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In this work we analyze the validity of Lifshitz’s theory for the case of nonequilibrium scenarios from a
full quantum dynamical approach. We show that Lifshitz’s framework for the study of the Casimir pressure
is the result of considering the long-time regime (or steady state) of a well-defined fully quantized problem,
subjected to initial conditions for the electromagnetic field interacting with real materials. For this, we
implement the closed time path formalism developed in previous works to study the case of two half spaces
(modeled as composite environments, consisting in quantum degrees of freedom plus thermal baths)
interacting with the electromagnetic field. Starting from initial uncorrelated free subsystems, we solve the
full time evolution, obtaining general expressions for the different contributions to the pressure that take
part on the transient stage. Using the analytic properties of the retarded Green functions, we obtain the long-
time limit of these contributions to the total Casimir pressure. We show that, in the steady state, only the
baths’ contribute, in agreement with the results of previous works, where this was assumed without
justification. We also study in detail the physics of the initial conditions’ contribution and the concept of
modified vacuum modes, giving insights about in which situations one would expect a nonvanishing
contribution at the steady state of a nonequilibrium scenario. This would be the case when considering

finite width slabs instead of half-spaces.
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I. INTRODUCTION

In this paper we are concerned with a first principles
calculation of the nonequilibrium Casimir pressure
between real materials, for the particular geometry of
half-spaces separated by a vacuum gap of constant width.
By nonequilibrium we refer to a situation in which the
objects are held at different (but fixed) temperatures.

Lifshitz formula describes the Casimir pressure in a
steady situation, in terms of the macroscopic properties of
the materials. The original derivation [1] was based on the
use of stochastic Maxwell equations, and relied heavily on
the thermal properties of the stochastic sources, assuming
thermal equilibrium. A few years later, the same formula
was obtained in Ref. [2] within the framework of quantum
field theory at finite temperature. Whatever the chosen
approach, the final result can be expressed in terms of the
permittivity of the materials (or alternatively in terms of
their reflection coefficients), and therefore admits a natural
generalization to the case in which the half-spaces are
maintained at different temperatures, assuming that the
system reaches a steady state. This kind of approach has
been followed in Ref. [3], where the nonequilibrium
Casimir force has been considered for the first time.
Nevertheless, the latter seems rather an extension of the
original derivation than a full quantum development from
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first principles which is, today, a pending challenge in
nonequilibrium scenarios. Although there are remarkable
works in the context of Casimir physics (as Ref. [4]), the
present paper focuses on the dynamical aspects of the
building-up of the steady state of an electromagnetic (EM)
field interacting with matter in a nonequilibrium scenario
that, as far as we know, has not been done before, and we
think that contains relevant physics.

Beyond the nonequilibrium features, this work also
enters another (not completely unrelated) issue that has
been the subject of an intense controversy: whether Lifshitz
theory is applicable or not to real metals. In the simplest
approach, free (conduction) electrons in metals are
described by the Drude model, although its dissipationless
limit, the plasma model, seems to be in concordance with
the experimental results [5]. Some authors claim that
Lifshitz formula cannot be applied for the Drude model
[6], while others have reached the opposite conclusion [7],
claiming that the Lifshitz-Matsubara formula is not correct
for the plasma model. At first glance, our work will not
address directly this important question, because through-
out the paper we consider a material without free carriers,
i.e., an insulator which permittivity function is given by the
bounded electrons only (see Ref. [6], for example).
However, the present work enters the discussion about a

© 2016 American Physical Society
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systematic treatment that allows us to understand the
limitations of the Lifshitz formula, and how to figure out
which model is consistent with it.

A first principles calculation involves a microscopic
model for the quantum polarization degrees of freedom of
the materials, interacting both with the electromagnetic
field and thermal baths that fix the different temperatures of
the objects (see Ref. [8—10] for more details about physical
aspects of the material model). The evolution of the fully
quantized system from adequate initial conditions should
eventually show the emergence of a steady situation in the
long time limit, with Casimir pressure given by a Lifshitz-
like formula. From a technical point of view, this program
can be developed in the framework of the theory of
quantum open systems (see Ref. [11]). The quantization
procedure can be worked out through Heisenberg equations
for the quantum operators (canonical formalism [12]) or
path integral methods (Schwinger-Keldysh closed time
path formalism (CTP) [13]), but both are subject to initial
conditions [14]. For the latter, after integration of the
material degrees of freedom and thermal baths, one obtains
the influence action (Refs. [13,15]) for the electromagnetic
field. Then, integrating the field, one can construct the
generating functional to calculate the correlation functions
(see Ref. [16]). Using the correlation functions derived, one
can compute the time evolution of the mean value of the
energy momentum tensor, and therefore the Casimir
pressure as a function of time. The main question is
therefore whether this mean value reaches a well-defined
limit at long times, and whether this limit depends on the
initial conditions or not. Note that the approaches that are
usually implemented in Casimir physics can be considered
as “steady” quantization schemes in the sense that they
assume without justification that the system reaches a
steady state and, in addition, that the latter is of thermal
equilibrium. Both requirements make the ‘“steadiness”
assumption physically reasonable and expected to treat
equilibrium situations (see for example Refs. [14,17] for
the “steady canonical quantization” schemes and Ref. [18]
for the “steady path integral quantization”). This kind of
approaches are included in the so-called “Thermo Field
Dynamics” framework, which constitutes a systematic
methodology for treating quantum field theory in equilib-
rium scenarios. Within this context, two remarkable works
presenting how to deal with real materials are Refs. [2,10].
Nonetheless, the CTP approach naturally unifies the study
of equilibrium and nonequilibrium systems (see Ref. [13]
for more detail), so the equilibrium situation is fully
included as a particular case of the general result. In fact,
it is not clear how to extend it to nonequilibrium (steady)
situations or how it is done from first principles. As we
mentioned before, the first work in this direction was
Ref. [3] which extends the stochastic approach, but a
complete quantum approach will bring to light the physics
of the contributions of each part of the model to the
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electrodynamical quantities. At the end, the whole picture
gives an appropriate and systematic way to deal with
nonequilibrium situations in Casimir physics.

In previous works, some of us investigated preliminary
aspects of the problem at hand. In Ref. [19] the case of a
quantum scalar field in the presence of an arbitrary material
was studied. After developing the quantum open systems
approach for the particular situation of a scalar field
interacting with microscopic degrees of freedom and
thermal baths, it was shown that the emergence of a steady
state independent of the initial conditions is a nontrivial
issue. While for a quantum field in bulk material such limit
exists, this is not the case for slabs of material with finite
width. The generalization to the electromagnetic field has
been considered in Ref. [20], where the CTP generating
functional for the electromagnetic field interacting with a
composite environment has been described in detail.
Specifically, the environment considered there consisted
of the quantum polarization degrees of freedom at each
point of space, connected to thermal baths to fix the local
temperature. Formal expressions for the Maxwell tensor
and the Poynting vector in terms of the Hadamard propa-
gator were obtained, for the case of the electromagnetic
field in bulk material, where, once again, the steady state is
independent of the initial conditions. Some technical issues
regarding the gauge fixing procedure in the context of CTP
have also been discussed.

In the present paper we will extend the results in [20] to
the case of the electromagnetic field in the presence of two
half-spaces of real media separated by a vacuum gap.
Considering the previous results mentioned above, it is not
clear a priori whether the initial conditions will be erased or
not in the long time limit for this particular geometry. Using
the formalism of Ref. [20] we will obtain explicit expres-
sions for the Casimir pressure as a function of time,
assuming that the interaction of the vacuum field with
the materials starts at a given time #y. The Casimir pressure
will receive three different contributions, coming from the
field’s initial conditions, the polarization degrees of free-
dom, and from the thermal baths. We will show that, in the
long time limit, only the baths’ contribution survive. This is
the contribution expected in the Lifshitz approach.
Therefore, we will provide a first principles derivation of
Lifshitz formula for nonequilibrium situations in the
framework of quantum open systems.

The paper is organized as follows: In the next section we
present the model and the influence action that includes
noise and dissipation contributions to the calculation of the
Casimir force. Section III contains the expression of the
Casimir pressure in terms of the electromagnetic correlation
functions and, following this, the discussion about the
different contributions to the pressure appears in Sec. IV.
The long-time limit of the complete problem is included in
Sec. V and finally, in Sec. VI we include our final remarks
and conclusions.
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II. THE MODEL AND THE FIELD
INFLUENCE ACTION

In order to include effects of dissipation and noise
(fluctuations) in the calculation of the Casimir force
between two half-spaces of real material interacting with
the EM field, we will develop a full CTP approach to the
problem. Therefore, a microscopic physical model for the
material of the bodies will be introduced. Once the model
is defined, one expects the material to show effective
macroscopic EM properties, that will be contained in the
Feynman-Vernon influence functional included in the CTP
formalism.

A. The total system: EM field plus matter

As in Ref. [20], we will consider a composite system,
consisting in two parts: the EM field A# (considered as a
massless vector gauge field) and the real media, which is
modeled as a continuous set of quantum Brownian particles
representing the polarization density degree of freedom P.
These degrees of freedom (DOFs) are basically three-
dimensional harmonic oscillators (with mass MU and
frequency QU in each direction) coupled to the field at
each point of space in a realistic way. The composite
system (EM field and DOFs) is also coupled to external
baths of harmonic oscillators in each direction as in the
well-known quantum Brownian motion theory (QBM).
Therefore, the total action for the whole system is given by:

S[A”’ Px’ qn,x] = SO[A”] =+ SO[PX]

+ Zso[qn.x] =+ SCurr[Aﬂ, Px]

+ Zsim[Px’ qn.x]’ (1)

where the first three terms are the free actions for each part
of the total system, while the interaction action between
the field and the polarization DOFs is given by a current-
type interaction which can be written in two equivalent

ways by defining the conserved current four-vector as J,, =
(V-P,—P) and the electric field E/ = —9,A° — 9yA/:

ScurlA" By) = Zo[(g7,) =A%) = Jo[(gPT) * EV), (2)
where A« B= [d*xA(x,1)B(x, 1) and J, is the coupling
constant between them. It is worth noting that, when
writing the interaction actions, we have introduced the
matter distribution g(x), which takes binary values (1 or 0)
depending whether or not there is material at the spatial
point X.

On the other hand, the interaction between the polari-
zation DOFs and each bath is simply linear coupling
through the constants /1,[{,],( for each bath oscillator (n) in
each point (x) and direction (j):
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SinlPy. Qa] = / dxg)UNPL-ghy).  (3)

where A - B = f,ll’ dtA(1r)B(1), AE{,]X are coupling constants
between the DOFs and the baths, and [j] denotes that this
superscript is not summed as in Einstein notation. It is clear
that greek indices sum over 0,1,2,3 while latin sum over
spatial components only (1,2,3).

Finally, we will assume that the total system is initially
uncorrelated, thus the initial density matrix is written as a
direct product of each part, which we also assume to be
initially in a thermal equilibrium at a proper characteristic
temperatures (Sgwm, fp,, fpx—the material can also, in
principle, be thermally inhomogeneous),

p(ti) = Pem(ti) ® pp (1) ® Pyq, 3 (i) (4)

B. EM field influence action

As our goal is the study of the dynamics of the EM field
correlation functions, we start by coarse-graining the baths
and the DOFs in order to obtain the exact EM field
influence action. Since we have quadratic actions and
we choose the initial states as Gaussian, the EM field
influence action will have a quadratic form, with dissipa-
tion and noise kernels acting over the EM field.

It is well known from the QBM theory, coarse-graining
the baths will result in QBM influence actions for each
component of each DOF in each point of space, i.e., the
result will be Si[Px, P{] including the QBM dissipation
and noise kernels. Therefore, at this point, the EM field
influence action is defined as:

oiSw[ArA%]

/de/dP dP’/

P (1)=
X/ DP'e idy fdxg
/(1)=P,

x i(So[P]=So[P']+Sir[P.P'])

)(VAO-P+A-P-VAL.P'-A"-P)

pp(Pi, P 1), (5)

Following Ref. [20], and considering an initial thermal
state for the DOFs, the EM field influence action is
given by:

SIF[Aﬂ,A/”] = /d4X/d4X/AA”()C)[—2D

X TAY(x) + %Nm,(x,x’)AA”(x’)], (©6)

o (2 X')

with AA¥ = AW — A#, TAF = (A* + A™)/2 and the dis-
sipation and noise kernels are given, respectively, by:

Dﬂl/('x’x,) = F/wjlejkv (7)

025029-3



LOMBARDO, MAZZITELLI, LOPEZ, and TURIACI

N;u/(x’ x/) = F/wjkNjkv (8)
which ensures gauge invariance thanks to the fact that
the differential operator I,/ =§,°6,°9%, —6,°6,/03, —
0 s kg2 : ik _ oy jk —
5,/6,09%, + 6,756,407, satisfies 9T, /* = 9"T,,/* = 0.

It is worth noting that the noise kernel presents two
contributions, one associated to the DOFs and the other one
associated to the baths: Ny =N + N5

All in all, the dissipation and noise kernels are given by:

/12x :
Dji(x, &) = 5;8(x = x')g(x) 2GR (1= 1), (9)

2
P g(x) 23 MY B QY
N (x ) = ded(x = X) =0 .
X |Gl (1 = 1) Gl (7 = 1)
+ PG (= )Gl = 1)) (10)

NG T
(11)

where we are considering materials that can be inhomo-
geneous and anisotropic (birefringent) [20].

NLj] is the QBM noise kernel generated by the thermal
bath over the DOF in the direction j and located at x. The

Green functions G{{Lt <

each DOF, which satisfy GEL’X (0) =0 and G{{Lyx (0)=1.
In other words, they are the QBM retarded Green functions
having x and [j] as parameters. These Green functions are
defined once the type of baths are chosen at each point of
space and direction. It is implicit that the chosen directions
defining the anisotropic properties are the Fresnel’s princi-
pal axis’ basis (see Ref. [20]) because, as we shall see, they
will allow us to define a diagonal permittivity tensor in this
basis. In fact, we are considering the same basis for every
point filled with material. This is completely general since
it is clear, for example, that disjoint bodies can have
different Fresnel’s basis. To include these features, it is
necessary to include changes of basis between all the
present basis. For simplicity, this will be omitted and, in
fact, for isotropic materials this is unnecessary since the
permittivity tensor is proportional to the identity matrix.
In the Lifshitz problem there are two different bodies
interacting, which are assumed to be homogeneous and
isotropic. Therefore a few simplifications arise. On the one
hand, homogeneity implies that all the spatial subscripts
reduce to two labels associated to each of the two bodies.
Considering two parallel plates separated by a distance /,
the homogeneity of each body means x — L, R depending
on the spatial point lays in the left or right body

NB (x,x') = 835(x = X')g(X)73 (Gl -

are the retarded Green functions for
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respectively. On the other hand, isotropy of the material
in each body implies that superscripts [ j] should be omitted
because there is no dependence with the direction.
However, we will keep generality in the material properties
for now.

III. CASIMIR PRESSURE IN TERMS
OF EM CORRELATION FUNCTIONS

In the present section we will calculate the EM field
CTP-generating functional and derive an expression for the
Hadamard propagator. We shall show how the Casimir
pressure can be easily written in terms of this Hadamard
propagator.

A. The Hadamard propagator and electrodynamics
in the temporal gauge

Once we have calculated the EM field influence action
generated by the material, we proceed to calculate the EM
field generating functional, which is defined by [20]:

Zere[ s T3

Al (1p)=A"
/ dA" / dA"dA™" / " DAk
AH(1)=A"

% / A lir)=A7 DA @il +A =T A) i(S[A¥] =S, [A™])
A/”( ) A//A

piSE[A" AT u]/)EM<AIil’ A“;, ti). (12)

These integrals can be performed using the Faddeev-
Popov procedure (adapted to the CTP formalism), to extract
the redundant sums over paths on the same gauge class. In
[20], the gauge condition was introduced in the CTP-action
as a typical gauge fixing term. Then, the CTP integral is
worked out by writing the paths as a sum of a homogeneous
solution Afj (x) (satisfying the initial conditions) plus a shift.
The corresponding equations of motion for this solution are
the ones obtained from the EM CTP action (including the
EM field influence action), which in the case of the

temporal gauge reads:
LA

2/d4x’Dﬂb(x,x’)A”(x’) =0, (13)

(WWD - 0,0, ——1,

where « is the gauge fixing parameter and # is a timelike
four-vector which can be taken as (1,0,0,0) for the temporal
gauge. These are four equations for the four components of
the EM field.

Therefore, the functional integral can be calculated in the
Landau gauge (where the gauge fixing parameter « goes to
0). All in all, the generating functional reads:
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Zerp[2), AJ] = o~ IATGra+ 2]

(eiATA0) oy s

i i

% e—%AJ*(]Rﬂ (d N)*gRe‘*AJ’ (14)

where (...)sa sn, = [dZA; [dZI;... Wey[ZA,, 21T, 1],
and Wgy[ZA;, ZI1,, 1] is the initial EM field Wigner
functional associated to the EM field initial density matrix
Pem(t;) in the temporal gauge (see Ref. [20] for its
definition).

It is worth noting that A, corresponds to the homo-
geneous solution of the EM equations of motion after
imposing the temporal gauge, which is written as:

Al(x) = —/dX’QRet(x,x’, t—1;)ZAF(X)

—|—/dx’QRet(x x',t—1;)Zk(x).  (15)

GOret corresponds to the retarded Green tensor resulting
from Eq. (13) after imposing the temporal gauge condition
in the Landau gauge, which results in a set of three
equations of motion plus a residual gauge condition
obtained from the equation for A? (which was erased by
the gauge condition). The initial conditions for the retarded
propagator are, as usual,
Git (x.X/.0) =0, Gl (x.X.,0) = ~5*6(x — x'). (16)
Once we have calculated the EM field generating func-
tional, we can functionally derive it in order to obtain the
EM n-point functions and, in particular, the propagators.
The calculation of the Wightman function is straightfor-
ward, from which we can read the Hadamard propagator:

Gl (x1.32) = (A)(x))A§(x2)) 4, 51,
+ [gRet * (aIZZ,N) (gRet) ]j (xlvx2> (17)

This expression holds for every initial state of the field
and depends on the chosen gauge. Note that the Hadamard
propagator has two separated contributions. The first term
is entirely associated to the field’s effective dynamics and
the initial state. The other contribution is associated to the
material degrees of freedom represented by the noise kernel
N, which also splits in two contributions due to the
composite nature of the material (DOFs plus bath in each
point of space).

However, all the dynamics is up to the retarded Green
tensor in the temporal gauge. As it was shown in Ref. [20],
the choice of the Landau gauge naturally implies that
A =0 in order to avoid divergent terms. Considering the
temporal component of Eq. (13), and imposing the gauge
condition, one obtains a residual condition over the
remaining components of the EM field, which can be
written as:
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V. {/ dro,(e(t—7.x))-A(x,7)| =0, (18)
4

where the permittivity tensor for the inhomogeneous and
anisotropic material is given by:

X) = 8,,(8(t — 1) + 23 ,g(X)Gpat (1 = 1')).
(19)

Emr(t -7

Since the tensor is diagonal, the expression is given in
the Fresnel’s principal axes basis. The residual condition
in Eq. (18) is a generalization of the condition considered
in Ref. [17]. It was shown in Ref. [20] that in the case of
isotropic and nondissipative material, Eq. (18) reduces to
the generalized Coulomb condition of Ref. [17]

V. [e(x)A(x. )] = 0, (20)

where the permittivity tensor has been replaced by a single
function.

Also in Ref. [20] it is proved that, in the general case, the
equations of motion for the spatial components of the EM
field in the temporal gauge can be written as:

A
OA 9 (Vx &)+ B ag®)A () + B0l
« / ' Gran(t = 1) - A(x, #) = 0, (21)
t

where (Gretx ) = 5,,,ng1]

ctx- Again, from the fact that we
could write this diagonal tensor (associated to the retarded
Green functions), it is clear that the chosen basis is the
Fresnel’s principal axes basis (in general, the tensor would
be nondiagonal). It is also remarkable the appearance of the
third term, which constitutes a finite renormalization
position-dependent mass term for the EM field as the
one found in the scalar case in Ref. [19]. As we shall see,
this term will be irrelevant in the determination of the Green
tensor.

Considering the equation of motion for the EM field, the

<>
retarded Green tensor Gge (X, X', ) can be defined as:

Cre
0= P8 G s Gt 0050
1 <—> <>
+2,49(%) / ' Gren(i = 1) Gra(x.x.1).  (22)
0

with the initial conditions given in Eq. (16).
Laplace-transforming the equation, we easily obtain:

V X V X Gret + $2€ (5.X) - Greg(X. X, 5) = —15(x — x'),

where the Laplace transform of the permittivity tensor of
Eq. (19) is

025029-5
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<> 2 pid
£ (S7 X) =0+ lo,xg(X)GRet,x (S)

It is clear that including dissipation it is not possible to
define refractive indexes in the time domain. However,
since the Laplace transform of the permittivity tensor turns
out to be diagonal in this basis, the refractive indexes can be
defined in the Laplace variable’s domain. In each direction
J, we can define the complex refractive indexes

nd? =14 23 9(x) Gl (5)
in such a way that the Fresnel’s ellipsoid is a useful picture
to describe the material’s anisotropy.

From Eq. (22) we can see that the Laplace transform
of the EM retarded Green tensor turns out to be the
Feynman’s Green tensor associated to the differential
operator V x V x +s2?(s,x)‘, and therefore satisfies

7 (X, X', 5) = Gh (X, x, 5). Tt is also worthwhile to note
that the reality of the EM retarded Green tensor in the time
domain implies that

Grea(x. X', 5) = Gl (x. X', 57).

B. Transient and steady pressure

We would like to write the pressure in terms of the
Hadamard propagator. In Ref. [20], an expression for the
expectation values of the components of the Maxwell
tensor is given in terms of the Hadamard propagator, using
the point-splitting technique. As we are interested in the
calculation of the Casimir force in the Lifshitz problem, a
simpler expression than the one in Ref. [20] can be
achieved.

Considering the symmetry of the configuration, the force
between the bodies will be given only by the pressure in the
perpendicular direction to the surfaces, i.e., along the
direction parallel to the separation distance /, which we
will call the z axis. Therefore, in the Lifshitz problem, the
pressure will be given directly by the zz-component of the
Maxwell tensor, which can be written for a field point x;
inside the gap as in Ref. [3]:

P(0)) = o [ () B () + BB ()], (29

where the electric field is given by E' = —9,A/, while the
magnetic field is B' = (V x A). AV is the diagonal
matrix A = A?? =1 = —A%,

Then, using the point-splitting technique and typical
relations between the different propagators (see [13]), the

expectation value of the zz-component, can be written in
terms of the Hadamard propagator:
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R i o
Pealey) = (F5(x0)) =~ 1im (55779, 0,

T X=Xy

T €rsein, O 1GH (x1, ), (24)

once the propagator is renormalized in the coincidence
limit.

It is worth noting that, unlike the one found in Ref. [3]
which is proposed to correspond to the steady situation, the
last expression actually is the Casimir pressure which
emerges at the initial time #,. Therefore, it comprises all
the transient dynamics of the pressure in the way to reach its
final value at the steady situation. The pressure can depend
on time but also on space during the transient stage, until it
finally achieves the steady situation, where its value results
to be time and space-independent:

Pcas(.xl) g P(ojoas. (25)

As a final remark, given the splitting of the contributions
to the Hadamard propagator in Eq. (17), and also that N =
N? + N8 (depending each one on its temperature), it is
clear that the total pressure can be written in terms of three
contributions:

Pcas(x1) = Pic(x1) + Ppors(x1.Bp, ) + Pe(x1.Bpx).  (26)

Then, each part of the total system will contribute to the
Casimir pressure at a given space-time point. The main
subject of study of the next sections will be to determine
which contributions will survive in the steady situation.

As we are dealing with an initial conditions problem,
every time variable is defined in the interval [¢;,+0).
Therefore, we can Laplace transform in each time variable
11, t, inside the coincidence limit of Eq. (24). Introducing a
Mellin’s formula for each variable, the second term in
Eq. (24) is easily written in terms of the retarded Green
tensor’s double Laplace transform (note that this term only
involves spatial derivatives):

. irs il
lim €”*e/" 0, 0,,Gi{" (x1, x3)
X=X
/a1+ioo dsl ayt+ico dS2 (
pu— N . e
o) —ico 2mi ay—ico 2mi

x lim [e’”eﬂ’"ar1 0LGy" (X1, 813 X0, 82)],  (27)

X=X

s1+82) (1 =1;)

where in the right-hand side (r.h.s.) the coincidence limit
was taken for the time variables and where a; , are taken to
define vertical lines in the s, ,-complex planes in such a
way that all the poles of the integrands taken as functions of
s; and s, are at the left of these lines.

Writing each time variable of the first term of Eq. (24) in
terms of Laplace transforms, we find:
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aj+ico dsl
—e

8t1 8,2gf_f" (x1,2%) = /

a;—ico  <TT1

$(=),[0, 0, G (x1, x3)]
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(l+ioods
_/1 —l.e‘w‘_t")[slatzgﬁm(xlaS1;X2)—3zzgﬁm(xlvfi;xz)]
a

\—ico 270

a+ico (g a+ico (g
—ll_m 2_7111 i z—ﬂzl.esl(t‘_ti)“fSZ([Z_li)[3132(5t2gf{m(xl,Sl;xz))—22(azzgﬁ"(xlyli;x2)>]

a+ico dsl ap+ico dSz
—/ L et =12 (1) 5 5, G (X, 513 X0, 52) — 51 G (X1, 815 X0, 17)
a

—ico 27 Jgy—ico 27i

_ szgf-[m(Xh 1;; X2, 52) + gf-lm(xl’ lis X2, ti)]‘

The second term between brackets does not depend on
s,. Therefore, for that term, the integral over s, has the
integrand e*2(>"), which is analytic in all the s,-complex
plane, so the integral over any contour vanishes for 7, > 1,.
The same happens for the third and last terms between
brackets. All in all, we have proved that for the first term in
Eq. (24):

lim 669, 0, Gy (x1, x,)

X=X

ay+ico ds ar+ico ds . .
_ / dsy 92 (s tsamt) g, 5,555 5m
a;—ico 2mi ay—ico 2mi
x lim Gi{*(X1, 515 X2, 52). (29)

X=X

Finally, the Casimir pressure can be rewritten as:

-1 aj+ico (f a+ico
PCas(xl) = _/ I il | ’ ﬂe(SH“Sz)(tl_ti)
a

8 | —ico 27i a—ico 2mi
x lim (O (s1.52)Gif'(x1.51:%20 )], (30)

where we have defined the operator
O (s1,57) = AU (515,56 + €/, 9),).

The last expression for the Casimir pressure seems
formally the same to the one found in Ref. [3], however
there are subtle differences all related to the statement of
both problems. Equation (30) is not a steady-situation
expression (as the one in Ref. [3]), but it also comprises all
the information about the transient evolution of the zz-
component and describes the building up of the Casimir
pressure in the long time regime. In fact, in Ref. [3], the
pressure is calculated from the electric field correlation,
which results to be proportional to a Dirac §-function in the
frequencies’ difference, imposed by the steady situation
formalism (based on the fluctuation-dissipation theorem) in
stochastic electrodynamics (SED). Thus, the double inte-
gration is automatically reduced to one integration by the
source correlation. In the present work, we calculate the
pressure from the Hadamard propagator, which is related to

(28)

|
the EM quantum field correlation and, as we shall see in
next sections, during the transient evolution it is not
necessarily proportional to a Dirac oJ-function. Finally,
all these points are also reflected in the definition of the
® operator. In Ref. [3], it only depends on one frequency
variable which appears as a denominator due to the fact that
the pressure is calculated from the electric field correlation.
The present operator is a function of two Laplace variables
which appears as multiplicative factor, since we are
calculating the full time evolution of the pressure from
the EM field correlation.

In the next sections, we will calculate all the contribu-
tions to the pressure and study its time evolution, starting
from the expression in Eq. (30).

IV. DIFFERENT CONTRIBUTIONS
TO THE CASIMIR PRESSURE

The formal expression for the Casimir pressure obtained
in Eq. (30), is written in terms of the Hadamard propa-
gator’s double Laplace transform. From Eq. (17) it is clear
that it has two separated contributions, one associated to the
EM field’s initial conditions (the first term) and the other
one associated to the material (the second term). In fact, the
noise kernel also splits into two parts (N = N¥ + N5), one
associated to the DOFs (N¥) and the other one associated to
the baths (N®). Then, the Hadamard propagator’s double
Laplace transform reads:

g{-{((xlv 513X, 8,) = <A6(X17 Sl)AS(Xz, 32>>2Ai.21'[i
+ 2 5[(Gret * (0%N)
* <gRet)T)jk](leSI;XZ’S2)' (31)

Each contribution will be analyzed separately.

A. Initial conditions’ contribution

Provided that the homogeneous solution is given by
Eq. (15) and the initial conditions for the Green tensor are
given in Eq. (16), the Laplace transform of the homo-
geneous solution results:

025029-7



LOMBARDO, MAZZITELLI, LOPEZ, and TURIACI
Al(x.5) = / dxX'GLL (x. % 5) (ST (x') — s3A/(x')). (32)

where Q{{et(x, x',s) is the Laplace transform of the EM
retarded Green tensor.

Therefore, the first term of the double Laplace transform
of the Hadamard propagator in Eq. (31) results:

<A X1, 8] Ao X2,52)>2A ST,

/dx /dx” e (X1, X, 51)GRM (x5, X", 55)

x ([ZI0 — 5y ZA{] (x')[ZIE" — 5,ZAP| (X)), 511,

(33)

It is clear that calculating the brackets average over initial
configurations will introduce the EM field’s initial state
through its Wigner functional. Therefore, this contribution
clearly depends on the initial state for the EM field.
However, instead of proceeding directly to the calculation
of the average, it is more convenient to calculate the
brackets as a quantum expectation value. As the field is
free at the initial time ¢;, the quantum expectation values in
the operator formalism and these averages (using the
homogeneous solution) are closely related. In fact, as a
particular case of the theory developed in previous sections,
it is easy to show that a free theory (without interactions)
verifies:

<[2Hil - Sleﬂ (x')[ZIT" — S2ZAim](X”)>ZAi,ZHi

= L) - s AR ) - AP, (39

where the r.h.s. corresponds to the quantum expectation
value of the anticommutator containing quantum free EM
field operators in the temporal gauge. In the free EM field
case, the temporal gauge also implies the Coulomb gauge
condition (V-A =0) over the remaining components.
Therefore, the EM free field operators are

/1) |:&k /{e—i(a)kt,»—k-x)

_ /dkzgj(k
V2w (27)° 5
+al e, (35)

A s

I

I(x) = /W

_ &L/lei(wkfi—k'x)} , (36)

leke (k, 4) [a“e i{oti—kx)

where A sums over the transverse electric (TE) and
magnetic (TM) polarizations, ‘A’k,/l’&:;,x are the free EM
field photon annihilation and creation operators, &/ (k, 1) is
the j-component of the polarization vectors and ) = |K|.

PHYSICAL REVIEW D 94, 025029 (2016)

Considering the completeness relation for the polariza-
tion vectors:

kl m
> (k. A)em (k. A) =" - w’; , (37)

A—TE, TM k

and an initial thermal state for the EM field we get
<5lk./151£w> =60k —K')(1 + N(wk)),  (38)
<5’1T<,,151k/,/1/> = o)r6(k —k')N(wy), (39)

(A st ) = <a£,4&£w> =0, (40)
where N (wy) = (eﬁEM—lk_l) is the photon occupation number
for the initial thermal state of temperature fgy;. Then, after a
change of variables, Eq. (34) can be written as:
<[2Hil - sleil](Xl)[ZHim - SZZAfn](X"»zAi,zni

dk K'km
= /73 8" — — | coth M ok
2wy (27) oy 2
x e X515, + ). (41)

Therefore, the average over the initial conditions in
Eq. (33) results:

<A6(X1 » 81 )A’é(xz, 52)>2Ai,mi

dk m klkm EM®Pk
— /Za)k(Zﬂ)3 {51 ~ } coth{ 5 [5152 + w?]
X (/ dx’ ﬁet(xl,x/,sl)eik"‘/>
X ( / dx" ggt(xz,x",sz)e—ik*”) (42)

Having this result, we can obtain an expression for the
contribution of the initial conditions to the Casimir pres-
sure. Replacing Gj" in Eq. (30) by the initial conditions’

contribution <A0(x1,sl)Ag(Xz,sz»zAi_mi it is straightfor-

ward that:
L[ dk [ Kk
PIC(xlvﬂEM):_a/W{él _w—i]

x coth [’BEM&)I‘] /alﬂmds‘
2 a

|—ico 2mi ay—i

a+ico

dS2
+
x —2elst2)(=1) (5,5, + 7 ) lim
27i X=X

X [®jk(51’32)</d" Ghet(X1,X',51)e lk’“)
X (/dx” ’ﬁ’gt(xz,x”,sz)e"'k"‘”ﬂ. (43)
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Remarkably, this expression is quite general. In fact, it
comprises the full time evolution of the contribution of the
initial conditions to the Casimir pressure at any time for any
point of space in a vacuum region, since the boundaries
appear at the initial time ¢#;. This is the reason why it is
physically expected that the contribution depends not only
in time but also in space until reaching the steady situation.
The information about the specific time evolution of the
problem is encoded in the analytical properties of the
integrand as a function of s; and s,, i.e. in the poles and
the branch cuts present, as we shall see below.

Moreover, it is important to note that this expression is
valid for any geometry of the boundaries, including at least
one vacuum region (where we calculate the pressure). The
information about the boundaries is contained in the
Laplace transforms of the retarded Green tensors which
have to be calculated in a specific situation in order to
obtain a complete result. In the next sections, we will show
how this works for the Lifshitz problem, deriving the long-
time limit of this contribution.

B. Material’s contribution
Let us consider the second term in the r.h.s. of Eq. (31),
which is associated to the material. Due to the fact that
N = N* + N2 the contribution splits into two contributions,
one associated to the DOFs and the other one associated to
the baths. However, the first step in Laplace-transforming the
contribution is the same. As the contribution reads

L1 5[(Gret * (OLN) * (Gre)")¥](x1, 515X, 5,)  and  the
retarded Green tensors depend on the time differences,

ie., GI (x.x)=GY (x,x'.1—1), then the products *
involve convolutions in the time variables between the noise

kernel 8t N and one of the retarded Green tensors. Laplace-

transforming is straightforward:

L1 5[(Gret * (O2N) * (Gree)")*] (X1, 515 X2, 57)
:/dx/dx’g-ge[(xl,x,s1)21,2[5‘t2t,N,m}(x,sl;x’,sz)
X G (%2, X', 55). (44)

A few simplifications arise by considering that the noise
kernels satisfy

2Ny (x, ¥') = 8,,8(x — X )g(x) 2N (1,7

[see Egs. (10) and (11)]. Therefore, taking into account the
o6-functions:

L1 5[(Gret * (FZN) * (Gred) ") (X1, 513 X2, 52)
Z/ng(X)gﬂlet(X17X7S1)212[8,,rN J(51.52)
X O (X2, X, 52), (45)
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where the presence of g denotes the fact that this con-
tribution comes from the material regions exclusively.

Considering the definitions in Egs. (10) and (11),
Laplace-transforming in both time variables the EM
noise kernel [taklng into account that NLB( ) =0=
NLI]B(Sl, 1) = X,B(ti’SZ) due to the causality of Gg]enx],
we obtain:

215 |2 (51.52) = 5155N0p(s1.92) = 5 N1, 1)
- SzNLl],P(fiv 52) + NLZ],P(E', ;)
+ s1S2N¥],B(Sla 52)s (46)

where each Laplace transform is given by:

i (g, Ql
I piSex
NL].P(SI’SZ) == [j]x
20

(5182 + sz)

[ [
X Gigeyx (51) Gl (52). (47)
[ [
N (5 1) = N (11, 5,)

2ml (gl

= (;Qm coth | =5 5uGiix(s0),  (48)
/12 M[l] Q[l]

NE(I]P(ti’[i): 0x X coth ﬂP; * , (49)

, 29@ 2

N (51.52) = 2 Gt (51N (51.52) Gl (52). (50)

The last term in the r.h.s. of Eq. (46) is the only one
associated to the baths. Moreover, it is important to note
that the second and third terms only depend on one of the
Laplace variables, while the fourth term does not depend
on them.

Is clear that in order to continue the explicit calculation,
one has to define the type of baths which are considered in
each direction and point of space for the specific problem.
However, we can take a further step in the calculation
without losing generality. From the QBM theory, is clear
that for any type of bath, the QBM noise depends on the
time differences, i.e., in the time domain we have that

NLI](t, 1) :NLI](t—t’). Therefore, although each time
variable is defined in the interval [t;, +00), its difference
results defined in (—oo0, +00). Assuming that the kernel
verifies the convergence requirements (this can be easily
implemented by introducing a cutoff function in the QBM
noise kernel), it can be written in terms of its Fourier
transform:

N[l( t)_/+°°da) —iw(i—1' N[l]( ), (51)

o 27
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where NL” (w) contains the dependencies on the temperatures of the baths fy p.
Using this general form for the QBM noise kernel, its Laplace transform is given by Eq. (50):

[ 2 Al [ todw MY ()
NX.B(SI’S ) _iOXGRetX S GRetX Sz) 2” Sl +lm)( 5y — la)) (52)

Once we have calculated each term of Eq. (46), the Eq. (30) gives expressions for each contribution to the Casi- mir
pressure in Eq. (26). Therefore, we can write:

1 aj+ico a+ico ( ) /12 MLI]
Poors(x1.Bp) = —=— [ oL [T E2 b)) Tim | @7 (s, s,) [ dxg(x) XX
X 87 Ja,—ico 27i 27i X)=X) ZQQ]
1 Qx
< coth {—} <[s%G£iLt.x<s1> 126, (52) = 1] + 25,5561 ()G, (s52))
X g{{Iet(Xl’x’ 51)GR (X2, X, 52)} ; (53)

+o0 da) a;+ico dsl a+ico ds2 Slsze(sl""SZ)(tl ;)
Py(x1,fxp) =
ay

87roo

X Gy (X1, X, soGLth(sl)GELtX(sz) (@) GH (x5, . m] (54)

lim {@jk(sl,sﬁ/dxg(x)/lax

i 27 ay—ico 2ri (51 + iw) (55 — iw) x2-x

Note that this expression includes an integral over the Fourier frequencies.

Last results are valid in the most general case, which is an inhomogeneous and anisotropic material having local initial
temperatures at each point. However, these expressions are simplified when considering the interaction between n different
but homogeneous and isotropic material bodies of volume V,,, at homogeneous temperatures. In this case, all the spatial
subscripts x (denoting inhomogeneity) and superscripts [/] (denoting anisotropy) have to be replaced by a single index n
denoting the material body. Therefore the integral over the space splits as a sum of integrals over each volume V ,,, and both
expressions can be written as:

1 yrmi Q, ay+ico ¢ ay+ico ¢
Ppors (X1, Pp,) = — o 0n ”coth( P”2 ’) / 1 ﬂ ! 52 222 plsi4s)(n—t)
a

8~ 2Q, \—ico 271 Jgy—ico 27I

X [(S%GRet,n(sl) - 1)(S%GRet,n(s2) - 1) + Q%SISZGRet,n(Sl)GRet,n<s2)]

x lim [@jk(sl,sz) / dxg{{et(xl,x,sl)gf{et(xz,x,sz)}, (55)
Xo—X V"

+o0 dw _ a;+ico dsl ap+ico ds2 SISZE(S1+SZ>(t1_ti>

P sFn, n P ~ - . . G n G n
(x1.f.8) Z o,,/ /al_ioo 271 Joyieo 27 (51 + i) (5 — i) Retn(51)GRetn(52)
x lim [@jk(sl,sz)/ dxgﬁet(xl,X,sl)gﬁgl(xz,x,sz)}. (56)
X, =X v,

In this case, the quantity

Xo—X]

i [04(s1.52) | dxGilxi. x50k 2. x.5:)
Va

is common to both contributions. However, the Mellin’s integrals are the ones that define the time evolution and steady state
of these contributions, and are very different due to the analytical properties of each integrand.
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Moreover, is important to have in mind that in these
expressions, it is implicit that at every point of the material
bodies, the basis of Fresnel principal axis is the same. Each
point defines a Fresnel’s ellipsoid having its axis along the
directions in which each component of the DOFs fluc-
tuates. This is, in principle, a limitation in the present
model, although it could be easily fixed by considering
different basis in each body (or even at each point of space).
As we mentioned before, in order to simplify the calcu-
lations but without losing the anisotropy properties, we will
keep a unique basis for all the material points. This
limitation disappears when considering isotropic materials,
as in the Lifshitz problem analyzed below.

However, it is important to recognize that the ellipsoid’s
picture is valid for real refractive indexes. In our case, as we
shall see, due to the inclusion of dissipation in the problem,
the three refractive indexes are complex, albeit the Fresnel’s
ellipsoid results useful as a conceptual and practical picture.

As final remarks, on the one hand, it is worth noting that
considering this case for the initial conditions’ contribution
has no formal simplification over Eq. (43) since the initial
field modes and the spatial integrals are over the whole space
[g(x) does not appear in those integrals]. On the other hand,
it is important to take into account that all the expressions
containing a coincidence limit have to be regularized before
calculating the limit. For the case of the Lifshitz problem,
this will be done after integrating over the space.

V. THE LONG-TIME LIMIT
OF THE FULL PROBLEM

With the general expressions for each contribution of the
Casimir pressure generated by different bodies of homo-
geneous and isotropic material at different temperatures in a
vacuum region, we can study the Lifshitz problem con-
sisting in two half-spaces by letting n be L or R for the left
and right plate respectively, as we have mentioned at the
end of Sec. II B.

A. Analytical properties of the Green functions
for the Lifshitz problem

From Eqgs. (43), (55) and (56) the time evolution and
steady state of each contribution will be governed by the
analytical properties of the integrands as functions of the
Laplace variables s;, s,. Therefore, for a given problem is
critical to know the analytical properties of both Laplace
transforms of the QBM’s retarded Green function Ggey ()

and EM retarded Green tensor Qf{et(x, x',s).

As the DOFs are considered as quantum Brownian
particles, irrespective of what type of environment is
considered the Laplace transform of the retarded Green
function can be easily obtained from the equation of motion
of the QBM’s theory. In the present case, the result is the
same as the one found in Ref. [19]. Then, we can easily
write:

PHYSICAL REVIEW D 94, 025029 (2016)

1
(s* +Q —2D,(s))’

GRet,n(s) = (57)

where D, (s) is the Laplace transform of the QBM’s
retarded Green function for the environment (baths) of
the plate n.

Thus, given a spectral density for the baths, the location
of the poles will define the time evolution and the
asymptotic behavior of the retarded Green function.
However, causality implies, by Cauchy’s theorem, that
the poles of Gge, should be located in the left-half of the
complex s-plane. In fact, assuming that 2, # 0 and that the
baths include cutoff functions in frequencies, the real parts
of the poles are negative (see Ref. [19]).

On the other hand, the EM retarded Green tensor is
defined by the equations of motion obtained from the EM
CTP action of Eq. (13) after imposing the temporal gauge.

In the inhomogeneous and anisotropic case, by solving
Eq. (22) for a given permittivity tensor defining boundaries
and material bodies, we can obtain the Laplace transform of
the EM retarded Green tensor and calculate the Casimir
pressure through Egs. (43), (53) and (54). However, the
solution in these cases is very complicated.

Therefore, we turn to the simpler case of considering the
Lifshitz problem, where two different homogeneous and
isotropic parallel half-spaces are separated by a vacuum gap
of length [ along the z direction. The origin of the
coordinate system is defined in the middle of the gap. In
this case, each contribution to the Casimir pressure has to
be evaluated from Egs. (43), (55) and (56), where the last
two equations are simplified versions of the general
inhomogeneous and anisotropic case, but the first one
remains unaltered. In this case, the Fresnel’s ellipsoid turns
out to be a sphere and the permittivity tensor results in a
function times the identity matrix, allowing any basis to
describe each material body. Therefore, as we anticipated
before, we omit the superscripts [j] and replace x by the
indices L, R related to each material body. All in all,
Eq. (22) simplifies to:

(V x V x +s2(s, Z))ZRet(Xv x',s) =-l6(x —x'), (58)

where the refraction index only depends on z and it is
given by

I
n*(s,z) =e(s,z7) =1+ }%»LG(_Z - Z) G ()
!
+5,0(2-3 )Gt

It is remarkable that this equation and the one solved in
Ref. [3] are basically the same, but this time the solution
gives the Laplace transform of the retarded EM Green
tensor (see Ref. [21] for more details on the general case).
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Two differences are in order: the equation is formally the
same by replacing the Fourier variable in the solutions
given in Ref. [3] by is; on the other hand, after the
replacement, the r.h.s. of the Green function equation in
Ref. [3] is the r.h.s. of Eq. (58) times 475, because it is
compensating the differences in the definitions of the
operator @ in the pressure expression of Eq. (30) as it
was commented at the end of Sec. III B. As the Laplace
variable appears as a parameter in the equation, we can
easily obtain the Laplace transform of the EM retarded
Green tensor by dividing the one given in Ref. [3] by 475>,
Due to translational invariance in the parallel coordinates,
the solution is given in terms of the Fourier transform in
those coordinates:

ij ’ dQ z X
R]et(x’x’s) :/(2”) Q( "

where Q = (0, 0,,0), being X, ¥ the parallel directions.

For a field point inside the gap (—% <z< é), the
transform of the EM Green tensor depends on the value
of the source point 7. For 7/ < —2 We have:

VG (2.7.Q.s),  (59)

-1 t”
Ret(Z Z Q ) T D

ley (e
2q; " ;=TET™M P

’

(60)

W1
+ e, [~ Irhet D e el [ 4]ed D

and for 7/ > £:

-1 t ;
Ret(ZZ Q, ) S0 Z D2 [ /u[ ]eq;(z—g)

4z  pu=TE,TM ™~ H

+e, [+ e—qz(z—%>]el(fj>_ [~]e~t:le=a” (@D,
(61)

while for a point source inside the gap —é <7 <% the

tensor splits in bulk and scattered contributions (Q{{et =

gRet Sc)'

gRet Bu

g{{jetBu(Z Z/ Q S)
5 0;

— 174 jZ 5(2 _ Z/)
52
1 y
"4 [e,.i[Hey j[+e™:700(z ~ 7))
2 y=TE.TM
+e,il-leu; [—]et:0( - 7)), (62)
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g;{et.Sc(L Z/’ Q9 S)

1 1
T T 2g. — le,il+]e, [+ e z=+20)
ZqZM TETMD Hs] 172
+ eyil+ley; (=] e a2 =D)
- euil=ley [Hrae =0 4 o e [,
X e‘/z(z—z’—21)]‘ (63)

Here we are considering the notation given in Ref. [3]
adapted to our case. Therefore, the EM (complex) wave
vector in the medium 7 is given by:

q ] = Q £ iq!"z. (64)
with n = L, R corresponding to each plate (while omitting
the indices for the vacuum region) and where the sign + (—)
corresponds to an upward (downward) wave. The vector
Q is always a real vector and appears as the projection
of the wave vector q[+] on the interface, while the
Z-component is given by:

g = /e, (5)s2 + Q2. (65)

The wave vector q")[+] lies in the plane of incidence

defined by Q and Z. We can introduce the transverse
electric (TE) and magnetic (TM) p olarization vectors:

4= @ x (66
v . (n) g%
sl = i) <] = LR (o)

The reflection (r) and transmission (#) Fresnel coeffi-
cients for each single surface and components are given by:

TE q; — qgn) ™ End; — q§”>

e R I = (68)
q: + gz €nq; + gz
tTE _ zqgn) tTM _ 2 V Sn(s)qgn) (69)
no = (n)° no (n) ’
q: + gz €nq: + 4z

while the multiple reflections (which does not enter in the
bulk part) are described by the denominator:

D, =1-/rrfe™2l. (70)

Beyond the apparent complicated expressions for the
Laplace transform of the EM retarded Green tensor, its
analytical properties can be analyzed relatively easy. Each
expression presents several poles and branch cuts. The
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poles basically are the ones associated to D, and there is
one pole located at the origin s = 0.

The poles coming from D, should be calculated in order
to obtain the time evolution of the system. However,
causality implies that all these poles must lie on the left-
half of the complex s-plane in order to give convergent
contributions in the evolution. It may happen that some
poles have vanishing real part. These poles would contrib-
ute to the long-time behavior of the EM retarded Green
tensor (and therefore to the pressure). However, if we set
s = ilm(s) (with Im(s) # 0) it can be easily shown that
there are no poles of this type.

The pole at the origin appears explicitly in the first term
of Eq. (62). However, in the second term and in Egs. (60),
(61) and (63), the pole is only associated to the terms with
1 = TM, since in any region the TM polarization vectors
provide the pole through its denominators, as is clear
in Eq. (67).

Besides the poles, the Laplace transforms in each region
present several branch cuts, which provide to the transient
time evolution of the EM Green tensor. In the present case,
by inspection, the branch cuts are given by the square roots

s* + ki and \/e,(s)s* +kj. The extra branch cut

\/€,(s) that appears in the expression of the transmission
coefficient for the TM terms in Eq. (69) that enter the
Laplace transforms in Egs. (60) and (61) should not be
considered, since it cancels with the same square root
contained in the denominator of the polarization vectors

e(Trf\),[(:I:) of Eq. (67), that also enter the same Laplace
transforms.

Summarizing, the analytical properties of the Laplace
transform of the EM retarded Green tensor are very simple,
despite its complicated expressions. These properties are
important in order to compute the full time evolution of the
problem and determining the long-time limit of the differ-
ent physical quantities of interest.

B. The steady situation of the Lifshitz problem

Equations (60)—(63) contain the Laplace-Fourier trans-
forms for the EM retarded Green tensor for a field point
inside the gap in the Lifshitz problem, from which we can
calculate the corresponding Casimir pressure in the
steady state.

For all the three contributions of Egs. (43), (55) and (56),
in order to completely solve its time evolutions we have to
calculate both inverse-Laplace transforms through the
residue theorem and the analytical properties associated
to branch cuts.

However, as our aim is to determine the long-time limit
of the contributions, the work is simpler and related to a
subtle issue of the long-time regime. The “steadiness” of
the physical quantities as the pressure or energy is related to
the fact that they do not depend on time in the long-time
regime. In other words, usually for the systems of interest,
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due to physical/intuitive reasons, the complete system is
expected (or assumed) to be in a steady situation in the
long-time limit. In many cases, this allows one to face and
study the steady regime directly, without a rigorous (and
unnecessary) derivation from a full dynamical problem. In
the present case, we are in the opposite situation. We have
solved the full dynamical problem in terms of double
inverse-Laplace transform, that should be calculated using
the residue theorem. But we cannot do that completely due
to the technical impossibility of locating the poles of the
integrands in the complex planes analytically (we only
know a few properties related to causality of the retarded
Green tensors).

Nevertheless, to obtain the long-time limit of quantities
given in terms of double inverse-Laplace transforms
depending on e(1752)(1=%) s relatively easier.

As the time evolution depends on the configuration of
poles and branch cuts that the integrand presents, we have
to distinguish which analytical properties contribute to the
steady state of the quantities. As it is stressed in Ref. [22],
we can show that the typical branch cuts that appear in the
Laplace transform of the EM retarded Green tensor do not
contribute to the long-time regime. Then, the steady
situation must be given by some of the poles, which
always result in exponential temporal behaviors depending
on the poles’ values. For example, considering a typical
Laplace transform (i.e., depending only on one Laplace
variable), if a given pole has a nonzero real part, through
causality we know that it must be a negative number.
Therefore, the resulting behavior associated to that pole
will be an exponential decaying with time. On the other
hand, if a given pole has vanishing real part (i.e., the pole is
purely imaginary), the resulting behavior will be oscillating
in time with a frequency given by the imaginary part of the
pole. As a last case, it turns out that if the pole is 0, the
resulting behavior will be of a time-independent constant.

However, in our case, the presence of eB1+52)(1=1) ip the
double inverse-Laplace transforms makes the poles asso-
ciated to s, to combine with those associated to s, in order
to determine the time evolution of the quantity. Thus, the
case of a pole at s = 0 is not the only way we can obtain
time-independent behaviors in our quantities of interest. In
other words, if we solve both Laplace integrals, each term
of the full time evolution of the quantity will be a
combination of two of the poles, one associated to the
Laplace integral over s (for example 8; € C) and the other
one to s, (consider it at s, = 8,). Then, if we combine two
poles satisfying 8; = —3,, there will be no exponential
associated to that term in the time evolution, obtaining a
time-independent term. In particular, it is clear that the case
of both poles equal to O satisfies the required condition,
giving indeed a time-independent term. However, if we
take a pole with negative real part, for example 8, in such a
way that Re[8,] < 0, the required condition to obtain a
time-independent term would 8, = —8,. As this implies
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Re[8,] > 0, which is forbidden by the causality property,
then for all physical quantities built from causal quantities,
all the poles presenting negative real part cannot be
combined in order to obtain a time-independent term.

As a last possibility, let us consider the poles with real
part equal to 0. In these cases, considering a pole i8; with
3; € R, we can verify the required condition with a pole
i3, = —i8; in such a way that both oscillating evolutions
cancel out in the exponential giving a time-independent
term.

Following this train of thought, the time-independent
terms will be so from the very beginning. The steady
situation rises when the transient terms vanish, i.e., when all
the time-dependent terms resulting from poles combination
and branch cuts go to 0. Thus, the relaxation time of the
system will be defined by the last term that vanishes
between all the transient terms. Moreover, the relaxation
time will be equal to the smallest nonzero real part of the
combination of poles or branch points in the three
contributions.

All in all, in order to determine the steady state of each
contribution it is necessary to study the combination of the
poles present in both integrands over s; and s,.

1. The long-time limit of the DOFs’ contribution

We can start by considering one of the parts of the
material’s contribution to the Casimir pressure for the
Lifshitz problem, which is associated to the DOFs’ con-
tribution given by the Eq. (55) where, as we anticipated,
n = L, R. The quantity

lim [@f%sl,sz) / dng;’;xxl,x,sngﬁzt(xbx,sz)},

X7 =X

which is present in this contribution as well as in the baths’
one can be simplified in the present case, since in the last
section we have given the Laplace transform of the EM
|

1 AaMa [, @] [ dQ
PDOFs(x]sﬁP,Is )= ~ % Z 39 coth[ P”z ]
n=L,R n

(2z)?
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retarded Green tensor for the Lifshitz problem and its
analytical properties.

Taking into account that for this problem the parallel
coordinates can be Fourier-transformed as in Eq. (59), the
integrations over the parallel coordinates x; can be easily
done, obtaining:

ib
/Vdxg{{et(xl’xvSl>g§lét(x2’x’s2)
n

dQ . 4
:/(2gzet0~(x1|—xz|)[/ dzg{{’et(zl,Z,Q’sl)

X g]l%lét(ZZ’ 2, _stZ)v (71)

where in the r.h.s. the integration over V, implies the
integration over each half-space. Then, we can write

(=1)"e0
/ dz = (—1)"/ dz,
v (-1)d

n

where we associate n = L (n = R) on the left-hand side
(Lh.s.) with n =1 (n = 2) on the r.h.s. of this equality.
By considering Egs. (60) and (61), is clear that the
remaining integration over z involves exponential functions
in the second argument, being easily calculated, obtaining:

ib
/Vdxg{{et(xl7X»s1)gllc{1;t(x2ﬂx’52)

AQ _ig(x-xu) !
:/ 7€ =2y o) )
(27) (¢:"(51,0) +q:" (52, 0))
x G (21, (=1)"1/2,Q.51) G, (20, (=1)"1/2,-Q. 55).

(72)

Therefore, from Eq. (55), we finally obtain the full time
evolution of the contribution to the Casimir pressure:

ay+ico ay+ico
: @ : @6(‘YI+SZ)(ZI_ti)

| —ico 2mi a—ico 2mi

X [(S%GRet,n(sl) - 1)(S%GRel.n(s2) - 1) + Q%zslSZGRet,n(sl)GRet,n(SZ)] lim ®jk(s1, SZ)eiQ.(Xl”_xzu)

% g{{l;t(zh (_1)nl/2’ Qv Sl)g§2t<z27 (_l)nl/z’ _Qv SZ)

X7 =X

(4" (51, 0) + 4" (52, Q))

where we have stressed the fact that the contribution to the
pressure depends on the plates separation /.

Now, in order to determine the long-time behavior of this
expression we have to analyze the integrand’s analytical
properties in terms of s; and s, simultaneously. For a given
n, all the terms will not contribute necessarily. Taking in

J (13)

|
account the analytical properties of the retarded Green

functions Gge, and the EM retarded Green tensor ZRet
(which splits into TE and TM terms) commented in the last
section, by inspection it turns out that the only poles
of the whole two-Laplace variables integrand resulting in a
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time-independent term are the ones located at the origin
simultaneously for both variables. In other words, the
poles located at the origin for both Laplace variables
(s; = 0 = s,) associated to the products TM x TM result-
ing from

Gre(z1: (=1)"1/2,Q. 51)GR (22, (=1)"1/2.-Q. 55). (74)

However this is not so straightforward because this product
is also multiplied by

[(S%GRet,n(sl) - 1)(S%GRet,n(s2) - 1)
+ Q7515 GReen(51) Gren(52)]

and /% (s, s,), containing linear factors s, and s, that can
eventually prevent of s; = 0 or s, = 0 of being poles in a
given term. At the end, we find poles of first and second
order depending of which terms are considered.

As we mentioned before, the poles at the origin are
related to the terms associated to the TM polarization
vectors of Eq. (67). Therefore, from Eqs. (60) and (61), we
can see that the term TM x TM of the product in Eq. (74)
contains 1/s7 and 1/s3 as factors.

For example, terms associated to the combinations s7
GRetn(51) [0r 55GRern(s2)] Will cancel out the denomina-
tors 1/s% (or 1/s3) and therefore those terms will have no
pole at s; = 0 (s, = 0). Those terms contribute only to the
transient regime.

On the other hand, the term independent of s; and s,
resulting from

(S%GRel,n(sl) - 1)(S%GRet,n(SZ) - 1)
+ Q7515 GRreun(51)Gren(52)

will give poles of first order for both Laplace variables
through it combination with the first term of @/ (s, s,)
(associated to the electric field’s contribution), and poles of
second order for both variables in the combination with the
second term of @/%(s;,s,) (associated to the magnetic
field’s contribution).

Finally, the term Q2s,5,Ggen(51)Grein(s2) will only
present poles of first order when combined with @/ (s, s5)
for the product with the second term (the combination with
the first term will not have poles at the origin).

Therefore, the contribution to the pressure in Eq. (73)
can be rewritten by grouping the terms according to the
order of the pole at the origin in both variables:

Ppors(x1.Bp,. 1) = (Terms with second order poles at0)
+ (Terms with first order poles at0)
+ (Terms without poles at0).  (75)
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In the first place, it is clear that the last term has no
contribution to the steady situation, taking part only in the
transient stage.

In the second place, it is easy to show that the second
order poles at the origin result in terms that are directly zero
or that diverge in the long-time limit (#; = —oo). This is
because, in the residue calculation of the second order
poles, it is necessary to differentiate the integrand with
respect to the Laplace variable in consideration (either s; or
§,). At this point, it is important to consider that the residue
in these terms can be analyzed separately in each variable
and that the integrands have the form of e*(%) times a
function which depend on /s + Q% and /e, (s)s> + Q.
First, differentiating the exponential results in (#; —
t;)e’™=%)  times the same function depending on

Vs + Q% and +/e,(s)s> + Q. The evaluation of this
on s =0 gives the mentioned term that diverges in the
long-time limit. However, all these terms always have
another term which cancels them, giving no contribution.
Second, differentiation the function depending on

V/$?+ Q% and +/e,(s)s> + Q? gives terms that appear
accompanied by s/+/s*+ Q% or [g,(s)s + 2¢,(s)]s/
2+/¢€,(s)s? + Q?, which evaluated on s = 0 are the men-
tioned vanishing terms.

In conclusion, the second order poles at the origin do not
contribute to the steady situation.

The remaining terms are the ones containing first order
poles at the origin. These terms, in the temporal and spatial
coordinates’ domain, are associated to a time derivative of
one of the Heaviside functions ®(z — ;) which appear in
the definition of the retarded Green functions or the EM
retarded Green tensor due to its causal behavior.
Mathematically, deriving a Heaviside function gives a
Dirac 6-function. Therefore the expression is proportional
to 5(0). However, this is caused by the sudden beginning of
the interaction. Physically, this is an approximation to the
fact that the interaction rises in a very short time. If instead,
for example, we replace the Heaviside function by a smooth
function going from O to 1 in finite time, approaching this
value asymptotically, we would avoid this problem, keep-
ing the convergent behavior of the whole expression at the
long-time limit. In summary, the first order poles at O are
the result of deriving a Heaviside function representing the
sudden switching-on of the interaction and hence they are
not physical. Therefore, they will not have contribution to
the long-time regime. This agrees with the limit for an
analog contribution considered in Refs. [19,20], where the
same contributions in the coordinates’ domain are dis-
carded by the same reasons.

Then, we have proved that for the contribution of the
DOFs to the pressure, the long-time limit (#; - —o0) is
given by:
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PDOFs(xlvﬁP”a ) — PJODOOFG(:BP”’ 1) =0. (76)

2. The long-time limit of the baths’ contribution

Now we proceed to calculate the contribution resulting
from the baths.

We recall the general expression of Eq. (56) found
for the baths’ contribution to the pressure in a scenario
of homogeneous and isotropic bodies, considering as in the
last case n = L, R.

P (xl’ﬁnB’ Zﬂ

- | e |

GRet,n<s1 )GRet n( 2)

) 1/2’ —Q,Sz)]-

x Gia(z2. (=

Despite the branch cuts, in order to determine the long-
time behavior of this contribution we have to consider again
combinations of poles in the Laplace variables s; and s, in
such a way to obtain a time-independent term.

As a first step, as in the DOFs’ contribution, we have to
analyze the pole at s; = 0 = s, coming from the TM x TM
terms. However, due to the presence of a factor s;s, in the
integrand, the only term of @/*(s;,s,) that can have a
contribution through this pole is the second one
Armerriemk, 9, (associated to the magnetic fields), giving
first order poles for both Laplace variables. On the other
hand, the first term of ®/ (s, s,) (associated to the electric
fields) contains an extra factor s;s, which finally cancels the
denominators in the terms TM x TM which provide the pole
at s; = 0 = s,, having no pole for the first term.

The calculation of the pole implies summing the indexes
in the expressions. Calculating explicitly all the sums and
|

% 7—1 5 +o dw - dQ
PB (ﬂn,B’l) - g Z /10.11/_ Zw Nn(a)) / (2”)2 X (

n=L,R L

x lim (O (—iw, iw)e'@u=x)G (7, (-

)"1/2.-Q. iw)].

X=X

gRet (ZZ’ (_1

This is the contribution of the baths to the Casimir
pressure in a general nonequilibrium context. An important
connection with previous works can be established by
employing a fluctuation-dissipation-type relation into the
result. Besides that it is well known that the fluctuation-
dissipation theorem is valid for systems in thermal equi-
librium, and the total system in this case is out of
equilibrium, we can use a fluctuation-dissipation-type

X — lim [@fk(sl,s2)eiQ'(Xl“_XZ">g§l)et(Zl,(—1
(@ (51.0) + " (55, ) =™
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As in the DOFs’ contribution, the pressure contains the
expression

/dxg'li{;t(xlvXvsl)gllg::t(xzvvaZ)-
VH

For the case of half-infinite parallel plates, Eq. (72)
provides a simplification for the expression and then, the
pressure reads:

ay+ico ds2 s1s26(51+52)(11_t[)

dQ /al-Hoo dsl
(27)? ay—ico 271 Jor—ice 270 (81 + iw) (5 — i)

)"1/2,Q.51)

(77)

taking into account the coincidence limit, it is easy to see
that the numerator also vanishes for s; = 0 = s,. Then,
when the denominator vanishes, the numerator vanishes
too. Using L’Hopital rule one obtains a finite value, and
therefore, s; = 0 = s, it is not a pole.

Besides the point s; = 0 = s,, by inspection is clear
that this contribution also presents another combination of
poles on s; and s, that produces a time-independent
term. Due to the fact that the QBM noise kernel depends
on the time difference (and then it can be written in terms of
its Fourier transform), the denominators (s; + iw) and
(s, — iw) appear in this contribution denoting the non-
damped dynamics of the baths. Therefore, the pole at
s; = —iw combined with the pole s, = iw gives a time-
independent term.

All in all, the long-time contribution of the baths to the
Casimir pressure can be written as:

GRet.n(_iw) GRet.n(iw)
(¢ (~iw, Q) + ¢\" (iw, Q))
1)"1/2,Q, —iw)

(78)

|
relation for the dissipation and noise kernel of the QBM
(D, and N, respectively), i.e., the kernels generated by the
baths in each point of space acting over each DOF.
Therefore, we can write, for the Fourier transforms of
the kernels, the fluctuation-dissipation relation:

N, (w) = coth <ﬂ2 )Im[ 2(@)], (79)
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where D, (w) is the Fourier transform of the QBM’s
dissipation kernel.

From the definition of the permittivity tensor in Eq. (19),
it can be proved that for the present case, the Fourier
transform of the permittivity function is given by

én (w) = 1 + j'%,n GRet,n (w) ’

having that Ggre,(—®) = Gien(@) for the reality of the
QBM Green function. On the other hand, since the Laplace
transform of the QBM Gge,(s) of Eq. (57) is assumed, by
causality, to have poles with negative real parts, then it is
|

Plgo(ﬂn,B’ l) =

n=L,R Y~

X, —X

At this point, we use Eq. (72) in order to go back to the spatial integral having s; = —iw and s, =

1 +o0 dw ﬁn.Bw
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verified that Gy, (—i®w) = Gre (@) and the same happens
for the QBM dissipation kernel D,,(—iw) = D,,(w) (in fact,
the connection between the Laplace and Fourier transforms
applies for every causal function which is 0 for null value of
its variable). Therefore, it is straightforward to prove that:

m[én (a))] = Im[Dn (w)]|GRet,n(a))|2
= Im[Dn (w)]GRet.n<_ia))GRet,n(ia))' (80)

Then, introducing Eq. (79) into Eq. (78) and using
Eq. (80), we obtain:

] dQ 1
}Im[en(w)] / (271.)2 ( (n)(_l-w7 Q) + qg")(za), Q))

x lim [@/*(=iw, iw)eiQ'(Xl‘l_XZ")g{fe[(a,(

1)"1/2.Q. —iw)Gy(z2. (-1)"1/2.-Q.iw)].  (81)

iw. Then, we can

first employ the property associated to the reality of the EM retarded Green tensor in the time domain for the last factor

(x', x,

—iw), followed by the property of being a Feynman propagator to the last Laplace transform

—iw). Finally, for both Laplace transforms of the EM

retarded Green tensor we use the connection between the Laplace and Fourier transform ensured by the causality behavior

ij I o
Ret(x’x ’ lw) - Ret(x X o
of the EM retarded Green tensor Gy’ (x, X', —iw) = Gl
to obtain:
1 +oo de
Py )y =—— —w’c
B (an,B ) 87[ Z / 27[

n=LRY ™

which is exactly the result obtained in Ref. [3] as the total
pressure for the Lifshitz problem, where we have set
0% (w) = O/ (—iw, iw) from its definition.

All in all, we have proved that the baths’ contribution in
the long-time regime gives exactly the result found in
Ref. [3] for the steady situation of the Lifshitz problem.
However, following this procedure, it is worth noting that
|

(ﬂx B)

T X2—=X

which is the full generalization of the steady result found in
Ref. [3].

3. The long-time limit of the initial conditions’
contribution
After determining the contribution of the material to the
Casimir pressure, the remaining contribution is the one
associated to the EM field’s initial conditions.
From Eq. (43), it is worth noting that unlike the other
contributions this one does not simplify when considering

ot P24 e, ()] i 00) | axBl x1, x. )Gt %200 (52)
Va

Xy —X]

this result can be extended for the case of inhomogeneous
and anisotropic materials since both purely imaginary poles
are always present as it can be seen from the general
expression of Eq. (54) provided one can calculate the
Laplace transform of the EM retarded Green tensor for a
given problem, which is the main difficulty in most cases.
Then, we can in general write:

o [ 75 i |04(w) [ axgtx)Gh . x.0com P52 0| el @)]G % 00 (653

|
homogeneous and isotropic bodies. In fact, it does not
depend directly on the material properties and boundaries
as the material’s contributions do. The dependence on the
boundaries and the materials is encrypted by the EM
retarded Green tensor but there is no more explicit

dependence.

Nevertheless, for the particular case of the Lifshitz
problem we can perform a Fourier transform in the parallel
coordinates through Eq. (59) and then integrate them,
obtaining:
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1/ dk : 5bm_kb]§m coth ,BEka /al-&-ioodsl' a2+zood52
87[ Zwk(zﬂ) Wy 2 a—ico 2ri a—ico 27i

1

Pic(x1.Bem) = — (5152 + o)

X, —X

x e(s1+52)(=1) 1im [@jk(sl’sz)eikr(xu‘xﬂ)/dz Ret(zl,z ,k||,sl)eszz/

/dZ”gRet(Z2 7z, k||,S2)€_iklz”], (84)

which is a simplification that can be done when the boundaries are parallel surfaces.
The integrals over 7' and z” are over the whole axis (—oo, +00). Then, as the EM retarded Green tensor is given by
Eqgs. (60)—(63) for each region, the integration separates into four integrals. For example, for the first integral we have:

b o
dzlg']]{eLBu (Zl ) Z/7 k“ » 1 )elkzz

. —=1/2 . 1/2
a2 Gz 2 ke = [ gl 2 ks + [
TYRe\ 21, T, K, 81 )e = TYRe\21, 2, Ky, 51)€

—o0

—1/2

/2 . o +o0 . L,
+/1/2 A7 Gl s (1.2 K 1) e +/ A2/ G212 Ky s1)e™, (85)

1/2

where the first and the last are the integrations having the source point in each plate, while the other two are the integrations
having the source point inside the gap.
As all the transforms of the EM retarded Green tensors are given in term of exponentials, the integration is

straightforward and can be written compactly as:

5

)

» .y
/dz/gftet(zl,Z/vkll’sl)elkzz =

,35173 el 4 Z Z{

X g(_l)”qzzl [e[(_l)nilq:*’ik:]zl — e[_qz+<_1>”ikz]%] +

+ e, j[(=)"es:l=1" la—l+(=

2q.[q, +

2, (-1

et (et euii-r

1
D,

(=) 1] etel(-1r 221

len.;

[elaH (=1 ikc]; e—[qz+<—1)"‘ikzlé]>

—1)"ik,— 1q.)%
B e[( )ik, —~[(=1)"+1]q, ]2 i ( l)”q(z")l (”)[(_)n—]][ .[(_)n—l] (=1)"q [Zl_i]
()7 (n) lik1D, Cub Cuj ¢
2q: '[g: " + (=1)""lik.]
+ e”j[(-)"]r’g_ng(_l)n_]qz[zl_%]e[(_l)n_l]qzl] } (86)

It is clear that in order to obtain the result for the other
integral [ dz"GR"(z,.z ,—k”,sz)e"'kfzﬁ, we only have to
make the replacements z; — z,, §; — 2, ] = k, b —> m,
k” d —k” and kz d —kz in Eq (86)

Therefore, studying the analytical structure (poles and
branch cuts) of the results of both integrals will give us the
transient evolution and also the steady regime of the initial
conditions’ contribution to the Casimir pressure. The
branch cuts present in the integrands can be considered
by pairs (see Ref. [22]) and the regions in the complex
plane where the integrands in each variable are multi-
valuated can be reduced to vertical intervals of finite
length characterized by nonpositive real parts. From
Eq. (86) we see that the branch cut interval with null real
part corresponds to the straight line s = iIm(s) with
Im(s) € (=ky, k), although it does not contribute to the

steady state, it is important to know that it can be always
considered as a finite-length interval in the complex plane.

Then, as for the material contributions, the key point to
determine the long-time regime of the present contribution
is to combine the poles in each variable in such a way that
els1+2)(1=4) gives no temporal dependence. Therefore, we
must consider complementary poles.

At first sight, the pole at the origin in each variable
(provided by the analytical structure of the retarded Green
tensor) satisfies the requirement to give a steady term.

Now, to see which terms present this pole in both
variables, we have to consider the combinations of the
terms of ©/*(s;,s,) and (ss, + ;). As it happened
before, the terms TM x TM in the integrals product in
Eq. (84) are the ones which give the poles at the origin in
each Laplace variable. The different combinations finally
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give terms without poles at the origin and terms with poles
of first and second order in both variables.

As for the material contributions, the terms without poles
do not contribute to the residue calculation, while the terms
with poles of second order at the origin result in terms
which cancel out or directly vanish.

On the other hand, as it happened before, the poles
of first order, in the temporal domain, correspond to
derivatives of the Heaviside functions which gives Dirac
o-functions. This is associated to the sudden beginning of
the interaction and then these terms give no additional
physical information. They are only mathematical conse-
quences of the description introduced for the switching-on
of the interaction. Therefore, the poles of first order do not
contribute either.

All in all, the pole at the origin for both variables does
not contribute to the pressure associated to the initial
conditions.

However, in this case, the poles at the origin are not the
only ones that may contribute. The spatial integration over
z provides additional poles which are not present in the
material’s contribution. These poles provide the (3 + 1)
EM generalization for the modified modes which are
considered as an ansatz in Refs. [8,23] and fully demon-
strated in Ref. [19], for the scalar case. In the present
case, from Eq. (86), it is clear that integration over z results
in additional denominators given by ¢, + (—1)""'ik, and

qﬁ’” + (=1)""lik, depending if the integration is carried out

over the vacuum gap or over the material plates
respectively.
In fact, for the terms associated to the integrations over

the material plates, the roots provided by the denominator

g + (=1)""Lik,, due to the presence of ¢,(s) inside 7,

present negative real parts, in agreement with the causality
properties and the fact that the field dissipates in such
regions. For the cases where these roots are effectively
poles of the integrand (which is not necessarily true as we
will see below), this implies that the calculation of the
residue will give exponential decays in time, resulting in
terms with vanishing long-time limit.

On the other hand, it can be immediately seen that for the
terms associated to integrations over the vacuum gap, the
roots provided by ¢, + (—1)""ik, are s = +iawy forn =1
and k, < 0 or for n = 2 and k, > 0, having null real parts
due to the free propagation of the field inside the gap. This
shows that s = +iwy could be poles in general, because the
multivalued region for the integrand is given by the finite-
length interval s = ilm(s) with Im(s) € (=k;.k;), and
these poles are always located outside it since we always
have wy > kj for every k. Moreover, as we anticipated
before, these poles are associated to the mentioned modi-
fied modes for the EM field.

However, beyond the general case, for the present one we
only have shown that s = +iwy are roots of the denom-
inator of certain terms for n =1 and k, < 0 or for n =2
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and k, > 0. Moreover, for the Lifshitz problem, the given
form of the Laplace transform of the retarded Green tensor
makes that s = +iw), are also roots of the numerator for the
same cases of n =1 and k, <0 or n =2 and k, > 0.
Therefore, the limits of the integrands in each variable
when the variable tends to +iwy are indeterminate limits.
Applying the L’Hopital rule we can compute the limit
giving a finite result. This means that, for the Lifshitz
problem, despite s = Fiwy are roots of the denominator,
they are not poles. Therefore, there is no residue for this
case and, moreover, there is no steady nor transient
contribution for s = tiwy.

All in all, we have proved that for the Lifshitz problem
the initial conditions’ contribution to the Casimir pressure
vanish at the steady state (¢; - +o0):

Pic(x1, Bem» 1) = PR (Pem. 1) = 0. (87)

This result means that there are no modified modes for
this problem that contribute to the long-time regime of the
Lifshitz problem. Physically, the result expresses a relax-
ation process where the field dissipates during the transient
stage until reaching a steady state in the long-time regime.
Moreover, for the initial conditions’ contribution, the
process is given by the competition between the dissipation
of the field on the material bodies present and the free
fluctuation in the dissipationless regions (see next section
for further conclusions about these features). For the case of
the Lifshitz problem, as the material regions are two half-
spaces while the vacuum gap has finite length, dissipation
wins over free fluctuation and there are no modified modes
in the long-time regime. When interactions begin, the
transient stage take place and the initial free field vacuum
modes start to adapt to the presence of the material bodies
(which has also a transient dynamics). During this process,
the free fluctuations inside the gap attenuate due to the
dissipation exerted by the material plates and no modified
modes can raise, to finally settle at the steady state.

Finally, after calculating each contribution of Egs. (76),
(82) and (87), we can write the Casimir pressure in the
steady state (¢; > —o0) as:

PCas(xl) - Péoas = P%o(ﬁB,n’ l)v (88)

i.e., the bath contribution at the long-time regime is the one
that gives the total Casimir pressure for the composite
system.

VI. FINAL REMARKS AND OUTLOOK

Having solved the Lifshitz problem from a well-defined
initial condition problem, and achieved expressions for the
three contributions to the total pressure for all times, we
have shown that in the long-time limit #; - —oo, the
Casimir pressure is given only by the baths’ contribution.
We also proved that this corresponds to the only
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contribution considered in Ref. [3], using an approach
based on the macroscopic Maxwell equations and the
source theory. Thus, we have presented a first principles
calculation in the context of nonequilibrium quantum open
systems that shows that the initial conditions are erased in
the steady state.

Although this looks absolutely natural at first glance, the
results in the previous works [19,20] suggest that there
should be important modifications for slabs of finite width.
Indeed, for plates of finite width and for a §-plate in 1 4 1
dimensions, the contributions of the initial conditions are
present in the steady state [19] and agree with the one
obtained from the modified modes of Refs. [8,23]. Looking
back to the situations analyzed in Refs. [19,20], and
considering the results of the present paper, the whole
picture becomes clear. It follows that a nonvanishing
contribution of the initial conditions at the steady state is
related to the existence of dissipationless regions of infinite
size. The physical interpretation is the following. When
there are regions of infinite size where the field dissipates, it
happens that the free fluctuations in the dissipationless
regions vanish in the long time limit because the damping
generated by the dissipative regions overcome the free
fluctuations. Therefore, the initial conditions’ contribution
to the pressure also vanishes. On the contrary, for situations
where the infinite regions are the ones without dissipation
(while the dissipative regions are of finite size), the free
field fluctuations are damped only in the dissipative
regions, resulting in modified modes at the steady situation
(as it happens in Ref. [19] for the appropriate cases).

In fact, these modes are associated to the poles +iwy that
result from the spatial integrations over the direction
orthogonal to the boundaries. As we mentioned before,
the contribution of the initial conditions can be matched
with a contribution associated to homogeneous solutions in
“steady” quantization schemes [8,10,18,23], but here we
are showing that the modified modes of that contribution
are the result of the dynamical adaptation of the free field
vacuum modes to the material boundaries. Therefore, on
one hand, the modified modes become associated to the
creation and annihilation operators of the initial free field.
On the other hand, from the perspective of a steady
canonical quantization scheme, the Hilbert space of the
modified modes in the nonequilibrium situation is spanned
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by the same creation and annihilation operators that for a
free field.

All in all, we have successfully proved the foundations of
Lifshitz theory in nonequilibrium scenarios. To reach this
goal, we have set up a first principles quantum dynamical
problem of the EM field interacting with matter and
subjected to uncorrelated initial conditions. We then solved
the full dynamical problem and derived Lifshitz theory as
the steady state by taking the long-time limit. The physical
understanding of the contributions that enter in the full
dynamical problem allowed us to gain powerful insights
about the occurrence of the steady state in different systems
involving the interaction between quantum fields and
material bodies, that commonly appear in Casimir physics.
It would be of high interest to generalize the results of the
present work to situations of slabs of finite width, in order
to quantify the relevance of the contribution of the initial
conditions to the Casimir pressure in the long time limit.
Work in this direction is in progress.

As a final comment, regarding the material controversy
around the Drude and plasma models for the conduction
electrons, we can say that the first principle microscopic
approach could give fruitful results to bring light to the
discussion. As we mentioned before, here we have proved
the nonequilibrium Lifshitz foundations for insulator
material plates, with permittivity functions that result
from the bounded electrons modeled as polarization
degrees of freedom. Including conduction electrons at
the microscopic model requires an action for representing
their dynamics. This may result in different analytical
properties for the retarded Green functions, giving new
contributions to the steady state depending on the material
model considered and exposing in an explicit way the
limitations of the Lifshitz formula. This is left as pending
future work.
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