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We study the energy shift and the Casimir-Polder force of an atom out of thermal equilibrium near the surface
of a dielectric substrate. We first generalize, adopting the local source hypothesis, the formalism proposed by
Dalibard, Dupont-Roc, and Cohen-Tannoudji [J. Phys. (Paris) 43, 1617 (1982); 45, 637 (1984)], which separates
the contributions of thermal fluctuations and radiation reaction to the energy shift and allows a distinct treatment
of atoms in the ground and excited states, to the case out of thermal equilibrium, and then we use the generalized
formalism to calculate the energy shift and the Casimir-Polder force of an isotropically polarizable neutral atom.
We identify the effects of the thermal fluctuations that originate from the substrate and the environment and discuss
in detail how the Casimir-Polder force out of thermal equilibrium behaves in three different distance regions
in both the low-temperature limit and the high-temperature limit for both the ground-state and excited-state
atoms, with special attention devoted to the distinctive features as opposed to thermal equilibrium. In particular,
we recover the distinctive behavior of the atom-wall force out of thermal equilibrium at large distances in the
low-temperature limit recently found in a different theoretical framework, and furthermore we give a concrete

region where this behavior holds.
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I. INTRODUCTION

The effect of interaction between an atom and quantum
electromagnetic fields has been a long-standing subject of
research. It is well known that even in vacuum, the energy
levels of an atom are slightly shifted as a result of the
interaction between the atom and the fluctuating vacuum
electromagnetic fields [1], and these shifts are further modified
when boundaries which confine the fields appear. In fact,
when the fluctuations of quantum fields are altered by the
presence of boundaries, many novel effects may arise, such
as the Casimir effect [2], the light-cone fluctuations when
gravity is quantized [3—6], and the Brownian (random) motion
of test particles in an electromagnetic vacuum [7-10] (also
see [11-13]), just to name a few.

In 1948, Casimir and Polder discovered that a neutral atom
near a perfectly conducting wall feels a net force as a result of
the interaction between the atom and vacuum electromagnetic
fluctuations [2]. At short distances, the force behaves like the
van der Waals—London interatomic force, which decays as
1 /z4, where z is the distance from the wall, while at large
distances, the inclusion of relativistic retardation effects yields
a different 1/z° dependence, and this region is called the
Casimir-Polder regime. Subsequently, by employing the the-
ory of electromagnetic fluctuations developed by Rytov [14],
Lifshitz showed that besides the zero-point fluctuations, the
thermal fluctuations also give rise to a revision of the atom-wall
force [15,16] which actually becomes the leading contribution
to the total force at distances much larger than the wavelength
of thermal photons and decays as T/z*. Later, it was shown
that the thermal fluctuations also alter the energy shifts of an
atom [17]. In recent years, the research on the Casimir-Polder
force has been extended to various circumstances, such as in
the presence of partly or perfectly reflecting boundaries in the
vicinity of an atom which is static or in noninertial motion in
vacuum [18-22] or immersed in a thermal bath [23-26].
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The effect of the thermal fluctuations on the Casimir-
Polder force referred to above is about an atom-wall system
in thermal equilibrium. Recently, there has been growing
interest in the Casimir-Polder force of an atom out of thermal
equilibrium both theoretically and experimentally [27-37]. In
Refs. [28,29], Antezza et al. calculate, using the fluctuational
electrodynamics developed by Rytov et al. [14] and the linear
response theory by Wiley and Sipe [38], the Casimir-Polder
force felt by an atom near the surface of a half-space dielectric
substrate whose temperature is different from that of the
thermal bath in the other half-space (environment) under the
assumption that the whole system is a stationary configuration,
and they find that the force exhibits a different behavior at very
large distances when the temperature is low, which decays
more slowly with the distance than at the thermal equilibrium.
The force is also distinctive from that in the case of thermal
equilibrium as it displays a sizable temperature dependence
which could be attractive or repulsive depending on whether
the temperature of the substrate is higher or lower than that of
the environment. It is interesting to note that this new behavior
has already been demonstrated in experiment [31].

In this paper, we study the energy shift and the Casimir-
Polder force of an atom near a dielectric substrate out of
thermal equilibrium using a QED treatment of the atom-field
coupling. In such a framework, on the one hand, the fluctuating
field which is modified by the appearance of the substrate
disturbs the atom, and on the other hand, the disturbed atom
induces a radiative field in reaction to the disturbance, and
both these fields affect the dynamics of the atom. It has been
found in QED that to what extent each mechanism plays a
part is determined by the ordering between the operators of
the atom and the field in the interaction Hamiltonian [39-42].
In other words, there exists an indetermination in the con-
tribution of vacuum fluctuations and radiation reaction. The
ambiguity was resolved when Dalibard, Dupont-Roc, and
Cohen-Tannoudji (DDC) showed that there exists a preferred
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symmetric operator ordering which ensures that the distinct
contributions of vacuum fluctuations and the radiation reaction
of the atom to the rate of change of the atomic observables
are separately Hermitian [43,44]. Recently, this formalism has
been employed to study the radiative properties of atoms in
various cases, including noninertial motion of the atom and
a thermal bath at equilibrium [18-22,24,25,45-49]. In the
present paper, we will first generalize the DDC formalism
originally established for thermal equilibrium to the case
out of thermal equilibrium in a stationary regime and then
perform a systematic analysis of the atom-wall force for an
atom near a dielectric substrate which was examined before
by other authors only for atoms in the ground state in the
low-temperature limit at very large distances [28,29]. The
DDC formalism based upon the atom-field coupling separates
the contributions of thermal fluctuations (including vacuum
fluctuations) and the radiation reaction and allows a distinct
microscopic treatment of atoms in the ground and excited
states, and it differs from the macroscopic approach using
Lifshitz theory, in which atoms are treated as a limiting case
of a dielectric [30,32] and the linear response description
of the atom [28,29]. With the DDC formalism generalized
to the atom-wall system out of thermal equilibrium, we are
able to derive the Casimir-Polder force for an atom out of
thermal equilibrium at all distance regimes in both the high-
and low-temperature limits for both the ground and excited
states. In particular, we quantify the region of “very large
distances” which was taken as mathematical infinity (z — 00)
in Refs. [28,29], where the behavior of the force with a weaker
distance dependence characterized by 1/z* appears. In other
words, we give a concrete region where this behavior holds.

This paper is organized as follows. In Sec. II, we briefly
review the quantum electromagnetic fields concerned with
a general dielectric substrate. In Sec. III, we generalize the
DDC formalism to the case out of thermal equilibrium. In
Sec. IV, we calculate the energy shift of a two-level atom near a
dielectric substrate, separating the contributions of the thermal
fluctuations and radiation reaction using the generalized DDC
formalism. In Sec. V, we discuss the atomic energy shift and
the Casimir-Polder force near a nondispersive real dielectric
substrate, and we summarize in Sec. VI.

II. THE QUANTUM ELECTROMAGNETIC FIELD

In the presence of magnetoelectric background media
where no external sources and currents appear, the classical
electromagnetic fields satisfy the Maxwell equations

V. B(.,r) = 0,

3B(,r)
V x E(t,r) = — )

at 1)
V.D(@,r) =0,

D
vV x H(r.r) = 2200

or

By performing the Fourier transformation which is defined for
an arbitrary operator O(z,r) as

o(t,r) = /OO dw e O(r,w), (2)

[ee]
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the Maxwell equations can be transformed to

V - B(r,w) =0,
V x E(r,w) = iwB(r,w), 3)
V. -D@r,w) =0,

V x H(r,0) = —ioD(r,).

Assuming that the medium under consideration is not bian-
isotropic, we can express the electric displacement vector
D(r,w) and the magnetic field strength H(r,w) as

D(z,r) = &E(t,r) + P(z,1), “)
B(t,r)
H(t9r) = - M(tvr)v (5)
o

where gy and wo are the permittivity and permeability of
a vacuum and P(z,r) and M(¢,r) are the polarization and
magnetization fields, respectively. Particularly, for the medium
which responds linearly and locally to externally applied fields,
the most general relations between the fields that are consistent
with causality and the linear fluctuation-dissipation theorem
can be written as

P(t,r) = g /Oodtxe(r,r)E(t —1,r)+ Py(2,1), (6)
0

M(t,r) = L/ dt . (t,r)B(t — t,r) + My (t,r), (7)
Mo Jo

where Py(¢,r) and My(z,r) are, respectively, the noise
polarization and magnetization associated with the absorption
of the medium with electric and magnetic susceptibilities,
Xe(t,r) and x,,(z,r). Plugging the above two equations into
Egs. (4) and (5) and then performing the Fourier transform (2)
for the operators concerned, we obtain

D(r,w) = goe(r,w)E(r,w) + Py (r,w), ®)
H(r,w) = ko (r,w)B(r,w) — My (r,w), 9)
with kg = po~! and
e(r,w) =1+ [ dt x.(T,r) e, (10)
0
krw) =1-— / dt xm(T,r) 7, (11)
0

which are called the relative permittivity and permeability,
respectively. The insertion of Egs. (8) and (9) into Egs. (3)
yields

V. B(r,w) =0,
V x E(r,w) = iwB(r,w),
&V - [e(r,w)Eo(r,w)j = pN<r(,w>,) 12
V x [(r.o)B(r.0)] +i e )Ero) = oy (r.o)
where
py(r,w) = =V - Py(r,o), (13)

n@rw) = —iwPy(,0) + V x My(r,w). (14)
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For a nonmagnetic medium, «(r,w)=1, jy(r,0)=
—iwPy(r,w). Combining these relations with the second and
the fourth equations in Eqs. (12), we arrive at the differential
equation satisfied by the electric field,

2
V xV x E(r,w) — w—2e(r,a))E(r,a)) = ipowjy(r,w). (15)
c

The solution of this equation can be expressed in terms of the
dyadic Green’s function G(r,r’,w) as

E(r,0) = iuowfd3r’ G(r,r ) - jy (o). (16)

Substitution of the above equation into Eq. (15) leads to the
differential equation for the Green’s function,

{ 8[ 8];1

where A" = 9/ 9. Hereafter, the Einstein summation conven-
tion is assumed for repeated indices.

So far, all the discussions regard the classical electrodynam-
ics. However, we need a theory of quantized electromagnetic
fields in a dielectric medium for our purpose. In this regard,
let us note that the quantization of the electromagnetic field
in an absorbing dielectric has been widely discussed [50-52].
In this paper, we are concerned with a type of nonmagnetic
medium with

2
- (Sim |:Ar + G(r,(l))a)—zi|} ij(rvr/vw) = 81]8(r - r/)a
C

A7)

e(r,w) = eg(r,w) + ie;(r,w), k(r,w)=1. (18)

Following Refs. [50,51], jy(r,®) can be related to a bosonic

vector field a(r,w) as
h
=\ soe o) atro). (19)
Hoc &o

with the vector operator a(r,w) and its Hermitian conjugates
satisfying the following commutation relations:

jN(rva))

[ai(r,a)),a}(r/,w/)] = 8;j8(r — r')8(w — "), (20)
[a;(r,w),a;(t' )] = 0 = [a](r,w).al(.o)].  (21)

Putting Eq. (19) into Eq. (16), the field operator can be
reexpressed as

h 2
E(ro0) =i /—‘”—2fd3r’,/e,(rf,w) G(r,r',0) - a(r, ).
TEY C

(22)

It is explicit that the spatial distribution of the electric field is
determined by the dyadic Green’s function G(r,r’,w), which is
determined by the spatial distribution of the medium.

For a configuration with one half-space (z < 0) occupied
by a dielectric substrate and the other half-space (z > 0) being
an empty space, which is of particular interest in the present
paper, the components of the dyadic Green’s function are [52]

GYy(r,x',w) + R;;(r.,r,0),
Tij(kH,a),Z,Z/)v

, z2>0,7 >0,
Gij(r,r,w) =
z7>0,7 <0.

(23)
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where G?j(r,r/,w) corresponds to the Green’s function of a
vacuum that is Fourier transformed; R;;(r,w) and T;;(r,w)
describe the reflection and transmission at the interface, and
they can be expanded as follows:

d’k . ,
&mﬂw=/24M®waﬁﬂmﬂu(w
T

d’k; ,
T,»j(r,r/,w)zf 12 Tk, w,z,2)e T (25)

where k| = (k,,k,,0) and 1|
vectors in the (x,y) plane,

. 2 2
R _Leiﬁz(zﬂ/) ﬁ k +r k
T2, 42 2k2 21k2

i al 2 kieky k.k,
R, = ipa(z+2) | 21 —r =2
TR a3 —f2 )T e

= (x,y,0) are two-dimensional

R l iBa(z+2) r2pl [ ﬂ k ]

= 5P Aok,

Xz 2,32 q22 X

Ryx = nyv (26)

Ry = Ruslk, < ky),
Ry, = R (ky < k),
R = —R..,
R

zy = _Rst

PIEER )r21 K2

R, = s
z 2[32 q Il
and
T i i(B2z—Piz1) 21 —2L BB k2 k2
xx — —e!\PEmhi +
26, wa K2 d k2

i . ty kik, kyk
Txy = 2_el(ﬂ2Z7ﬁI*'l) 21 ,32/31 xz} - tﬁY] Azy 5
B2 924 ki ki

. tP
el(ﬂzz—ﬁlzl) 21 (_ﬂka)s

sz = 3,
26, 9291

Tyx = Txy»
Tyy = xx(kx g ky)v 27)
Ty, = Ti (ke < ky),
T i iz 1 (—Biky)

x = 7,¢€ — = x)s

T2 aqa
T,y = T (ky < ky),
T.. = —¢ihpia i 4o

) 2,32 g

with
1) 1)
q1(@) = z«/z @ (w) = = (28)

Bo = Pul) = \/q2(@) — K,

(29)
a =(1,2), Re[B.] >0,

Im[B.] > 0,
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p _ €B— B s _ B—Bi

= b+ B’ = B+ B’ (30)
P o_ 2\/E182 s 26,

D= h T RBAA GD

Here we have denoted R;;(k),w,z,2’) and T;;(kj,w,z,2') by
R;; and T;; for simplicity.

In the following, we calculate the energy shift and the
Casimir-Polder force of an atom near a half-space dielectric
substrate which is locally at thermal equilibrium at a tempera-
ture that is different from the temperature of the environment
(empty space with thermal radiation) where the atom is located.
To do so, we should first generalize the DDC formalism to the
case out of thermal equilibrium.

III. THE GENERALIZED DDC FORMALISM

Consider an atom interacting with quantum electromagnetic
fields. Let v denote the atomic proper time and x(tr) =
(t(7),r(r)) represent the stationary atomic trajectory. The
stationarity of the trajectory guarantees the existence of
stationary states of the atom. The Hamiltonian that governs
the evolution of the atom is

Hy(t) =h)_ 0,0m(r), (32)

where 0, = |n)(n|. The Hamiltonian of the free electromag-
netic field with respect to 7 is

° dt
Hp(r) = /d3r/ do ho aj(t,r,w)a,-(r,r,w)d—. (33)
0 T

In the multipolar coupling scheme [52,53], the Hamiltonian
that describes the interaction between the atom and the field is
given by

Hi(1) = —p(1) - EG(D) = = ) foun - EG(0)0n(T),

mn

(34)

where u is the electric dipole moment of the atom. The total
Hamiltonian of the system (atom plus field) is composed of
the above three parts [Eqs. (32)-(34)]:

H(t) = Hu(t) + Hp(7) + Hi (7). (35)

Starting from the above Hamiltonian, we can write out the
Heisenberg equations of motion for the dynamical variables
of the atom and the field, and up to the first order of the
coupling constant u, the solutions of each equation can then
be divided into two parts: a free part that exists even when there
is no coupling between the atom and the field and corresponds
to the effect of the thermal fluctuations (including vacuum
fluctuations) and a source part that is induced by the interaction
between the atom and the field and corresponds to the effect of
the radiation reaction of the atom. As a result, the field operator
can be written into a sum of the free part and the source part
as

E(x(1)) = E/ (x(1)) + E'(x(7)), (36)
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with
E/(x(1)) = iR /OO do * / d*r' e, (v, w)
2nc\ mey Jo ’
x G(r(1),r,w) - a(t(z),r ,w) + Hc., (37)

ES(X(I))=—;—_L/ dt’ [u(z") - E(x(z).E(x(x))], (38)

To

where H.c. denotes the Hermitian conjugate term. On the
right-hand side of the above two equations, we have replaced
operators a’ and E/ with a and E, which is correct for the
first-order approximation.

Assume that the system is composed of two half-spaces,
one at a temperature 7; and the other at a temperature 7,.
Generally, Ty does not coincide with 7,, and we assume that
each part is in local thermal equilibrium. For the system
composed of the substrate and the environment, we denote
the state of the quantum electromagnetic field with |B;, B.)
in which g, = ,('Z—CT B. = kZ—CT and kp is the Boltzmann
constant. The density operator of the state is p = p; &) p, with
ps = e Hr/ksls and p, = e~ Hr/ksTe being the density operators
of the two subsystems (the substrate and the environment),
respectively. Now with the free part and the source part given
in Egs. (37) and (38), we can analyze the rate of change of
an arbitrary observable of the atom O(r) in terms of E/
(corresponding to the effect of the thermal fluctuations) and E*
(corresponding to the effect of radiation reaction of the atom).
Following DDC [43,44], we choose the symmetric ordering
between the operators of the atom and the field to identify the
contributions of the thermal fluctuations and radiation reaction
to the rate of change of O(t), and we obtain

do()\ _ i '
( drt >zf_ ZH{E x(7)) - [p(7), 0(7)]
+[n(x),0(m)] - E/ (x(1))}, (39)
do@Y\ _ i
( dt ) = — 5, B G(D) - [1(1). 0(0)]

+ (), 0(1)] - E* (x (1))} (40)

Taking the average value of the above two equations over
the state of the field |Bs,8.) and proceeding in a manner
similar to that in Refs. [44,46], we can identify, in the resulting
expressions, the part that acts as an effective Hamiltonian for
the atomic observable, which is

do
<ﬁs,ﬁe|( d(’)> 1B.Be)
T tf,rr

= i[H,f;frr,O(r)] + non-Hamiltonian terms, (41)

with
Hi(1) = —ﬁ s d'(Cl) g, (@ x (@ N0t (7)1,
(42)
HS\(1) = —ﬁ : 7' (xi7) 5, p, (O (@D i (D), 11T},
(43)
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where (Cl.‘;)ﬂ“ﬂg(x(r),x(r/)) and (Xi‘;)ﬂ“ﬁe(x(r),x(r’)) are,
respectively, the symmetric correlation function and linear
susceptibility function of the field, defined as

(C1) g p (@ x(T)) = 5 (B, Bl {Ei(x(0)). E; (x(T)} | By e
(44)
(7). XX (@)) = 3By Bl LEi(x (D)), Ej(x(2 DI By Be).-
(45)

Assuming that the atom is initially in state |a) and taking the
average value of Egs. (42) and (43) over the state, we obtain the
contributions of the thermal fluctuations and radiation reaction
to the energy shift of the atom as

((SEa)[f = _%/ dT/(Clg)ﬁj.ﬂp(x(T)’x(T/))(Xi?)a(TaT’)v
(40)

(BEu)rr = _;_7, ‘/;0 df/(Xi?)ﬂs’ﬂe(X(T),X(T/))(C,é)a(f,T/), (47)

respectively. In the above two equations, (Xf})a(t,t’) and

(c lfj‘.)a(r,r’) are two statistical functions of the atom in state

|a), which are defined as
(x)),(@.7) = Hallw(@).p;(@)la), (48)

J

(€)™ (e(0)x () = —2u f Tdwar(Ly
1/ By e ’ T mepc? S 2

eﬂea)/c — l
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(¢f), (.t = Sallwi(@).pj(T)Ya),

and they can be further explicitly written as

(49)

1 ; ,
(), (7.7 = 5 D@l 1B bl O)la)e ™
b

+ (@l (O)1b) (bl i (O)]a)e "= ~],  (50)

1 ; ,
(€)@t =3 > Ualwi(©)]b) (bl ;(O)]a)e’ =
b

— {alu;(0)b) (bl (0)|a)e =+ T=T] (51)

where w,, = w, — w, and the summation extends over the
complete set of the atomic states.

To evaluate the contributions of the thermal fluctuations
and radiation reaction to the energy shift of the atom, we need
the correlation functions of the field, i.e., Eqs. (44) and (45).
Our next task is to find these functions. For this purpose, let
us further assume that the right half-space with z > 0 is filled
with a thermal bath at a temperature T,, the left half-space
is filled with a dielectric substrate at a temperature 7, each
half-space is in local thermal equilibrium, and the surface of
the substrate coincides with the plane z = 0. By using the
fluctuation-dissipation theorem together with the local source
hypothesis [54], the two correlation functions of the field can
be expressed as (see Appendix A)

1 ) , . ,
>(e—1a)(t—t ) + ezw(l—t ))Im[Gij(Lw)]

hﬁii * d 2 1 iw(t—t") —iw(t—t") 52
T fy Y\ o 1T ehei —1 (e te )8ij(z,®), (52)

where

(,()2 3
gt o) = 2 f Pries(r, )G, o) G 1 r1,0) (53)
Z’]<0
and

( F)bnd (x( Ny h(sij Ood 2 —iw(i—t) _ iw(tiif)l G 54
Xij)p,p DTN =505 | dw el e (G j(z,0)]. (54)

IV. ENERGY SHIFT OF AN ATOM NEAR THE SURFACE OF A GENERAL DIELECTRIC SUBSTRATE

With the field correlation functions found, now we are able to calculate the energy shift of an atom out of thermal equilibrium
near the surface of a general dielectric substrate. Inserting the statistical function of the atom, Eq. (50), and the symmetric
correlation function of the field, Eq. (52), into Eq. (46), we find the contribution of the thermal fluctuations to the energy shift of

the atom:

2
GE) =

1
+

wZ

=Y il <0>|b>|2/°°d © Vi VmiGuco
alp - =+ ———— |Im[G;(z,
mepc? - Hi 0 @ O+ wp w—wa )2 ePeolc — 1 L

*° w? 1 1
O — -
e ;uam( )Ib)| /0 “’(w+wa,, w_g)ﬂ/y)(e,g;w/c_l SPeale _

1>gn(z,w)- (55)

Similarly, the insertion of Eqs. (51) and (54) into Eq. (47) gives rise to the contribution of radiation reaction to the energy shift

of the atom:

GE) =~

=Yl (0>|b>|2/00d Y )Im(Gi(zw)]
al; w m{G;;(Z, .
27 egc? > ’ 0 0+ O — Wgp oY

2 2

(56)
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Adding the above two equations, we arrive at the total energy
shift of the atom in state |a). For simplicity, we now consider an
isotropically polarizable two-level atom with its levels being
:I:%ha)o, and we define the polarizability of the atom in state
la) as

PHYSICAL REVIEW A 90, 032501 (2014)

Now we can write the total boundary-dependent energy shift
into a sum of three parts as

(BEa)m’ = BE)nd(2) + BE g (z.Be)

+ (8 Ea)peg (2, Bss Be), (58)
2[(alui(0)|b)|* .
o= Z o = Z 3o, . 57 with
J
bnd haoa ’
(BE4)ya (2) = — > 5 ® 81(z,w), (59)
T EYC 0 w — Wgp
hawoae [ w? w? 81(z,w)
SE )M (z,8.) = / d - —, 60
(OEd)eq () 2megc? J @ O+ w W — g ) ePevlc — 1 (60)
haoor [ ? w? 22(z,w) hawoor [ w? w? 82(z,0)
SEq e (2. Bs:Be) = /d - — - /d - —,
(O Ewhneq (25 Pe) 2megc? J @ w+wy ©—wy )Pl —1  2mec? J @ w4+ wp W —wgp ) ePevlc — 1
(61)
where
g1(z,w) = Im[G,(z,0) + Gy (z,0) + G (z,0)], (62)
82(z,0) = gxx(z,0) + gyy(st) + 8::(z,0). (63)

Here it is obvious that the first term, (8 E,)""¢(z), corresponds to the energy shift of the atom caused by zero-point fluctuations;

vac

the second term, (6 E, )bnd(z Be), corresponds to the contribution of the thermal fluctuations for the system in thermal equilibrium

at a temperature 7,; and the third term, (§ E, )Ere‘g(z, Bs, Be), arises from the out-of-thermal-equilibrium nature of the system. When
the temperature of the substrate and the environment coincides, i.e., T; = T, the third term, which reflects the revision generated
by the effect out of thermal equilibrium, vanishes, and the result of thermal equilibrium is recovered.

Combining Egs. (62) and (63) with Egs. (23)—(31), g1(z,®) and g>(z,w) can be expressed, after lengthy simplifications, as

g1(z,w) = g11(z,w) + g12(z,w), (64)
with
o ! —le—=1+73 (el > =le =1+ 2D = 2% w
(z,0) = / dt [ :| cosQQwzt/c) + ———
s 4rc I+ e — 1+ 2P let + e — 1+ 2 IO Jame
1 2 2 2
(e =14+t +t-— DA =2t7)] .
X dt t\/le =1+ 12 —(eg — 1 + t2)|: — sin(2wzt /c),
/0 v : I+ e -1+ et + e — 1 + 2 /
(65)
w 00 e 4+ 1+]e—1—2DR2+1) 1
(z,a))z—/ dtte c'\]le—1—12]+ (e —1—t2)|: ,
812 2v27¢ Jo v . lite + e — 1 — 22 it + e — 1 — 222
(66)

and
82(z,0) = g2 (@) + g12(z,0), (67)
with
gn(@) = —2 /ldt e — 1+ (ex — 1)
427e Jo

t+ e — ¢ 1
) (|€m+«/6 —1)? " VT =14 /e —t|2)'
(68)

It is worth noting here that functions g;;(z,®) and g;;(w)
give the contributions of the traveling modes of the quantum

(

electromagnetic field and gj»(z,w) describes those of the
evanescent modes. Obviously, function g;;(w) is independent
of z; thus we leave it out in the following discussions as we
are concerned with the boundary-dependent energy shift of
the atom.

V. ENERGY SHIFT AND THE CASIMIR-POLDER FORCE
OF AN ATOM NEAR A NONDISPERSIVE DIELECTRIC
SUBSTRATE

Since an analytical computation of the integrals (58)—(61)
looks to be impossible, we now apply the general results we de-
rived in the preceding section to the atom near a nondispersive
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dielectric substrate with real constant relative permittivity. First, we will look at a special case, i.e., the case of a perfect conductor,
which corresponds to an infinitely large real relative permittivity (¢ — 00), and in this case, we can deduce from Eqgs. (64)—-(68)
that

1 2
g1(z,0) = f(z,w) — cos(2a)z/c) — ——sin(2wz/c) + _— s1n(2wz/c) (69)
4 wz? 4mz niw?
g(z,0) = 0. (70)
Combining Eq. (70) with Eq. (61), we find that (§E, )E'gg(z, Bs,B.) = 0. This means that the effects of being out of thermal
equilibrium vanish for a perfect conductor, and as a result the total energy shift of the atom in state |a) can be simplified to
hwpa o0 w? hwoar [ w? w? 1
8Eab“d:——/ do—— f(z,0) + / d - ). 71
(OFa)ul 2mepc? Jo “Yo- Oab Jzw) 2mepc? Jo “No+ Wap O — Wgp ) Pl — 1 /&) D

This expression is in a form different from and a bit simpler than that in Ref. [24] for an atom in a thermal bath near a
conducting plane obtained using the field correlation functions found by the method of images, which involves both integration
and summation over an infinite series. We do not plan to prove mathematically that they are equivalent. However, we will
demonstrate that they do agree in the special circumstances which are examined in Ref. [24]. Using Eq. (71), we can show that
in the low-temperature limit, when the wavelength of the thermal photons is much larger than the transition wavelength of the
atom, 1.e., f—o > 1, where A¢ = 0%0 we have, for the ground-state atom,

el L s <h.

4y
CE o' ~ | — o[ + ], ho <2< B (72)
— T s M L Be L2,
and for the excited atom,
k= 2 < ho < Be.
GEM ~ { [ (52 — o) cos () — g sin (3) 4+ o 4 M) 5 <2 < B 73
e [(5 — ) cos (222) — 558 sin (222) + 257, ho < B < 2.

Note that in both the short- and intermediate-distance regions (z < A9 < B, and A9 K z K f,), the revision induced by thermal
fluctuations to the energy shift for the atom in both the ground and excited states is proportional to z>T°. This seems to differ
from the result in Ref. [23], in which the contribution of thermal fluctuations in the leading order is found to be proportional
to T* [see Eqs. (6.3) and (6.6) in Ref. [23]]. However, these two results are actually not contradictory to each other as here we
are concerned with the distance-dependent energy shift of the atom and the 7* term is distance independent. Similarly, in the
high-temperature limit, when the wavelength of the thermal photons is much smaller than the transition wavelength of the atom,
i.e., f—o <« 1, we find, for the ground-state atom,

_4720 [% - 4n73502-§§12]’ 7K Be K Ao,
GE i~ § — o [am _ coiz] Be < 2 < Ao (74)
— i [t cos (2 — aon in (20) 4 0] B <o < 2
and for the excited atom,
— g 4 el 2 < Be < Ao
GE i~ § — o [am | coiz] Be < 7 < ho, (75)
47?50 [ZO;ZOC cos (27(”0) — 2 sin (#20) + 4,;613]7 Be K Ao K 2Z.

(

These results agree with those obtained in Ref. [24] for a can be simplified to
two-level atom near a perfect conducting plane interacting with
quantum electromagnetic fields in a thermal bath at thermal

1
equilibrium. . / dt [2T(2) + T.(t)] cosRzwt
Now let us turn to the main focus of the paper, which §12) 2rce J [273(0) + Tu(0)] cos(2zat /)
is tI.IG.: a.tom-wall forge for a two-level atqm out of thermal + g12(z,0), (76)
equilibrium near a dielectric substrate with a real constant
permittivity. In this case, the functions g{(z,w) and g,(z,) 82(z,0) = gn(z,w), (77
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where

1 2¢ + (e — D2+ 1
A”(t):—«/e—l(E(Zi(el)tz_)i_tl N1—22, (8
A1) = exe = %z\/l—ﬂ, (79)
T(t)_l(t_“/€_1+t2_,26t_“/€_1+t2) (80)
S P/ S et +e—1+12)

1 et —e—1+12
T ()= -(1—H YT 81
BRIy ey e

and
1
gn(z.0) = ——— / di 2A)(0) + AL(D]e Ve (8)
2ce Jy
Then by inserting Eqgs. (76) and (77) into Egs. (58)—(61), the

three parts of the energy shift of the atom in state |a) can now
be reexpressed as

hawga o w?
8Ea bnd — _—/ d
(OEa)we (2) A2 Jo o — om
x Z Wy fr(z,0), (83)
hwoa ° w? ?
SE,)™(z.8.) = / d B
(0Ba)eq (2.Pe) 4n280c3 0 w(a) +wu - wab>
eﬂew e Z Wo fo(z.0), (84)

hwya

00 C03 C03
0T do _
4m2epc3 /0 O+ o ©— g

1 1
X eﬂrw/c —1 N eﬁew/c —1

1
x Z/ dt W, Ay (t)e 2Verlot/e  (g5)
o 0

(S Eq)oes(2,B5.Be) =

where
1

fo(z,0) = / dt [Ag (e Ve 11e L T (1) cos(2zwt /0],
0

(86)

with o = ||,L and W =2, W = 1. The above three parts
[Egs. (83)—(85)] sum to the total boundary-dependent energy
shift of the atom.

Noticing the relation

3 2
w ww,;,

2
=" + ww.p + )
w — Wgp

(87)

w — Wgp
we can divide the first part, (§ E,)""(z), which corresponds to
the contribution of zero-point fluctuations, into a sum of three
parts as

bnd bnd
(BEa)ae-1(2) + (8 Ea)yaer(2)

+ ((SE )Sdc S(Z)

BE)%N(2) =
(88)
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with
bnd hawogoe [ )
CENL @) =~ s [ dow2fiz.0)+ G0,
w2e0c> Jo
(89)
h » o
GEM@) = — 75 / do o[2f)(z.0)+ fLEzw)],
TT=E0C 0
(90)
bnd hwoawgh /°° a)
(OEa)vue5(2) = 4r2eocd Jo de ® — Wgp
X 2fyz.) + fLzo), 1)

and then we can calculate them one by one. For the double
integral in (§E,)®™ (z), we find, using the method proposed

vac-1

in Refs. [55,56] (see Appendix B),

o0
lis =/ do o* f,(z,0)
0

p— C3 7TT”(0)+ 2
o832 ° (€ — 1)3/2

1 A
(o [ O RO
0

Combining the above result with the concrete forms of 7, (¢)
and A, () [see Eqs. (78)—(81)] yields

e—1 h aw

SENM ()= - = %0
(8 Ea)vaen(2) €+ 14mey 823

93)

This term is proportional to z~> at an arbitrary position.
Actually, it corresponds to the contribution of the electrostatic
interaction in the minimal coupling scheme [see Eq. (3.26) in
Ref. [55]]. The double integral in Eq. (90) has been calculated

in Ref. [55], so here we just list it without giving the details:

by =/ do ofy;(w,7)
0

? b T(0) — T,00) —
42[T(O) /Ot 2

A/() \/—}

A (t)

(94)

Putting this result into Eq. (90), we find that (5Ea)ljgg_2(z) is
proportional to z=2 for the atom at an arbitrary distance from

the surface of the dielectric substrate. This term corresponds

to the average value of £ ? (where A represents the vector
potential operator of the electromagnetic field) in the minimal
coupling scheme, and it is actually the self-energy of an
electron at a distance z from the surface of the dielectric
substrate. For (§E, )13233(2), the double integral in Eq. (90) is
also discussed in Ref. [55]. It corresponds to the contribution
of the term —~A - p in the minimal-coupling scheme, i.e.,
the coupling between the momentum of the electron and the
vector potential of the quantum field. An exact analytical
result for an arbitrary position is, however, difficult to get,
but in two limiting cases, the approximate analytical results
are obtainable.
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In the short-distance region where {2z,2z+/€ — 1} < A,
the leading term of the double integral in (§ E, )Sdc 3(z) is

&0 w
130—:/ dw
0 W — Wgp

aC a(t)
~ —T,(00 ,
SO+ _/

yielding (8E,)™™.(z) proportional to z='.' As a result,

vac-
(8E,)?™ | (z) prevails over the other terms, and we have

Jfo(w,2)

95)

hoe—lawy g0

bnd A~ bnd —
(6Ea)vae (2) X (8 Eg)gye(2) = drrey e + 1 873

vac vac-1

This shows that in the short-distance region, {2z,2z4/€ — 1} K
Ao, whether the atom is in its excited state or the ground
state, the boundary-dependent energy shift due to zero-point
fluctuations is proportional to z 3, and the resulting atom-wall
force obeys the van der Waals law.

In the long-distance region, i.e., when {2z,2z4/€¢ — 1} >
Ao, after complicated simplifications, we find that

120 Iltr WapC 4
Ly ~ — — —- 2 g(,(e) + 0 (wap)
@ab 16z | Wy
cTa(l) czTé(l) .
X cos(2zwyp/c) — sin(2zwgp/c)
2z 472wy
T/ orzomer + T D Gneo /)]
— cos(2zwyp/c —2 ~sin(Qzwyp /) |,
8232, b 16z%w3, ’
(Cl))
where

go(€) = 2T,(0) + 37,(0) + 37,(0)

3A°(0) — A®(0)In/e — 1 !
n 0 —-A4"Ohve-1 [
(e =1y 0
T, (1) = T,(0) — T; (0 — 5242 4 202
X m
(98)
and 6(w,p) is the step function defined as
_ 1, Wap > Oa
e(a)ab) = {O, Wap < 0. (99)

For the details on how to get Eq. (97), see Ref. [55]. Here
we point out that in the expression of Eq. (B31) in Ref. [55],
there is a typo for the sign of the fourth term in the coefficient
of the term ¢~* [concerning the expression of g(¢) here], and
we have corrected it. A substitution of Eq. (97) into Eq. (91)
reveals that for the ground-state atom (w,, < 0),(8E,) . (2)

vac-3
is proportional to z =2 as the leading term I, oc 772, while

"Hereafter, {a,b} < c means a < c and b < c. Similarly, {a,b} >
cmeansa > cand b > c.
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FIG. 1. (Color online) g(e) fore > 1

for the excited atom (w,, > 0), (5Ea)132§_3(z) oscillates with

the distance between the atom and the surface of the sub-
strate. Addmg the three parts, we find that (§E, )Sac ,(z) and
€ Ea)vac ,(z) are completely canceled by parts of (§ £, )5;‘3_3 (2),
and as a result, the boundary-dependent energy shift due to

zero-point fluctuations in the long-distance region becomes

0;45'()

(SE bnd ~
( Dvac (2) & 4 e 16

h [1—./€

dre [1 +/€\2

2 ac

— sm(ZZa)o/c)) 6 4g(€)}
(101)

(100)

bnd (05603
(8E+)vac ()~ — COS(ZZ(UO/C)

22

with

g(e) = 2gy(e) + g1(e)
—6€? +3€%% + 4 + 3,/ — 10
€ —1

32€> —4€2 + 3¢ + 1
+ ( )1n[\/g+«/6T1]
(€ — 132

N 6¢? n 1+JVe+1
Je+1 e+ Jee+ D |

AsshowninFig. 1, fore > 1, g(¢) is always negative. Thus for
the ground-state atom, (§ E_)?"4(z) is proportional to z ~* and is
always negative, leading to an attractive Casimir-Polder force
proportional to z 3. For the excited atom, (8 E+)lv’23(z) usually
oscillates with the distance between the atom and the surface
of the dielectric substrate, and the amplitude of oscillation
is much larger than that of the constant term proportional to
z74; thus (8 E;)®9(2) can be either positive or negative or can
even be zero. Accordingly, the Casimir-Polder force due to the
zero-point fluctuations can be either repulsive or attractive or
can even be zero. Let us note that the above result is not valid
for the case of a perfect conducting plane in which € — co. In
this case, we should be careful in taking the limit of € — oo.
In fact, we should take the limit € — oo in T,(¢) and A, (%)

before performing differentiation on them when simplifying

(102)
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Eq. (98). Then, by so doing, we find that g () = g, (¢) = —2
and
h 3o
SE (@) ~ —— =, 103
( ot (2) 4o 8124 (103)
E [aw
bnd ~ 0
BEL ) 1) ~ Inee [m cos(2zwy/c)
a)2 3ac
2 2 sm(2za)o/c) + — Z4 . (104)

Thereby, the energy shift of an isotropically polarizable two-
level atom far from the surface of a perfect conducting plane
is recovered.

Until now, we have only discussed the atomic energy shift
and the Casimir-Polder force due to zero-point fluctuations.
Next, we will turn our attention to the contributions of the
thermal fluctuations. It is difficult to get analytical results
for a general case. However, fortunately, we are able to find
asymptotic behaviors in the low- and high-temperature limits.
In the following discussion, we assume that the difference
between the temperature of the substrate 7; and that of
the environment 7, is neither extremely large nor extremely
small.

A. Low-temperature limit
We first deal with the low-temperature limit, i.e., fs > 1

and ’35 > 1. For simplicity, we abbreviate these two conditions
by {,BS,,Be} > Xo. Here we will analyze how the energy
shift and the atom-wall force behave as the distance varies.
Since now we have two length scales, i.e., the transition
wavelength of the atom )y and the wavelength of thermal
photons B; or B, we can define a short-distance region where
{22,274/ — 1} K Ao K {Bs, B} By doing the w integration
before the ¢ integration, (8Ei)'§gd(z,ﬂe) can be simplified
as

BE N z.B) = —(BENRz.B.)
h [964“[5] caz
T B
167° caz?
63 B¢

fi(e)

4 ey

fz(e)], (105)

with

(e —1DBe + 112 +€+1)

fie = 16(c + 1)°

) (106)

! l1—¢
= [ dr+?
J2Ae) /o o [(t+¢e— 1+ 12)?
(1 —2)[(e* — Di? — (e — 1)]
(et + e —1+12)

]. (107)

Here it is easy to see that the term proportional to z8, 3
Eq. (105) which is absent in the case of a perfect conducting
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plane [see Eqgs. (72) and (73)] is much larger than that
proportional to z2 ﬂ;6

For the case out of thermal equilibrium [Eq. (85)], similarly,
we find, when 2z+/€ — 1 < {8y, B.}, that

(8E )i (2, By Be)

h [96¢[5] caz
T B}

96¢[5
O ey — Iz )} (108)
T B

4 e

Here it is worth pointing out that Egs. (105) and (108)
are not valid for the case of a perfect conducting plane as
they are obtained under the conditions {2z,2z/€ — 1} < B,
and 2z/€ — 1 <K {Bs, B}, respectively, which means that the
parameter € cannot be infinitely large. Adding Egs. (105)
and (108) gives rise to the total boundary-dependent energy
shift of the excited- and ground-state atoms due to the thermal
fluctuations,

(BE_)SM(z,B5.Be)
= —BE)M (2. By, Be)

h 96;[5]%
T B}

1677 caz?
63 B¢

file) +

fz(é)]- (109)

4

Notice that this result is valid in the region {2z,2z4/€ — 1} K
{Bs,B.}. One can see that although both the thermal fluctuations
associated with the substrate and the environment contribute
to the atomic energy shift in this region, the contribution of the
former dominates over the latter.

Combining the above result for the contribution
of the thermal fluctuations with the -contribution of
zero-point fluctuations, Eq. (96), we find that in the
short-distance region, {2z,2z+/€ — 1} K< Ao < {Bs,B.}, the
total boundary-dependent energy shift for an isotropically
polarizable two-level atom in the stationary regime out of
thermal equilibrium is

96;‘ [5] caz

GE_™(g) ~ — h € —lawy ©
_totZ’\’ 47[80 €+182 = IBSf

16

6731 %fz(f)}, (110)

bnd(y 10 [ €= Taw  96¢[5]caz

CE g (2) 4MOL 1180 x B — fi(e)

16 5 '2

—67; %fz(@}- (111)

Obviously, the thermal fluctuations associated with both
the substrate and the environment contribute to the atomic
energy shift. Comparing the contribution due to the
thermal fluctuations with that due to zero-point fluctuations
characterized by the term proportional to z =3, we find that the
revision caused by the thermal fluctuations is negligible. Thus
the Casimir-Polder force that the atoms in both the ground
state and the excited state feel is attractive and proportional to
z~%4, which is the van der Waals law.
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We can also introduce an intermediate distance region where Ao < {2z,2z4/€ — 1} < {B;,B.}; then we find, by combining
Eq. (109) with the contributions of zero-point fluctuations [Eqs. (100) and (101)], that in this region

bd, s ac 96¢[5] caz 1677 &zz
BE )y (2) ~ dneg |:167TZ4g(E)+— B f1(6)+—63 Be fae) |, (112)
h 1— 3 2
(5E+)?§d(z) ~ _47r50 [1 . ?(aw cos(2zwy/c) — ;xzi s1n(2za)o/c)> o 4g(e)
96@'[5 coz 167° caz?
55 —= file) + 63 po fz(f)]- (113)

Similarly, as in the short-distance region, the thermal fluctu-
ations associated with both the substrate and the environment
contribute to the atomic energy shift. For the ground-state
atom, the contribution due to the thermal fluctuations is much
smaller than that due to zero-point fluctuations characterized
by the term proportional to z~#, and so the Casimir-Polder
force the atom feels is attractive [as g(¢) < 0] and proportional
to z7>. For the excited atom, oscillatory terms caused by
zero-point fluctuations appear, and the amplitude of oscillation
is much larger than the terms due to the thermal fluctuations
and the term proportional to z7*. As a result, the atomic energy
shift can be either negative or positive or can even be zero,
yielding an atom-wall force that can be either attractive or
repulsive or can even be zero.

Finally, let us turn to the long-distance region where
Ao K {Bs.Be} K {22,224/€ — 1}. When {2z,2z4/€ — 1} >
Be, (8 Ei)ggd(z,ﬂe) can be calculated by performing the
integrations in Eq. (84) (see Appendix C) to get

(BE-)eq (z,Be) = —(BE4)eg (2. B.)
h  ac e—1
CdmegdBBe+ 1
and when 2z4/€ — 1 > {B;,B.}, treating Eq. (85) in a similar
way (see Appendix C) leads to
(BE_)ed(z.Bs.Be) = —(BE)ous(z.Bs. Be)

(114)

N h mac e+1 (1 1
T dmeg 122 Je— 1 (ﬁ? ﬂz)‘
(115)

Notice that in Eq. (114), if we take the limit € — oo, we
recover the contribution of the thermal fluctuations to the
energy shift of an atom at a distance z from a perfect conducting
plane in a thermal bath at a temperature 7, [see the third line
in both Egs. (72) and (73)]. But trouble appears if we take the
€ — oo limit in Eq. (115) as the result would be divergent.
However, as pointed out in the paragraph above Eq. (103),
we should take the limit € — oo in T,(¢) and A, (¢) before
taking their derivatives. Then following steps as those taken in
Appendix C, we get

BE_ )0z, By Be) = —(BEL )0z By Be)

N h wac < 1 1 )
dey 4724/e — 1\ B2 B2
~ 0, (116)

which means that for the perfect conducting plane, the effect
of nonthermal equilibrium vanishes due to the infinite €.

(

For a general real dielectric substrate, adding Eqs. (114)
and (115), we obtain the total contribution of the thermal
fluctuations to the atomic energy shift. Under the assumption
that the temperature of the substrate 7; and that of the
environment 7, are not extremely close, the result can be
approximated by

BE M (z,B,8.) = —(SE)(z, B, Be)
(BE_)0a(z.Bs.Be)

%

h moac e+1 1 1
ey 1222 \Je — T\ B2 B2
(117)

since (5Ei)]§3d(275e) is
(BE+)hus(z,Bs,Be). This result is valid in the region

where {2z,2z+/€ — 1} > {B;,B.}. So, in this region, the
contribution of the effect of nonthermal equilibrium to
the atomic energy shift prevails over the effect of thermal
equilibrium. Noteworthily, here both contributions of
the thermal fluctuations of the substrate and that of the
environment are of the same order and are all proportional
to z~2 but with opposite signs. It is then a matter of an easy
differentiation exercise to get the Casimir-Polder force due to
the thermal fluctuations,

negligible = compared to

(FO)s(z.Bs. Be) = —(Fi)ims(z. By, Be)

h moac e+1 (1 1)
dmey 62° Je—1\B2 B2/
(118)

Thus, for an atom in its ground (excited) state, the
Casimir-Polder force is attractive (repulsive) if the temperature
of the substrate T is higher than that of the environment 7,
and repulsive (attractive) otherwise. Here it is worth pointing
out that our result for the ground-state atom is consistent
with that obtained by Antezza et al. [28,29] [see Eq. (12) in
Ref. [28]], although the issue is dealt with from a different
perspective in the present paper. Moreover, in Refs. [28,29],
the result is obtained by mathematically assuming z — oo,
and thus the physical region where this result is valid is not
clearly given. In contrast, here we find out the concrete region.
Notice that we use SI units, while Gauss units are adopted in
Refs. [28,29], so a discrepancy of a factor (4wep)~' appears
between our results and theirs.
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Combining Eq. (117) with the contributions of zero-point fluctuations, Eqgs. (100) and (101), we find that in the long-distance
region, Ag <K {Bs,B.} K {2z2,2z+/€ — 1}, the total boundary-dependent energy shift of the atom is

GE_™(z) ~ — h e+l mac /1 1\  ac © (119)
T e Ve 1122\ B2 B2) T 1en )
o h [1=.e[aw} aw? e+1 mac/ 1 1 ac
BE )M () ~ G |:1 " ﬁ(ZZCg cos(2zwp/c) — —2222 sm(2za)0/c)> — —m 22 (ﬂ_sz — ﬁ) + 4g( ):|
(120)

Notice that in this region, if 7; and 7, are not extremely close, the contribution of the effect of nonthermal equilibrium for the
energy shift of the ground-state atom dominates over the contribution of zero-point fluctuations, which is proportional to z#;
thus the Casimir-Polder force it feels behaves like (7> — T2)/z°. If T, > T,, the force is attractive, and it is repulsive otherwise.
For the excited atom, as the amplitude of the oscillatory terms is always larger than the contribution of the effect of nonthermal
equilibrium and the term proportional to z~#, the energy shift of the atom can be either negative or positive and can even be zero.

As a result, the Casimir-Polder force for the excited atom can be either attractive or repulsive or can even be zero.

B. High-temperature limit

We now analyze the behavior of the atom-wall force out of thermal equilibrium in the high-temperature limit, i.e., when
f—; < land f—; <« 1, which is not considered in Refs. [28,29]. We can combine these conditions into {8;, 8.} <K Ao. We then find,

in the short-distance region where {2z,2z4/€ — 1} < B, < Ao,
BE )Nz ) = —(BE )Nz, Be)

h 27.[3 22
N [8;[] Cﬁ}fl()+ 5 /34 [fole) — f3(e)]i|, (121)
with
(Be? —2e — D+ (e+ 1)
_ V32 —
o=y /d”m @bl (122)

Here the term proportional to zB8, > which is absent in the case of a conducting plane [see Egs. (74) and (75)] dominates over the
term proportional to z28;*. When 2z4/€ — 1 < {Bs,B.} < Ao, we can show that

BE_)S(z.By.80) = —(OE)0d(z. B Be)
N h awjz (1 1 2mdawdz? (1 1
o [SE[S] p (E - E)ﬁ( ) — —c<— - —>f3(€)]. (123)

For details on how to get the above analytical result, see Appendix D. By adding Eqgs. (121) and (123), the total contributions of
the thermal fluctuations to the boundary-dependent energy shift of the ground-state and excited atoms out of thermal equilibrium
are found to be

GET (2,85, B.) = —(SE)(z, 85, Be)

o |: a)oz ()+2naa)22 ()_2710:a)22 ()i|

T 4ne ﬁ*f‘ 15¢8° fate 15¢8° fate

N 21’ aa)2 2 124
N_47'[80|: ﬁ3fl( €)+ 1508° ———— e )] (124)

Notice that this result is valid in the short-distance region where {2z,2z4/€¢ — 1} < {B;,B.} < A¢. Just as in the case of the
low-temperature limit, the thermal fluctuations that originate from both the substrate and the environment contribute to the
atomic energy shift, and the former (characterized by z8; 3) is much larger than the latter (characterized by z2 A 4.

Combining the above result with the contributions of zero-point fluctuations, Eq. (96), gives rise to the total boundary-dependent
energy shift of the atom in the short-distance region, {2z,2z+/€ — 1} < {Bs,8.} < 1o,

ond\ D [e=Tlaw 213

BE ) (2) = o |:e+l_813 +8C[3] ﬂgfl( €)+ G /34 fz(é)] (125)
bud,_\ h e—lcxa)o_ _271(xa)22

GE () ~ 4n80[€ e~ Bl ﬂ3f1< )= st 10| (126)
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Obviously, in this region, the contribution of zero-point
fluctuations characterized by the term proportional to 773
prevails over the contribution of the thermal fluctuations;
thus the Casimir-Polder force is attractive and proportional
to z~* whether the atom is in its ground state or the excited
state.

Now, let us look at the intermediate-distance region
where {B;,B.} < {2z,2z4/€ — 1} < Ag. In this region, we
have

BE )% (z.B) = —(BE )%z, Be)

~ ho o}
4megy 4cB.z fa(e), (127)
with
_Ger e =)
fale) = P (128)
and
BE- NG By Be) = —(BE G Bo.Be)
L h awg/1
- 47%@(@ - E)fs(é) (129)
with
_Ger2et
f5(e) = 17 (130)

This shows that for the ground-state atom, the force is repulsive
(attractive) if Ty > T, (T; < T,), and it is the other way around
for the excited atom. Adding Egs. (127) and (129), we get the
total contribution of the thermal fluctuations to the boundary-
dependent energy shift of the atom,

BE_)(z,85.8.) = —(BE)T(z, B, Be)

h ““’°<f5(6) —3). (131)
47T8() dcz Bs Be

Again, the thermal fluctuations of both the substrate and
the environment contribute to the boundary-dependent energy
shift of the atom out of thermal equilibrium, but now their
contributions are of the same order and are all proportional to

~!. Combining Eq. (131) with the contributions of zero-point
fluctuations, Eq. (96), yields the total boundary-dependent
energy shift of the atom,

h _e—loea)o aa)0<f5(e) 2>_

4reg| € + €+ 1873 4cz

Bs  Pe
(132)

GE M) ~ —

GEDM () ~ —

_e—]@+aw0<f5(6) 2>-

degle +1 823 4cz B

Bs  Be
(133)
2 1L
%) [
= (E)] the boundary-dependent energy shift is negatlve and
the Casimir-Polder force on the atom is attractlve and
if T, fs(e) — 2T, < e+1zz§'wo [Ty fs(e) — 2T, > 55— 571, the
boundary-dependent energy shift is negative (positive), and
thus the Casimir-Polder force is attractive (repulsive).

Thus, for the ground-state (excited) atom, if T‘

PHYSICAL REVIEW A 90, 032501 (2014)

Finally, let us turn our attention to the long-distance region
where {2z,2z+/€ — 1} > B, > X. For a finite €, we find

BE ) (z.B.) = —(3E+)b“d(z,ﬂe)

h
~ 47‘[80 2,3e f6(e)cos(22a)o/c) (134)
with
_ Vel
Je(€) = el (135)

and for an infinite €, which corresponds to the case of a perfect
conducting plane, we find by following the same procedure as
that in the case of the low-temperature limit

BE )Nz ) = —(BE )N (2. Be)

f aw% cos(2zwp/c)
- wy/c
dmeg | 2B.2¢ w0

ow ac

— sin(2zwg/c) + , 136
282 ﬁez (2zap /) 8.0 ] (136)

which is exactly the same as the result in Eq. (75). Similarly,

we find, in the region 2z4/€ — 1 > {B;,B.} > Ao, that for a
finite e,

(BE )iz, BsBe) = —(BE1 )30 (z. By, Be)
h oac (1
“ME(@ ﬂe>f7(e) (137)
with

e —e?+3¢+1

fr(€) = o ; (138)

and for € — 00,

(SE_)oea(z.Bs.Be) = —(BE 1 nea (2, Bs. Be)

N h 3ac i B i
T 4me4ie — D\B, B
~ 0, (139)

which shows that the contribution of the effect of nonthermal
equilibrium vanishes for a perfect conducting plane, as ex-
pected. Adding Eqs. (134) and (137), we get the contributions
of the thermal fluctuations to the boundary-dependent energy
shift of the atom (for finite €),

(BE_)NS(z,B5.8:) = —(BE 1 )ma(z, Bs» Be)

2

h aw?
[ O fs(€) cos(2zap/c)

_47'[80 2B.cz

ac [ 1
- fﬂe)}

423 (lBV ﬁ€>
So, in this region, the contribution of the thermal fluctuations
to the atomic boundary-dependent energy shift oscillates
with the distance between the atom and the surface of
the substrate, and the amplitude of oscillation is always
much larger than the term proportional to z > if the
temperature of the substrate 7y is not much higher than
that of the environment 7,. For the case of a perfect

(140)
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conducting plane, the effect of nonthermal equilibrium
vanishes, so the total contribution of the thermal fluctuations
to the energy shift of the atom is actually described by
Eq. (136).

PHYSICAL REVIEW A 90, 032501 (2014)

Combining Eq. (140) with the contributions of zero-
point fluctuations, Eqgs. (100) and (101), we obtain the total
boundary-dependent energy shift of the atom in the long-
distance region and in the high-temperature limit,

bnd, h ota)(z) ac (1
CE ) =~ — [2 oo ol€) cos2zn/c) — E(E - E) file) — 4g< ﬂ (141)
_ 3 2
GE M) ~ _47:1)0 [1 - ﬁ(a 0 cos(2za0/c) — % sm(2zwo/6))
QU () coszan/c) + c(i——>f()+ ()} (142)
T 2Bz’ “ B B ) T 16t

In this region as T and T, are not extremely close the term

not reached is always much larger than the term proportional
to z7* due to zero-point fluctuations. For the ground-state
atom, the amplitude of the oscillation term due to the thermal
fluctuations at equilibrium is always much larger than the
second term which arises because of nonthermal equilibrium,
and as a result, the boundary-dependent energy shift of the
atom can be negative or positive or can even be zero, thus
resulting in a Casimir-Polder force that can be attractive or
repulsive or can even be zero. For the excited atom, the energy
shift and Casimir-Polder force also exhibits similar behaviors.

Let us now comment on the contributions of the evanescent
modes from the substrate and traveling modes from the
environment to the Casimir-Polder force. By adding Eqgs. (84)
and (85), it is easy for us to see that both the evanescent
modes from the substrate and the traveling modes from
the environment generally contribute to the atomic energy
shift. In the short-distance region in both the low- and high-
temperature limits, the contribution of the evanescent modes
from the substrate dominates over that of the traveling modes
from the environment. This conclusion also holds for an atom
in the intermediate-distance region and in the low-temperature
limit. However, for an atom in the intermediate-distance region
and in the high-temperature limit, the contributions of the
evanescent modes from the substrate and the traveling modes
from the environment are always of the same order, and the
same is true for an atom in the long-distance region in both the
low- and high- temperature limits.

The above discussions are about the energy shift and
Casimir-Polder force of an atom out of thermal equilibrium
near the surface of a real dielectric substrate. Extending the
present discussion to a general dispersive dielectric substrate
for which the dielectric constant depends on the frequency,
i.e., € = €(w), the Drude model for a metal, for example, is an
interesting topic for future research.

VI. SUMMARY

We have generalized the DDC formalism originally es-
tablished for thermal equilibrium to the case out of thermal
equilibrium but in a stationary state by adopting the local
source hypothesis, and then we applied it to the calculation of
the energy shift and the Casimir-Polder force of an atom out of

(

thermal equilibrium near a dielectric substrate. In particular,
we have calculated the energy shift and the Casimir-Polder
force of an isotropically polarizable two-level atom near a
real dielectric half-space substrate and analyzed in detail
their behaviors in three different distance regions in both the
low-temperature limit and the high-temperature limit for both
the ground-state and excited-state atoms.

In the low-temperature limit, where the wavelength
of thermal photons is assumed to be much larger than
the transition wavelength of the atom, we find that in all dis-
tance regions, i.e., the short-, intermediate-, and long-distance
regions, the thermal fluctuations that originate both from the
substrate and from the environment contribute to the atomic
energy shift and the Casimir-Polder force. In the short- and
intermediate-distance regions, the contribution of the former
is much larger than the contribution of the latter, whereas in
the long-distance region, the contributions of both thermal
fluctuations are of the same order but with opposite signs.
More importantly, the out-of-thermal-equilibrium fluctuations
give rise to an atom-wall force in the long-distance region with
a weaker dependence on the distance and strong dependence
on the temperature as opposed to the Lifshitz law at thermal
equilibrium. In particular, for the ground-state atom, the force
behaves like (7> — T.?)/z*. Our result in the long-distance
region at low temperature not only confirms that by Antezza
et al. obtained in a different context [28,29] but also gives
a concrete region not clearly quantified in Refs. [28,29]
where the asymptotic behavior is valid. In the low-temperature
limit, the effects from being out of thermal equilibrium only
become appreciable in the long-distance region, while they
are negligible in the short- and intermediate-distance regions,
leading to an atom-wall force which respectively obeys the van
de Waals law and the Casimir-Polder law for the ground-state
atoms.

In the high-temperature limit where the wavelength of
thermal photons is assumed to be much smaller than the
transition wavelength of the atom, the contribution of zero-
point fluctuations characterized by the term proportional to

3 prevails over the contribution of the thermal fluctuations
in the short-distance region; thus the Casimir-Polder force is
attractive and proportional to z~* whether the atom is in its
ground state or the excited state. In the intermediate-distance
region, the contribution of the thermal fluctuations may be-
come comparable to that of the zero-point fluctuations, and the
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Casimir-Polder force may be attractive or repulsive depending
on several factors, including whether the atom is in the
ground or excited state and the relative temperature between
the substrate and the environment. Only in the long-distance
region do the effects of the thermal fluctuations both at and
out of thermal equilibrium dominate over that of the zero-point
fluctuations, and in this region, even the atom-wall force on the
ground-state atoms becomes oscillatory around zero, meaning
that the force can either be attractive or repulsive.
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APPENDIX A: CORRELATION FUNCTIONS OF THE
FIELD OUT OF THERMAL EQUILIBRIUM

In order to find the two correlation functions of the field
out of thermal equilibrium defined in Eqs. (44) and (45),
(Cg)ﬂj,ﬂf(x(r),x(r’)) and (Xi‘;)ﬂhﬁg(x(r),x(r’)), we first con-
sider the quantity

(Ei(x(7)),E;j(x(t))g, 5.

= (Bs, Bel Ei(x (1)), E j(x ()| Bs. Be).- (AL)
Taking the Fourier transformation [see Eq. (2)] for the
electromagnetic field operator, we can expand the above
quantity into a sum of four parts as

— / da)/ dw/e—i(wl—w/f,)(Ei (r»w)E;r-(l‘/,Cl)/))ﬂx,,sl, + / da)/ dw/e—i<wl+w/[’)<Ei (l‘,a))E] (r/’w/)>ﬁ”ﬁg
0 0 ’ 0 0

00 00 00 00
+ / dow f dw/ei(wifw/y) (E;[(I',a))Ej (r/ﬂw,»ﬂ;,ﬁe + / dow / da)/ei(wﬂrw/t') (Ej(r,a))E}L (r/’w,)>/35,ﬁe i (AZ)
0 0 0 0

where we have denoted x(t), with x(7) = (#(7),r(r)). To obtain the above equation, we have used the relation E;(r,—w) =

E;L(r,a)). By resorting to Eq. (22), we obtain
A warz

fos
Ei(r,o)E (¥, = —
(Ei(r,w) j( @) B,.p, ey ot

/d31‘1 d’r, 61(1‘1,w)Gl(l‘z,w/)Gik(l‘,rl,w)G;l(l'/,l‘z,w)(ak(l‘l,w)alt(l‘z,w/)m.ﬂg,

(A3)

where the » symbol denotes the complex conjugate. Noticing that the density operator of the thermal baths with temperatures 7

and 7, are separately p; = e~ f7/%7 and p, = e~ Hr/ksT:  we find
(ak(rl’w)a;(r%w,»ﬁA,& = 88(r; — r2)8(w — [l + N(w,T(r)))], (A4)
with
1
1 hw/kBTe_l I Z] > 07
N, T(r) = —7———=1° (AS)
eﬁw/kBT(r]) — 1 W, 1 < 0
Thus
(WA h 2(1),2 / 3 - 1
<E,‘(I‘,(,U)Ej(l' , )),Bv,ﬁg = 7'[_80 P d(w—w) z|<0d rlel(rl,a))G[k(r,rl,w)ij(r o) 1+ eﬁsw/—c—l
1
+ / d3r161(l‘1,a))Gik(r,rl,w)G;k(r/,rl,a))(l + W)} (A6)
71>0 ¢ -
Similarly, we can find the average values in the other three terms in Eq. (A2), and then we have
(Ei(r,p),E;(t',¥))g 5 = f Ood pomiet= (1 4 _ d’ri€;(r1,w)Gir(r,r1,0)G*, (¥ r|,0)
i), £, iy ww'e i —1) ). 1€/(r, )G (r,r, )G (r,ry,o
1<
h * 4 —iw(—t) 1 3 * )
Z do w'e 1 + W d I']G](I'] ,w)Gik(r,r] ,a))Gik(r ,I‘],a))
TENCT Jo ¢ - 21>0 ’
h Oo 4 iw(t—t") 1 3 * /
do w’e —_— d’rie1(r;,w)Gj(r,r1,0)G i (r',r,0)
7T8(]C4 0 efss“’/f — 1 21<0 !
h ~ 4 io(t—t") 1 3 * /
7'[8004 A do w'e m Od rlel(rl,w)G[-k(r,rl,a))ij(r,rl,w). (A7)
21>
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Using the relation [52] [see Eq. (27)]

2
i / Prie1(0,0)Ga (0,0 G 11,0) = In[Goy (61 )], (AS)

where Im[G; j(r,r’,a))] represents the imaginary part of G (r,r',w), we deduce that

602 2

= d3rlel(r1,w)Gik(r,rl,w>G;k(r/,r1,w)=Im[Gi,-(r,r/,w)]—‘5—2 / d’rie(r1,0)Gir(r, 11, 0) G (r r1,0).  (A9)
21>0 z1<0

So (E;(t,r),E;(t',r))p, g, can be simplified to be

: /OO do | ( 1+ L e + b e Im[G;(r,r',w)]
7T80C2 0 eﬂt‘w/c —1 eﬂeu)/c -1 [FACEE N

oo, 1 1 o
_ iw(t—t") —iw(t—t)N,. . /
7T80C2 ,/0 dw w <gﬂxw/c _ 1 eﬂgw/c _ 1)(@ + e )glj(rsr 9a))’ (Alo)

(Ei(t.0),E;(1".X)p p, =

where
w2
rro =% [ dnemo6irno6e.n.e). (Al1)
c 21<0

For an atom at r = r’ = (0,0,z), combining Eqs. (23)—~(31), we deduce that Im[G;;(r,r’,®)] = Im[G;(z,w)] and g;;(r,r',w) =
8ij(z,w) are nonzero only when i # j.

Using procedures similar to those above, we can get (E;(¢',r), E;(t,1))g, g,. So the two correlation functions of the field can
be simplified as

/ h8, R l 1 —iw 4 iw(t— ’
(Cii)pp (DT = — ’2/0 dw w2<—+m)(6 = 4 U NIM[G (2, )]

o€ 2
hé;j 0o 5 1 1 . ot
+ Tegc? /0 do o ebsolc — 1 eheofc — 1 (e +e )8ij(z,) (A12)
and
(x5), , (x(0),x(x)) = hé;j /00 do (e _ g —NMIG, (z.0)]. (A13)
7B Be 2mepc? Jo j

Here we point out that in the above two correlation functions we have renormalized the term Im[G?j (r,r’,w)], which corresponds
to the fluctuations of a vacuum and is infinitely large for r = r’, by simply subtracting it out.

(

APPENDIX B: THE DOUBLE INTEGRAL For the last term in the above equation, we can subtract the
IN EQUATION (89) term 7,/ (0) from the ¢ integration and then add it later, i.e.,

We use here the method proposed by Eberlein et al. [55,56] o .
Fo calculate.the double integration.in Eq. (89). The double l / do / dt oT(t) sin(yowt)
integral Iy, is the sum of the following integrals: n Jo 0

1 Q 1
00 1 == d dt o[T.(t) — T (0)]si
It =/ dw/ dt o*T, (1) cos(nwt), (B1) 77/0 w/() tolTo () = 1, (O] sin(reor)
0 0

1 T,0) [ ! )
R 00 5 . +—f dw/ dt wsin(nwt). (B4)
A= | do | di o®A 1) e ™, (B2) n Jo 9
0 0

B ) For the first term on the right-hand side of the above equation,
where 1 = 2z/c, i = nv/€ — 1. As the two integrals are not e do the 7 integration by parts, and for the second term, we

separately convergent, we replace the upper limit of the @ 4o the double integration directly; then we get
integral in each by a positive 2 and take it to be infinity in the

end.

1 00 1
For IITU, if we take the ¢ integration by parts, we get — / da)/ dt T, (1) sin(nwt)
nJo 0
7, (1 T,(1) . /(1) . T/(0
I =~ (2 )Qcos(nQ) + (3 ) sin(n2) =— "(3 ) sin(n€2) + “(2 )Q
n n n n
1 Q 1 1 oo 1
__/ dw/ dr oT,(t) sin(nwt). (B3) +—2/ da)/ dtT) (t) cos(nwt). (B5)
nJo 0 n=Jo 0
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Similarly, for the last term on the right-hand side of the above
equation, we repeat the above steps, and we get

1 o0 //(0)
- dw dt T/ (1) cos(nwt) ~ — B
n* Jo 2

To obtain the above result, we have discarded the terms
proportional to or of order higher than . Thus

(B6)

Ts T, I(1) .
i =-TWa oW Gnre) + 2V sinre)
n
T.(0 T
LOg T (). (B7)
n 2y
Taking similar steps on 12 {>» we find

ALO) 2 L AL — AL(O
Iy = ;g )9——ﬁ3 (A;(O)—/O ar Ao = A O E al ”).
(BS)

Now adding Eq. (B7) to Eq. (B8) and discarding the infinite
oscillating terms, we arrive at

A
L= ——|Z770) + —=——
lo 8z3|:2 “()+(e—1)3/2

1 _A!
x(A;(O)—/ dtwﬂ. (B9)
0

Notice that to obtain the above result, we have used the
relation [23]
A, (0)

T,0 ="

(B10)

APPENDIX C: INTEGRALS IN EQUATIONS (84) AND (85)
IN THE LONG-DISTANCE REGION AND IN THE
LOW-TEMPERATURE LIMIT

The integrals in Egs. (84) and (85) are of the following forms:

B o) 1 3 3 —Tfjwt
Ila=/ dw/ dr A, 22— - 2 ¢ ,
0 0 w+wy ©—awy)efolc—1
(CDH
hy = / ~ do / T (t) o o ) coston
2 0 0 7 w+wy ®—awy)epolc—1"
(C2)
In the low-temperature 1im1t, P > 1, where Ay = =, the
above integrals can be approx1mated as
_ 2 4 o) 1 3 ,—ayt
fon g [y [Lar a0 )
0s(b yt)
ﬂ“a),/ dyfdtT() , (4
0

with a = zz—vﬂ“l and b = % For Ij,, we perform the y

integration by parts, and we obtain

. 2¢8 1AL [, 3yHer — 1) —yle¥

fo= 2 /dt ()/ dy 2@ =D =y
Biwoa Jo t Jo (e — 1)

(C5)
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This integral can be done by subtracting A/ (0) from the ¢
integration and adding it later. Then, taking the limit a > 1,
we get

lo ™~

o2 |:7r2 AL(0)

,3460() 6 a?
1 A
+%< / ar e = A1 —A;(O)):|. (C6)
a 0 t

Similarly, for by, we do the ¢ integration by parts, and we
obtain

2 [T, y2 sin(by)
o Brwy e’ —1

1 00 1 2 o bvt
__f dy f dt MT(;O‘)] (CT
b 0 0 ey —1

We do the ¢ integration in the second integral on the right-hand
side of the above equation by parts, and we obtain

i~ 2% |:T (1) y sm(by)
’ Bray
T,(1) y COS(b)’) 7* T,(0)
2 -1 6

0
1 [ U ycos(byt)
- — d dt ——=T"(t)|. (C8
b2/0 y/O 1 (,()] (C8)

For the last integral in the above square bracket, we can first
subtract 7./(0) from the 7 integration and add it later. Then we
take the limit » > 1, and we obtain

1 [ I ycos(byt)
— d dt ———"T/(t
b? [) yj(; ev—1 7 (0)

xT/©) 1 (' T'(t)—T/0) —
~ g _ dt o (2
2w T /0 12

T (0)t

(€9

Computing the other integrations in Eq. (C8) and combining
the results with Eq. (C9), we get the approximate result for /5, :

i~ 204|: 72 T.(0) nT!(O):|
20 N —— | — -

Biwy 6 b2 2 b (10)
up to the order b3 in the limit b > 1.

Notice that when adding I, [see Eq. (C6)] and by [see
Eq. (C10)], by using the relation (B10), the terms proportional
to 772 are canceled out completely, and the leading term
is proportional to z 3. This is exactly what happens when
calculating Eq. (114).

APPENDIX D: INTEGRALS IN EQUATIONS (84) AND (85)
IN THE HIGH-TEMPERATURE LIMIT

In the high-temperature limit, % « 1. The integrals in
Egs. (84) and (85) are of the same forms as those in Egs. (C1)
and (C2), which can be changed to

. ¢ 3 1 00
I“’=<E> /0 dr Aam/o dy

3 3 —ayt
X( ooy )ev ’
y+y y—y/e -1

(D1)
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- c\° ! o0
fo = (—) / di T, (1) [ dy
B 0 0
( y? y? )cos(byt)
X _— 5
y+y y—w/ e —1

where parameters a and b are the same as those defined in
Appendix C and yy = +

(D2)

1. The asymptotic result of I,
Whena « 1andayy < 1,1.e.,2z/€ — 1 € B K Ao,

3 3 3 —xt
i10=§3/th(t)f de| —— - = ¢
B xX+xy x-—x0/)e/a—-1
2 3 2
’«v/&/ dt A, (1) t/ dxx—
a3'33 0 0 ex/a_l
t2 oo 3
- = dx al
2 0 e"/“—l
2.2

/1 dt tA, (1) — ”4“—0;"0 /1 dt 2A, (1),
0 158 0

ayoc
~ 4¢3
¢[3] 53

(D3)

in which xo = ayy and we have only kept the z-dependent
term.

When a > 1 and ayy < 1, i.e., B K 2z/€ — 1 K A, for
the y integration in Eq. (D1), we can expand the factor (e’ —
1)~! to be an infinite sum of a series, and then by changing
variables, it can be reexpressed as

[ )
0 y+y y—x/e -1
o0
_ Zenyo /Oody O =)’
n=1 Yo
3
y + o) e ayo) ,—ny (D4)

o0 o0 (
— Y e f dy
n=1 —Yo y

As yo < 1, we approximate the infinite sum in the above
equation by integration. After some simplifications, I{ can
be changed to

B 00 y2 y2
I = y(%/ dy< —)e(m“)y(’y; (D5)
0 y +1 y— 1
thus

2 1 2 2
i]a = %f dt Ag(t)/oo dy( Y _ y_)e(ahLl)ygy.
B Jo 0 y+1 y-—1

(D6)

e~ a—yo)t ,—ny

Performing the y integration in Eq. (D6) directly and then
taking the limit @ >> 1 and ayy < 1, we get the asymptotic
result,

. 2¢? LA
Ildk—cwo\/.d[ ()
aﬁz 0 t
Whena > 1 andayy > 1,i.e.,2z/€ — 1 > Ao > B, we can
first change Eq. (D1) into Eq. (D6), then do the y integration

(D7)
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by parts, subtract A/ (0) from the ¢ integration, and later add
it. Finally, taking the limit ayy > 1, we obtain

4 1 A
Lo ~ L(/ dt M _ A;(O)). (D8)
0

~ BAwoa’

2. The asymptotic result of I,
When b < 1 and byy < 1,1.e.,2z < B K Ao, taking steps as
those we did in simplifying /;,, we get
4.3

1583

20 X

1
B0 / dt 2T, (1), (DY)
0

where we have kept only the leading z-dependent term.
Wherl b>1 and byy K 1, ie., B K2z K Ag, we first
change I, to

2 1 00 2 2
iz(, = %\/‘ dt T(,(t)/ dy( Y - Y )
B Jo 0 y+1 y-1

(D10)

x e Y cos(bygyt),

as we have done for Eq. (D1) [see Egs. (D4)—(D6)]. Then we
divide the above double integral into the sum of two parts as

2
cwj

1 [e's)
L, = 7[—2/ dt Tg(t)/ dy e cos(bygyt)
0

1
e famo[Co(rm-55)

x e Y cos(byoyt):|, (D11)

do the two integrals on the right-hand side of the above
equation directly, and finally take the limits yy <« 1 and
byy < 1. As aresult, we get the asymptotic result

7TC wo

——T,(0
57 ).

When b > 1 and by > 1,i.e.,2z > B > Ag, we first change
I, into the sum of two parts as in Eq. (D11). For the first double
integral on the right-hand side of Eq. (D11), the y integration
can be done directly, so only the ¢ integration is left. For the
t integration, it diverges at the point = 0 if we take the limit
byo > 1 directly. However, we can subtract 7,(0) and 7, (0)¢
from the ¢ integration and later add them. Similarly, for the
second double integral on the right-hand side of Eq. (D11),
because it diverges at the point # = 0 if we do the y integration
and take the limit byy >> 1 directly, we can subtract T, (0) and
T.,(0)t from the ¢ integration and later add them. After these
steps and further taking the limits » >3> 1 and by > 1, we
obtain

by ~ — (D12)

~ 7wy e} (! .
e~ -Z220T,0) + dt T, (1) sin(byor)
bB? 0
2
~ =T T costbyo) (D13)
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