of the
atom-plate distance z, and for
different values of atomic accel-

a=10%

cm/s?
a=10%* cm/s?
a=0 cm/s?

eration. Blue, red, and black
curves (long-dashed, dashed, and
solid lines, respectively) represent
the shifts for a=10% cm/s?,
a=10%* cm/s2, and a=0 cm/s?,

It is interesting to observe that because of the anisotropy
of the function K,,(w;zy,a), the energy-level shift in Eq.
(34) depends on the direction of the atomic polarizability.
For example, for a dipole oriented in a direction parallel
to the x-z plane, the energy shift contains an extra term,
compared with the case of an atom at rest, which is as-
sociated with nondiagonal component xz of the function
Kn(w;79,a). This contribution, which is proportional to the
atomic acceleration a, is not present in the case of an atom at
rest. This suggests the possibility to make the effects of ac-
celeration on the Lamb shift easier to observe for anisotropic
polarizability.

We conclude our analysis by comparing the results ob-
tained with the case of an atom at rest in front a perfectly
reflecting plate at a temperature different from zero [31]. We
have considered the ratio between the energy shifts of an
accelerated atom in the presence of a reflecting plate with
those obtained for an atom at rest immersed in a thermal bath
at a temperature 7. In Fig. 3 we have plotted as a function of
the distance z,, the quantity SE*(T+#0)/SE”(a+#0) for an
atom with isotropic polarizability for two different values of

A

0.0151

0.010

0)/0EP(a=102° cm/s?)

0.005 |

6Eb'(a

respectively.

temperature (7=100 K and T=300 K) and for acceleration
on the order of 10** cm/s? (corresponding to the Unruh
temperature 7~ 10> K). The curves obtained show that
for distances on the order of 107 cm, the ratio SE(T
#0)/SE(a#0) is equal to 1. This suggests that there exist
some distances z, for specific values of atomic accelera-
tion such that the effect of the atomic acceleration on the
energy-level shifts becomes equivalent to a thermal effect.
Moreover, Figs. 3 and 4 show that when the temperature or
the atomic acceleration increase, the range of distances in
which SE?(T+# 0)/ SE*(a #0) ~ 1 decreases. In particular, as
shown in Fig. 4, for acceleration on the order of 10 cm/s?,
the effect of acceleration on the energy-level shifts becomes
equivalent to the thermal one in the limit of small distances
(Z()"’O.l ,um).

IV. CONCLUSIONS

In this paper we have investigated the Lamb shift of a
uniformly accelerated hydrogen atom interacting with the
electromagnetic field in the presence of a perfectly conduct-

FIG. 2. (Color online) Ratio
between the energy-level shift of
an atom at rest in front a reflecting
plate and the energy-level shift
of the atom accelerating along
x direction parallel to the plate
(a=10% cm/s?). The effects of
acceleration become important
when the atom-plate distance z,
increases.

N

1x1074 2x1074 3x1074

4x1074

: 7
sx104 Zo(cm)
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A
T=300K — — -
15f 0, T=100 K
/N
1.0~ \

05}

SEP-(T) / OEP(a=1024 cm/s?)

2x10%  4x104  exi04  8xi04  1x108  Zp(cm)

FIG. 3. (Color online) Ratio between the energy-level shift of an
atom at rest in front the reflecting plate at temperature 7 and the
energy-level shift of the accelerated atom (a=10%* cm/s?). Red and
blue curves (dashed and solid lines, respectively) represent this ratio
for two different temperatures, 7=300 K and 7=100 K,
respectively.

ing plate. The atom accelerates in a parallel direction to the
plate. We have evaluated the contribution of vacuum field
fluctuations and radiation reaction field to the energy-level
shifts of the accelerated atom. We have shown that, due to
the presence of the boundary, both these contributions are
affected by the atomic acceleration. We have also discussed
that the corrections induced by the presence of the boundary
are essentially nonthermal. It is argued that for specific val-
ues of the atom-plate distance and/or acceleration, nonther-
mal terms may cancel that already present in the unbounded
space. Finally, we have shown that because of the anisotropy
of the electric correlation function, the energy-level shifts
depend in a significantly way from the orientation of atomic
dipole. This suggests that effects of acceleration on the
atomic level shifts can become appreciable for atoms with
anisotropic polarizability.

ACKNOWLEDGMENTS

The authors wish to thank Professor F. Persico and
Professor R. Passante for interesting discussions on the sub-
ject of this paper. The authors are also indebted to Professor
A. Calogeracos and Professor G. Carugno for fruitful and
stimulating suggestions on this topic.

A
2 T=100K
Oo1sf T=300K
NO
i
_Q'v 1.0}
S
=~
!:’ 0.5}
o
P

L L n n n N

X105 2x105  3x10°  4x105 sx10® Zo (€M)
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APPENDIX: CORRELATION FUNCTION AND LINEAR
SUSCEPTIBILITY AS INTEGRALS OVER
FREQUENCIES

In this appendix we outline the calculation of the sym-
metrical and antisymmetrical correlation functions as inte-
grals over frequencies. We first focus on the symmetrical
correlation function

Ch(6x") = OHEx(D), E,,(x(¥)}0), (A1)

From Eq. (25) we obtain

4
[ch (x,x")]®) = - 12_112{ 5€m{sinh2[g(7_ - ie)} + a2z2}

- 2nyn,, sinhz[g(r— T - ie)] }

% 1 a*
{sinhz[g(r— T - ie)] + a2z2}3 1677

X[2a*22(8,,, — kek,,) + 2az(nik,, + ken,,)]

sinhz[g(r— T - ie)]

{sinhz[g(r— T - ie)] + a2zz}3 .

(A2)

Observing that &,—2n¢n,, =0y, and defining ),
=az( S —kek,,) +(n ek, +ken,,), expression (A2) can be writ-
ten as

[CE,, ()]

a* "
O¢n
1677 alu—ie) 3
sinh? - a7
a(u—ie)
sinh?
“ - (A3)
g«‘fm > A3
1672 alu—ie) 5 3
sinh? -a’z;
2

where u=7—7". In order to express this function as integral
over frequencies we first observe that

* |20 7o Tw ), .
dw sin| —sinh™'| — | [coth| — | (&' + e7'*)
0 a a a

aZZO(l +a2z(2))1/2
= 22 . 2 > (A4)
a‘“zy— sinh“(au/2)
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* 2 ‘ ‘ 2a7%(1 + a2} 1 +2a%7
f dww cos —wsinh_l<m> coth(ﬂ)(e’“’”+e_’“’”) =— a o) ZO% 5 %) 2T 22 . a2Z ) (AS)
0 a a a 2 ( [a’zy —sinh*(au/2)]*  a’zy— sinh*(au/2)

* , |20 [ T T . »
dww” sin| —sinh™ | — | |coth{ — | (&' + ¢7'*)
0 a a a

4201+ azz(z))m{ 4a’z3(1 +a’z) 3(1 +24°z; 2
la '

=- - + A6
2 2z§ — sinh®(au/2)]? [aQZg — sinh?(au/2) ? a2z(2) — sinh*(au/2) (46)
Using these expressions in Eq. (A3), after some algebraic manipulation, we obtain
1 1 * T, . .
CF x’x/ (b) — _ ——J dowK (w320, COth<_> el 4 gmiwny A7
fm( ) 8772 (2Z0)3(1 +azz(2))1/2 0 4 ( 0 ) a ( ) ( )
where we defined
O¢n ( Z())2 . ( w .. )
Kon(®320,0) = 5577 (Oum — Matyy)) —— 5-sin| 2—sinh™ (az
4 ( 0 ) (1+a21(2))1/2{( )(1+ 22(2) a ( O)
(8= 3nymy)| —20 (2“’ inh™!( )) L (2“’ inh™( ))
am — M) | 5 5=5c0s| 2—sinh™ (azy) | - ——555sin| 2—sinh™ (az
(1+ 51212)3/2 a 0 (1+ aZz(z))2 a 0
2 0}
+a*2?| (8,,+3 —Zocos<29sinh_1 ) +(5,,—2 —sin(Z—sinh_1 )
azo ( nm o-nm)( 2 2)3/2 a (aZO) ( nm G-nm)(l 4 (IZZ(Z))Z a (aZO)
- Gnma413ﬁ8in(295inh_l (aZO)) + aZO[(ﬁlm - klkm)aZO + nlkm + klnm]
(I +azp) a
(Qwzy)? ( » ) 2wz ( ® 1 »
X { ——5-sin| 2—sinh™'(azy) | - ———5—==cos| 2—sinh(az,) | + ——===sin| 2—sinh™!(az
{ (1+ azz(z)) a (azo) (1+ 022(2))3/2 a (azo) (1+ azz(z))z a (azo)
4wz 1) 4 1) )
3.3 0 . -1 . .|
+ a’zol (O¢yn — kok,p)azo + nk,, + ken,, |\ ———5=5cos| 2—sinh™ (azy) | + ———5sin| 2—sinh™ (az .
0[( (4 ¢ ) 0 € 4 ]{(1 +612Z(2))3/2 ( a ( O)) (1 +L12Z(2))2 ( a ( 0) }
(A8)
Let us now consider the linear susceptibility
Xem(:x") = 3O|[E¢(x(7)). E,,(x(7))]]0). (A9)
From Eq. (25) we obtain
[XF (.X' X )](b J=— Wz{[zo-fn( - nnnm) + 2020 nfm]Al(u;ZO’a)
- [zoen(énm - 3nnnm) - 2aZO ﬂenl][Az(”;Zo’a) - A3(M;Z0,Cl)]}, (AlO)

where we defined

4 6
A (u;z0.a) = 2 Zo{ (s 3/2[5 (au -2 sinh™(azy)) — 8"(au + 2 sinh™'(azy))] + ﬁ[é’(uu — 2 sinh™!(az,))
— & (au +2 sinh~(azy))] - (12+)5/2[5(au 2 sinh™!(azy)) — 8(au + 2 sinh™ 1(azo))]} (A11)

' 4
Ay(uszp.a) = 8;7;22{ 1+ [5’ (au -2 sinh™(azy)) + & (au + 2 sinh™'(azy))]
2az0 o o
T+ azzz)3/z[5(““ — 2 sinh™ (azy)) — &(au + 2 sinh™ (azy))] {, (A12)
0
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i

8a3z8{ (1+ azz(z))”2

As(u;z9,a) = [8(au - 2 sinh™'(azy))

— 8(au +2 sinh™(azy))] ¢, (A13)

where &' (x) and &"(x) are the first and the second derivatives
of the Dirac’s function, &(x), respectively.
Observing that

1 [~ . .
ox) = —f do(e'™ + e7'"), (A14)
27T 0
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§(x) = — J dwo(el — e, (A15)
277 0
' (" 20 i —i
Fx)=——1] doo (e +e'")), (Al6)
277 0
we, finally, obtain
[XF (x x/)](b.)z L 1 jm doK,,(w;z0,a)
{m\"> 47T2 (2Z0)3(1+d223)1/2 0 {m 540
X (/01 — gmiony (A17)

[1] P. W. Milonni, The Quantum Vacuum (Academic, San Diego,
1994).

[2] H. B. G. Casimir, Proc. K. Ned. Akad. Wet. 51, 793 (1948).

[3] H. B. G. Casimir and D. Polder, Phys. Rev. 73, 360 (1948).

[4] G. Compagno, R. Passante, and F. Persico, Arom-Field Inter-
actions and Dressed Atoms (Cambridge University Press,
Cambridge, 1995).

[5] S. K. Lamoreaux, Rep. Prog. Phys. 68, 201 (2005); M. Bor-
dag, U. Mohideen, and V. M. Mostepanenko, Phys. Rep. 353,
1 (2001); S. K. Lamoreaux, Phys. Rev. Lett. 78, 5 (1997); B.
W. Harris, F. Chen, and U. Mohideen, Phys. Rev. A 62,
052109 (2000); G. Bressi, G. Carugno, R. Onofrio, and G.
Ruoso, Phys. Rev. Lett. 88, 041804 (2002).

[6] V. Druzhinina and M. DeKieviet, Phys. Rev. Lett. 91, 193202
(2003); D. M. Harber, J. M. Obrecht, J. M. McGuirk, and E. A.
Cornell, Phys. Rev. A 72, 033610 (2005); J. M. Obrecht, R. J.
Wild, M. Antezza, L. P. Pitaevskii, S. Stringari, and E. A.
Cornell, Phys. Rev. Lett. 98, 063201 (2007); C. I. Sukenik, M.
G. Boshier, D. Cho, V. Sandoghdar, and E. A. Hinds, ibid. 70,
560 (1993).

[7] H. B. Chan, V. A. Aksyuk, R. N. Kleiman, D. J. Bishop, and F.
Capasso, Science 291, 1941 (2001).

[8] H. B. Chan, V. A. Aksyuk, R. N. Kleiman, D. J. Bishop, and F.
Capasso, Phys. Rev. Lett. 87, 211801 (2001).

[9] D. Meschede, Phys. Rep. 211, 201 (1992).

[10] D. Meschede, W. Jhe, and E. A. Hinds, Phys. Rev. A 41, 1587
(1990).

[11]S. Y. Buhmann and D.-G. Welsch, Prog. Quantum Electron.
31, 51 (2007).

[12] S. Spagnolo, D. A. R. Dalvit, and P. W. Milonni, Phys. Rev. A
75, 052117 (2007).

[13] S. Spagnolo, R. Passante, and L. Rizzuto, Phys. Rev. A 73,
062117 (2006).

[14] D. lannuzzi, M. Lisanti, and F. Capasso, Proc. Natl. Acad. Sci.
U.S.A. 101, 4019 (2004); A. Lambrecht, J. Opt. B: Quantum
Semiclassical Opt. 7, S3 (2005).

[15] S. Shresta, B. L. Hu, and N. G. Phillips, Phys. Rev. A 68,
062101 (2003).

[16] L. Rizzuto, R. Passante, and F. Persico, Phys. Rev. A 70,
012107 (2004).

[17] P. C. W. Davies, J. Phys. A 8, 609 (1975).

[18] W. G. Unruh, Phys. Rev. D 14, 870 (1976).

[19] S. Takagi, Prog. Theor. Phys. Suppl. 88, 1 (1986).

[20] T. H. Boyer, Phys. Rev. D 21, 2137 (1980).

[21] A. Belyanin, V. V. Kocharovsky, F. Capasso, E. Fry, M. S.
Zubairy, and M. O. Scully, Phys. Rev. A 74, 023807 (2006).

[22] M. T. Jaekel and S. Reynaud, Quantum Semiclassic. Opt. 7,
499 (1995).

[23] B. L. Hu and A. Roura, Phys. Rev. Lett. 93, 129301 (2004).

[24] J. Audretsch and R. Muller, Phys. Rev. A 52, 629 (1995).

[25] L. Rizzuto, Phys. Rev. A 76, 062114 (2007).

[26] R. Passante, Phys. Rev. A 57, 1590 (1998).

[27] J. Dalibard, J. Dupont-Roc, and C. Cohen-Tannoudji, J. Phys.
(France) 43, 1617 (1982).

[28] J. Dalibard, J. Dupont-Roc, and C. Cohen-Tannoudji, J. Phys.
(France) 45, 637 (1984).

[29] H. Yu and Z. Zhu, Phys. Rev. D 74, 044032 (2006).

[30] N. D. Birrel and P. C. W. Davies, Quantum Field in Curved
Space (Cambridge Monographs on Mathematical Physics,
Cambridge, 1982).

[31] T. Boyer, Phys. Rev. A 11, 1650 (1975).

062110-9



