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Implications of reciprocity for the spectra of equilibrium and nonequilibrium Casimir forces
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We investigate the Casimir forces in a planar two-body system with each backed by a plate of perfect electric
conductor. We show that for the equilibrium Casimir forces, the spectra of the Casmir pressure are symmetric
in the wave-vector space for reciprocal systems, and become asymmetric when reciprocity is broken. Therefore,
there is a distinct signature of reciprocity in the spectra of equilibrium Casimir forces. The same signature
also holds for the lateral force, which is nonzero only in the nonequilibrium case. On the other hand, for the
pressure in the nonequilibrium scenario, such an asymmetry can arise for both reciprocal and nonreciprocal
cases. We also elucidate a relation on the Casmir force that is connected to Newton’s third law. We show that
Newton’s third law holds for every frequency and wave vector, as long as no exchange of photons occurs between
the two-body system and the environment. Newton’s third law is distinct from the reciprocity constraints. We
illustrate the theoretical results with numerical calculations described by anisotropic permittivity tensors that are
either symmetric and hence reciprocal, or asymmetric and hence nonreciprocal.
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I. INTRODUCTION

There is a large body of literature on Casimir forces
in equilibrium [1-10] and nonequilibrium [11-18], explor-
ing various materials [19-24] and geometries [25-28], and
finding opportunities in applications towards nanoscale me-
chanical systems [29-32]. Most existing works on Casimir
forces use reciprocal material systems that satisfy the Lorentz
reciprocity. The Lorentz reciprocity implies a certain symme-
try in Green’s function of a system and is applicable when
the permittivity and permeability of the materials are scalar
or symmetric tensors [33]. On the other hand, by introducing
nonreciprocal materials, e.g., heavily doped semiconductors
under external magnetic field or magnetic Weyl semimetals,
one can achieve unusual effects in Casimir forces such as re-
pulsive pressures [34—41], lateral forces [42—46], and torques
[47-49]. In spite of these recent developments, however, there
has not been a study of the implications of reciprocity on the
spectra of Casimir forces.

The effects of Casimir forces are closely related to the
effects of near-field heat transfer since both effects arise from
electromagnetic fluctuations. Recently, the implications of
reciprocity on the spectra of near-field heat transfer have been
considered in Ref. [50]. As a step further, in this paper, we
consider the role of reciprocity in the spectra of Casimir forces
in a planar two-body system. Understanding of the symmetry
properties of these spectra is of importance for the control
of the Casimir forces. The spectra of the Casimir forces
are physical quantities. Therefore, they in principle can be
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measured, even though there has not been any direct measure-
ment of such spectra.

Casimir forces can occur in both equilibrium and nonequi-
librium systems. In equilibrium systems, all bodies and the
environment have the same temperature 7, which can be
either at 0 K or at a nonzero value. These equilibrium systems
can only exhibit Casimir pressures. We show that the spectra
of the Casmir pressure are symmetric in the wave-vector space
(k space) for reciprocal systems, and can become asymmet-
ric when reciprocity is broken. Therefore, there is a distinct
signature of reciprocity in the spectra of equilibrium Casimir
forces. In nonequilibrium systems, the bodies and the envi-
ronment may have different temperatures. These systems can
exhibit both the pressure and the lateral force. The spectra of
the lateral force are symmetric in the k space for the reciprocal
system, and can become asymmetric when the reciprocity
is broken. On the other hand, the spectra of the pressure in
the nonequilibrium systems can exhibit asymmetry for both
reciprocal and nonreciprocal cases. For both equilibrium and
nonequilibrium systems, we also elucidate a relation on the
Casmir force that is connected to Newton’s third law. We show
that Newton’s third law holds for every frequency and wave
vector, as long as no exchange of photons occurs between the
two-body system and the environment. Thus, while Newton’s
third law has a form that is somewhat similar to some of the
constraints associated with reciprocity, it is in fact distinct
from the reciprocity constraints. We illustrate the theoretical
results with numerical calculations described by anisotropic
permittivity tensors that are either symmetric and hence re-
ciprocal, or asymmetric and hence nonreciprocal.

The rest of the paper is organized as follows. In Sec. II, we
present a model system consisting of two planar bodies for
the investigation of the Casimir pressure and lateral force. In
Sec. III, we present the formalism of the Casimir pressure,

©2023 American Physical Society
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FIG. 1. (a) Geometry of a system consisting of two planar
bodies with each backed by plate of perfect electric conductor.
(b) Schematic illustration of Casimir pressures and lateral forces for
in-plane wave vectors +k; and —k; at angle ¢. Dashed lines labeled
by A, B, and C denote boundaries below body 1, between body 1 and
body 2, and above body 2.

and analytically and numerically verify the implication of
symmetry for reciprocal systems in the equilibrium Casimir
pressure. In addition, we elucidate a relation on the Casimir
pressure that is connected to Newton’s third law. In Sec. IV,
we present an investigation of the lateral Casimir forces. This
paper is then concluded in Sec. V.

II. MODEL SYSTEM

We consider a system consisting of two planar bodies with
each backed by a plate of perfect electric conductor, as shown
in Fig. 1(a). The bodies are maintained at temperatures 77 and
T, respectively, and are separated by the vacuum gap size d.
We assume that the bodies are much thicker than the dominant
wavelength that contributes to the Casimir forces, and the
regions outside the two plates of perfect electric conductor
consist of semi-infinite vacuum with temperature 73. This
system is in equilibrium if and only if 7} = 7, = T3, and is
in nonequilibrium if at least one of the three temperatures

is different. In this paper we mostly concentrate on the case
where Ty # T, when we consider nonequilibrium systems.

We use a coordinate system as indicated in Fig. 1(a). We re-
fer to the electromagnetic force along the z axis as the Casimir
pressure or the pressure, and the electromagnetic force in
the xy plane as the lateral Casimir force or the lateral force.
Figure 1(b) shows the schematic illustration of the Casimir
pressures and lateral forces arising from body 1 and from body
2. These forces are evaluated by integration of Maxwell’s
stress tensor in the boundaries as indicated in Fig. 1(b). We
will present the derivation of the formalism for the forces
acting on body 2, and discuss symmetry of the spectra with
respect to the in-plane wave vector k.

We assume that body 1 consists of a heavily doped
semiconductor with its permittivity being a 3 x 3 diagonal
permittivity tensor €; = € ,,f ,where fisa3 x 3 identity matrix

2
and e, = 1— w(a[;)iif‘) as determined by the Drude model, with
wp and I" being the plasma frequency and the damping rate,
respectively. We select I' = 0.1w), for numerical calculations.
For the nonreciprocal case, we consider body 2 consisting of
the same heavily doped semiconductor as body 1, but subject
to a magnetic field B along the y direction. Such a material is
described by a 3 x 3 permittivity tensor &, = &4, where [50]
where

€4 0 iéf
A= 0 ¢ o] (1)
—ie; 0 ¢
w2 (14iL) w2 B -
— 1= el - —_ %P0 — B _
e =1 Ty and €; = it w, = <= is the cy

clotron frequency, with e and m being the electron charge and
the electron mass, respectively. The hat denotes matrix. We
note that €5 is asymmetric, indicating that the reciprocity is
broken in this system. We choose w. = 0.2w), for numerical
calculations. To illustrate the effect of reciprocity breaking,
we also consider a reciprocal case where body 2 instead has a
permittivity &, = &5, where

€q 0 €f
=10 ¢ 0], 2)
€f 0 €4

has a very similar form as &, but it is symmetric. Both &5 and
é5 have the same mirror-symmetry property. Both are mirror
symmetric with respect to the zx plane. Both are not mirror
symmetric with respect to any plane parallel to the z axis
except for the zx plane. Throughout the paper we choose the
spacing between the bodies d = A,/20, where A, = 27¢c/w),
and c is the speed of light.

The dispersion equation for the surface modes of the sys-
tem of Fig. 1(a) is given by

e—

Ez .
L Lcos*(p) + €,8in%(p) 1
d +

_ o ZLkyjcos(p)

K2 Kz0 Kz0Kz2

G cog? —
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where w = 1 for the reciprocal material [Eq. (2)] and w = 2
for the nonreciprocal material [Eq. (1)]. Here, ¢ is the angle
from the x axis to the in-plane wave vector. The wave-vector
components normal to the surfaces of the bodies are x,y =
\/kﬁ—kg (ko < ky, where kg is the free-space wave number
and k; = |ky| is the magnitude of the in-plane wave vector)

for the region of the vacuum gap and «;; = vkﬁ — €pkg for
the region of body 1. For a given w and k|, , for the region
of body 2 is obtained by solving the equation V x V x E —
w* o€ E = 0. The detailed derivation of Eq. (3) is found in
Appendix A.

III. CASIMIR PRESSURE

In this section we consider the implications of reciprocity
on the spectrum of the Casmir pressure for the system shown
in Fig. 1(a). In Sec. III A, we derive the formalism of the
Casimir pressure in the system of Fig. 1(a). In Sec. III B,
we discuss the symmetry property of the pressure in the
wave-vector space, based on the analytic formalism derived
in Sec. III A. In Sec. III C, we elucidate a relation on the
pressure that is connected to Newton’s third law and discuss
the difference between reciprocity constraints and Newton’s
third law. In Sec. III D, the symmetry argument is numerically
verified.

A. Formalism of the Casimir pressure

We define the Casimir pressure F° ,(ry,z,t,T;) from
body 1 to body 2 as the electromagnetic pressure exerted on
body 2 due to the fluctuating current sources in body 1. This
pressure is computed from the electric field E (ry, z, ¢, T1) and
the magnetic field H(ry, z, t, T1) in the vacuum gap, where r|
is the in-plane real-space vector. The pressure has the form

Fi oy, 2,1, Th) = (3€0(EZ — E}) + su0(H? — Hf)), 4

where [ is the free-space permeability. Here, ¢ is time. In
the right-hand side of Eq. (4), (ry, z,t, T1) is suppressed, and
the ensemble average, denoted by a pair of angle brackets, has
been used. We use the Fourier transformation convention in
time and space as

A(t) = Re / ~ dwA(w)e ™™, 3)
0

_ oo dk lk r
A(ru)—/Oo o )ZA(k\) . (6)

F{ ,(ry, z,t, Ty) is independent of r|, z, and ¢ due to transla-
tional symmetry, the absence of absorption in the vacuum gap,
and the fact that the underlying quantum and thermal fluctua-
tions are stationary random processes, respectively. Also, we
have

(E(w.ky,z, TDE (@ Ky, 2, T)))
= (E(w, k), z, TDE (0, ky, 2, T1))8(w — )8 (ky — k).
(N
From Egs. (4)—(7) we have

o0 dkH
]—>2 -

71w, ky, T, (3)

where

T (. ky, T) = Heo(E-1* — |Ey1®) + no(1H:* — |H %)
9)

(w, kyj, T1) is suppressed for the electric- and magnetic-field
components in the right-hand side of Eq. (9). Below, in our
formalism, (w, ky, T1), (o, ky), or (w) is suppressed.

In the calculations of the Casmir pressure, the electromag-
netic properties of the bodies enter in terms of their reflection
matrices. The reflection matrix at the surface of body / for
light incident from the vacuum has the form

Ry R
R,:(Rip Rlpp), (10)

where R;‘ﬁ is the reflection coefficient from the «-polarized
incident wave to the B-polarized reflected wave. For s polar-
ization (p polarization), the electric (magnetic) field is normal
to the plane spanned by the wave vector k and the z axis. Each
component of the reflection matrix in Eq. (10) is obtained
based on the convention of s x p = k/|k|, with s and p being
the unit vectors for the s-polarized and p-polarized electric
fields. In the absence of body 2, we assume the field emitted
by body 1 to be E;. When body 2 is present, in the vacuum
gap, there are multiple reflections of the electromagnetic wave
that is emitted from body 1. As a result of such multiple
reflections, near the surface of body 2, the field due to the
emission from body 1 is expressed as

E = eikzod(El + R\lk\zeizkzodEl + R1R2R1R2€i4kzodE1 +--4)
= "Dy E,, (11

where 1512 = (i— Ié]iézeizkzod)il. ko = k% (ko > ky),
[k;0 = ik (ko < k)] is the wave-vector component normal
to the surfaces of the bodies for propagation waves (evanes-
cent waves). Substituting the electric field of Eq. (11) and
the corresponding magnetic field into Eq. (9), we have the
forms of contributions to the pressure from propagation and
evanescent waves, respectively, as

T 5 (w ky, Ty)
B {Tr[—z%m RiR)D(E\E)DY, ], (ky < ko)
Tr[— 20 R+ R)D 1o (E\E)D e 0], (k) > ko)
(12)

(kH < k()) [Z = MU (k“ > k())] is the

impedance of vacuum for propagation waves (evanescent
waves). (E IEI) is the correlation of the electric field emitted
from body 1 near the surface of body 1 and is given by [50]

(E\E})

where Z = ]i‘—o
20 lK 20

3 {(271)2Zhw[n(w )+ 3]d - RiRD), (k< ko)
QP2 (e, T) + R = RD), (k) > ko)
(13)

where n(w, T) = (e@/*sT) — 1)_] is the number of thermal
photons in a single optical mode at frequency w and temper-
ature T', with 7 and kg being the reduced Planck constant and
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Boltzmann constant, respectively. From Egs. (8), (12), and
(13), we have the pressure from body 1 to body 2:

hilk,
Fo (. k. T) = [n(w ) + ] 8' 2' FZ L (w.ky), (14)

where the exchange function

(a) kH)

l—>m
Tl + R R Dy (T~ RIRDD;, ). (ky < ko)
TR, + RadDun (R — R)D, e, (ky > ko)
(15)

(I,m)=(1,2), (2, 1). We note that the treatment above is ap-
plicable for both reciprocal and nonreciprocal materials, and
the symmetry properties of the spectra of the Casimir pressure
can be determined by analyzing Ff_}m as defined in Eq. (15).
The pressure from body 2 to body 1 can be determined by
exchanging the subscripts 1 and 2 in Eq. (14).

The total pressure acting on each of bodies 1 and 2 has
contributions from the sources in body 1, body 2, and vacuum.
By combining the contributions from all three sources, the
total pressures acting on bodies 1 and 2 are given by

o0 o0
F(, T, T3) =/ da)/ dk\Fi (w0, ky, Ty, o, T3),
0 —00

(16)

where

Fi(o, k), T\, T2, T3) =F (0, k|, T1) + F, (0, k), T2)
+Fe/‘w.](wakH7 7})9 (17)
F(w.k, T, T, T3) = = F_ (0, k), T) — Fy, | (0, ky, T2)
+ Fo o0, k), T3), (18)
with
exl2(w kH’ ) = — extl(w k||’ I3)
hk.o

[n(w Ty) + ]223, (19)
where we have used Fext2 = — extl = Tr[— 2I] —4. In

Eq. (16), F{ > 0 indicates an attractive force on body
1, whereas F; > 0 indicates a repulsive force on body
2. In deriving Egs. (17) and (18), we have used the

relation
F (o, k), T)) = —F (w0, ky, Th), (20

J

Flzﬁz(_ku) = {

Tr[—( + RS (—k)Ro(—ky)D1a(—ky )T — Ry (k)R] (—k) ))D}, (—k)],
Tr[—i(RS (—ky) + Ro(—k)Dia(—ky )Ry (—ky) — R (—ky)D], (—k e 2047,

Fy (o, k), ) = —F (0, ky, o). 2D

Both terms in each of Egs. (20) and (21) in fact result from
the integration of the stress tensor on the same boundary B
from the same source, i.e., body 1 for Eq. (20) and body 2 for
Eq. (21). The sign difference arises since the normal directions
required for the two integrations are opposite to each other.
The first and the second terms in Eqs. (17) and (18) corre-
spond to the force components at the boundary in the vacuum
gap [boundary B in Fig. 1(b)], arising from bodies 1 and 2,
respectively. The third term in Eq. (17) corresponds to the
force component at the exterior boundary of body 1 [boundary
AinFig. 1(b)], arising from the vacuum environment in the —z
region. Similarly, the third term in Eq. (18) corresponds to the
force component at the exterior boundary of body 2 [boundary
C in Fig. 1(b)], arising from the vacuum environment in the
+z region. The result in Eq. (19) arises due to the perfect
electric conductor plates at the exterior surfaces of bodies 1
and 2.

B. Symmetry properties for the Casimir pressure

Using the formalism as developed in the previous section,
in this section we discuss the symmetry properties of the
spectrum of Casmir pressure in the kj space. We focus on
the relation between the Casimir pressure at k and at —k.
This is motivated by Ref. [50], which has shown that the
relation between the heat-transfer coefficient at k; and —k;
is a constraint by reciprocity. Here, we show that a similar
reciprocity constraint is present for the Casimir pressure as
well.

As the first main result of the paper, we show for a recipro-
cal system, in equilibrium with 7} = 7, = T3 = T, the spectra
of the pressure acting on each of bodies 1 and 2 are symmetric
in the k| space:

Flz;z(a), k“, T, T, T) = Flz;z(w, —k”, T, T, T) (22)

We prove Eq. (22) from Egs. (17) and (18). Since the third
term in Eqgs. (17) and (18) is constant in the w—k; space, we
focus on the first two terms. The reflection matrix for each of
the bodies in the reciprocal system satisfies [51]

Ri(—ky) = 6.R] (k)6 (23)

where 6, = diag(1l, —1). From Eq. (15), we have

Using Eq. (23) and the corresponding relation Do (— k)= O’7D ,(ky)6, Eq. (24) is rewritten as

F1Z—>2(_kH) = [

Tr[—(F — R k)R, (ke y)Day (ke )T + Ra (ke )RS (ke )DS, (k)]
Tr[i(R] (k) — Ry (ky))Day (ke )Ry (k) + Ry (ke ))DJ, (b e~ 2047,

(kH < k())
24)
(kH > k())
ky < Kk
(k) < ko) 25)
(kH > ko)
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Comparing Eq. (25) with Eq. (15), E? ,(ky) and F{ ,(—k;) may not be equal for the reciprocal system [52]. Similarly, one
can check that £ | (kj) and F5 (k) may not be equal for the reciprocal system. On the other hand,

Fi (k) + B (k) = {

Substituting Eq. (23) into Eq. (26), we have

Fi (k) + F5 L (k) = {

Therefore, for the reciprocal system, the summation of the
exchange functions is symmetric:

Fi (o, k)+ES (0, k) = F (0, —k))+F5 (0, k),
(28)

which proves Eq. (22).

The discussion above is for the equilibrium case where
Ty = T». For the nonequilibrium case with 7} # 75, it is no
longer sufficient to discuss the symmetry properties of the
pressure by considering the exchange function only. Instead,
from Egs. (14), (17), and (18), we have

Fiw, ky, T, T, T3)

hilkol
83
Rkl ~
8 3

= ["(w )+ } F{ (o, k)

|:n(a) T2)+ :| Fi_)l(w kH)

17 Ak -
+ [n(w, ) + 5} S (k) (29)

8
and
Fi(w, ky, T, T, T3)

kol
Ff»z(w k)

hkZ
:| ool 2—>1(w ky)

83

1] hkyo
|:n(a) T3) + i|8 3 extz(a) k). (30)

From Egs. (29) and (30), we can show mathe-
matically that when T1# T, F(w.k,T, T, Tz)#
Fiy(o, =k, T, T, 1) i By (0, k) # FiL, (0, —ky)
or Ff (o k) #F;, (w,—kj). Below, in a numerical
example, we will show that Fy ,(w,ky) # F (o, —k))
and F} (o, k) #Ff (o, —k;) can occur for both
reciprocal and nonreciprocal systems. Therefore, in the
nonequilibrium case with T; # T3, Flfz(w, k), |, I, Tz) #
F{,(w, =k, Ti, T», T3) can occur for both reciprocal and
nonreciprocal systems.

Re Tr[—2] — 2(R(—k)Da1 (k| )Ro(—k)) + Ro(—k D12 (—k )R (—ky))e 0],
Im Tr[2R; (—ky)Dai (—kRa(—ky) + 2Ry (= )D1o(—ky)Ri (= )]e >4

(k” < k())

(k” > ko)
(26)

Re Tr[—21 — 2(R, (k)Da1 (kyRa(ky) + Ro(k)Dia (kR (ky))e 4], (ky < ko)
Im Tr[2R, (k| )Dy (k)Ry(ky) + 2Ry (ke )D 12 (kR (B )]e 240,

27
(k” > k())

C. Newton’s third law for the Casimir pressure

In our system, both the exterior sides of body 1 and body
2 are covered by perfect electric conductors and hence the
system is closed, we have Fj , = —F; |, as shown in
Eq. (19). Therefore, from Eqs. (17) and (18), Newton’s third
law holds for both equilibrium and nonequilibrium pressures

at every frequency and in-plane wave vector, i.e.,
Flz(w5kH7T]7T25 Té)z _Fzz(Cl),kH,T], B’ Té)‘ (31)

We emphasize that Newton’s third law is in fact distinct
from the reciprocity constraints while it has a form that is
somewhat similar to some of the constraints associated with
reciprocity. It has been reported in Ref. [53] that Newton’s
third law holds for equilibrium Casimir forces including non-
reciprocal materials. Our results here agree with Ref. [53]
when specialized to the equilibrium case where 71 = T, =
T, but generalize the discussion on Newton’s third law for
nonequilibrium Casimir forces.

D. Numerical verification

In Fig. 2 we provide a detailed numerical verification of
the theoretical results as discussed above. For this purpose,
we consider three cases.

1. Case 1: Reciprocal case in equilibrium

We first provide a direct check of Eq. (22), which shows
the Casimir pressure spectrum is symmetric in k; space for
reciprocal systems. For this purpose, we use the model system
as described in Sec. II, with body 2 consisting of the reciprocal
anisotropic material as described in Eq. (2).

Figure 2(a) shows exchange function FIZ_)Z(w,k”) as a
function of w and k;, for in-plane wave vector k that is
at an angle of ¢ = 7 from the x axis. The choice of the
direction of k; and the reciprocal anisotropic material is
such that this system does not have either inversion or mir-
ror symmetry that relates this k; and —k;. The exchange
function, which is proportional to the force component, in
general peaks at the dispersion relation of the system, as
determined using Eq. (3) with w = 1. It is attractive (red
color) for the frequency range below 0.72w,, and repulsive
(blue color) above the frequency for both k; and —k;. We
emphasize that F{ ,(w,kj) is not symmetric, despite the
fact that F¥_,(w, k) peaks at the dispersion relation of the

1-2

surface modes, and the dispersion relation is symmetric for
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FIG. 2. Spectra of exchange functions for Casimir pressure. (a) £, ,(w, k), (b) 5 (w,k;), and (c) summation F{ ,(w,k;)+
F} . (w,k;) for reciprocal system with permittivity of body 2 given by &5 [Eq. (2)]. Angle of ¢ = /4 is selected. (d)~(f) show
subtraction F So(wk |)—F,_)m( —k)) corresponding to (a)—(c), respectively. (g) FHz(a), 1), (h) Fzél(w ky), and (i) summation

FY (o, k) + Fz_)l(a), k) for nonreciprocal system with permittivity of body 2 given by & [Eq. (1)]. White solid lines represent disper-
sion curves obtained from Eq. (3) with w =1 in (a)—(c) and w = 2 in (g)—(i), respectively. White dashed lines in each panel represent

lightlines.

reciprocal systems [54]. To clearly demonstrate the asymmet-
ric aspect of F{_,(w, k), we plot F{ (k) — F{_,(—k;) in
Fig. 2(d) for both evanescent and propagation waves, and
notice that the plotted values are nonzero. The asymmet-
ric property F? ,(ky) # Fi,,(—k) comes from R;(k|) #
R;(—ky), which is seen from the comparison of Egs. (15)
and (25). Similar behaviors are observed for FZZ‘_)I(a),k”),
as shown in Figs. 2(b) and 2(e), respectively. On the other
hand, the summation Fﬁz(a) k) + Fzﬁl(w k) [Fig. 2(c)],
which relates to forces quz(w k), T\, T, T3) with T} = 1>,
is symmetric, as can be seen by Fig. 2(f), where we plot

Fi,(ky) — Fi,(—ky) + F5,  (ky) — F5,(—k), and notice

that the plotted values are zero for all w and k. The numerical
results provide a direct check of Eq. (28), which leads to
Eq. (22).

2. Case 2: Nonreciprocal case in equilibrium

We next show that Eq. (22) can be violated for nonrecip-
rocal systems at equilibrium. For this purpose, we use the
model system as described in Sec. II, with body 2 consist-
ing of the nonreciprocal material as described in Eq. (1).
Here, we use the same k; as in case 1. We numerically
investigate the spectra of £ ,(w,ky) and Fy (o, k) as
shown in Figs. 2(g) and 2(h), respectively, and the summation
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FY (o, k) + F5 | (w, k) in Fig. 2(i). The exchange func-
tions and their summation in general peak at the dispersion
relation of the system, as determined using Eq. (3) with w =
2. Since the dispersion relation for this nonreciprocal system
is asymmetric, we see that the spectra in the three panels are
asymmetric. And, hence the pressure spectra are asymmetric
as well.

3. Case 3: Nonequilibrium cases

We now consider the nonequilibrium cases. Our nu-
merical results in Fig. 2 show that for both recipro-
cal and nonreciprocal cases, we can have Flg2(a),ku) #*
F{ ,(w,—ky). When T #7T,, from the discussion of
Egs. (29) and (30), these numerical results directly indi-
cate that Flfz(w, k”, T\, T, Tz) # Flz,z(w’ —k“, T\, T,, T3) can
hold for both reciprocal and nonreciprocal cases. On the
other hand, in the case of Ty = T, # T3 with the behavior
given by F7 ,(w,k))+FY, (w,k)), for the two struc-
tures as considered above, we have Ff’z(w, k|, I, Tz) =
Ffz(w, —k, T\, T, T3) for the reciprocal structure [Figs. 2(c)
and 2(f)] and F{' (0, k), T, T, T3) # Fi (0, =k, T1, T2, T5)
for the nonreciprocal structure [Fig. 2(i)], as can also be in-
ferred from Egs. (29) and (30).

IV. LATERAL CASIMIR FORCE

Following the Casimir pressure in the previous section,
here we investigate the lateral Casimir force. We present
the derivation of the formalism in Sec. IV A, the symmetry
properties in Sec. IV B, Newton’s third law in Sec. IV C, and
numerical verification in Sec. IV D. It is known that indepen-
dent of whether the bodies are reciprocal or not, the lateral
force is always zero in equilibrium [42]. Therefore, in this
section we focus only on the nonequilibrium case.

A. Formalism of the lateral Casimir force

We consider the lateral Casimir force F Lz(r”, z,t, T1).
The lateral force is computed from the electric field
E(ry,z,t, T1) and the magnetic field H(r, z, t, T1) in the vac-
uum gap, and has the form

Fi (2.0, T) = (E |E. + poH Ho).  (32)
From Egs. (5)—(7) and (32), we have

FLz :/0 da)/ (2”“)47‘L2(w,ku, T), (33)

where
T\ (o,k), T1) = iRe(eE |EF + oH HY). (34)

Substituting the electric field of Eq. (7) and the corre-
sponding magnetic field into Eq. (34), we have the forms
of the stress tensor for propagation and evanescent waves,
respectively, as

T\ (@, k), )
kyTt[— 5= ([ — RIR)D 1 (E\E})D}, ], (ky < ko)

K Tr[— 4= (R} — R)Di2(EE)Diye ). (ky > ko)
(35

From Egs. (13), (33), and (35), we have the lateral force
from body 1 to body 2:

F! ki.T\) = Ty + L | i g k 36
1_)2(a)a [|» l) n((l), 1)+2 3 1_>2(w7 ||)7 ( )

8
where
Fl (. k)
B {Tr[(—l)’(i — R, R)Din(f = RRDD],1, (k< ko)

Tr[(— D (R, — Ru)Din(Ry — RND; e (ky > ko)
(37)

again (I, m) = (1,2), (2, 1). The factor of (—1)" arises from
the definition of the reflection matrices. We note that the ex-
change function Flll_)z(a), k) for the lateral force [Eq. (37)] is
the same as that for the heat transfer derived in Refs. [50,55],
as was noted in Ref. [42]. The exchange function FILZ(a), k)
for the lateral force also has a similar form as the exchange
function Flz_)z(a), k) for the pressure [Eq. (15)], except for
the sign flip of the term relating reflection matrix R, for
body 2, i.e., [ + Ié;lﬁ’z for propagation waves and Ié; + R, for
evanescent waves in Eq. (15). The total lateral forces acting
on bodies 1 and 2 are given by

o0 o0
Fg,z(Th h) = / da)/ dklng,z(w,kn, h, 1), (3%)
0 —00

where
Fl(w ky, 11, ) =F_ (w0, k), 1)+ F)_ (w0, k, 1),
(39)

Fl(w,ky, T, ) = —F_,(0,k), T) — F)_ (0, k), T2).
(40)

We note that there is no component of the lateral force
at exterior boundaries A and C due to the plates of perfect
electric conductor. In deriving Egs. (39) and (40), similarly,
we have used the relation

F! (0. k,T))=—F (0,k, Th), (41)

Fl (0.ky, ) = —F) (0, ky, D). 42)

B. Symmetry properties for the lateral Casimir force

Following the formalism in the previous section, we dis-
cuss symmetry properties of the lateral Casimir force in the
ky space. Similar to Sec. III B, here we focus on the relation
between the lateral force at k and at —k;. We show that a
similar reciprocity constraint is present for the lateral Casimir
force as well.

As the second main result of the paper, we show for the
reciprocal system the spectra of the lateral force acting on
each of bodies 1 and 2 are symmetric with respect to k:

Fl (k. TI.T) = —F) (0, k. ;. T).  (43)

We prove Eq. (43) from Egs. (39) and (40) via the exam-
ination of the exchange functions. From the relation of the
reflection matrix for the reciprocal system [Eq. (23)] and the
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exchange function [Eq. (37)], we have
Ry, ~kp) = —F)_ (@ k). (44)

The detailed deviation is found in Appendix B. In addition,
regardless of whether the system is nonreciprocal or recipro-
cal, the exchange function for the lateral forces is symmetric
with respect to an exchange of bodies 1 and 2, i.e.,

Al (. k) = —FL (0. k). (45)

The detailed derivation is found in Appendix C. Both of
these derivations parallel those of the related results for heat
transfer in Ref. [50]. From Eqs. (44) and (45), we have the
relation of symmetry in the spectrum

FL (0. k) = FL (o, ~k)). (46)

Equations (44) to (46) are true by exchanging the

subscripts 1 and 2. From Egs. (36), (39), and (40),
we have

I L] Ak =
Fl(a)akH7TlaT2): n((,(), Tl)+ F1_>2(w7k||)

87
[n(w 1)+ = i|:kF2—>1( k),
(47)
and
Fl(w,ky, T T)=—|:n(a)T)+ }hk” (w, k)
2\ s A1, L2 1 3 1—2 I

- [n(w, D)+ 1} :k" Bl (o, k).
(48)

From Eqgs. (47) and (48), one can clearly check that the
lateral forces F lllyz(a), ky, T\, T») are symmetric if and only if
exchange functions F, 1”_)2(k||, w) and 17“2”_) ,(ky|, @) are symmet-
ric. Hence, from Eq. (46), Eq. (43) has been proved. We also
observe from Egs. (45), (47), and (48) that the lateral force
becomes zero in equilibrium. Our observation agrees with
Refs. [42,45], but contradicts the results in Ref. [56], where
nonzero lateral force in equilibrium was claimed. References
[42,45] have argued that the lateral force in equilibrium should
be zero, as expected from a general thermodynamics consid-
eration.

C. Newton’s third law for the lateral Casimir force

Similar to the pressure, from Egs. (39) and (40), Newton’s
third law holds for the lateral forces at every frequency and in-
plane wave vector, as long as no exchange of photons occurs
between the two-body system and the environment.

Fl(o, k), Ti, 1) = —FY(0,k), Ty, ). (49)

D. Numerical verification

In Fig. 3 we provide a detailed numerical verification of
Eq. (43) by considering two cases in nonequilibrium. In these
examples, the lateral force is along the x direction and we
plot the dependency of exchange functions, which control
the behavior of F |1| , on the parallel wave vector along the
direction, ¢ = % ’

1. Case 1: Reciprocal case

We provide a direct check of Eq. (43), which shows the
lateral force spectrum is symmetric in k) space for recipro-
cal systems. For this purpose, we use the model system as
described in Sec. II, with body 2 consisting of the reciprocal
anisotropic material as described in Eq. (2).

Figure 3(a) shows the spectrum of exchange function
FLz(a), k) for this reciprocal case. FLz(w, k) peaks at the
dispersion curves (white solid lines) obtained from Eq. (3)
with w = 1 as overlaid in Fig. 3(a). F1”_)2(a), k) is negative
(blue color) for the entire area of (w, k) we consider here.
The spectrum of F I " ,(w, k) is symmetric, as can be clearly
seen in Fig. 3(c), where we plot FILZ(kH) - FLz( —k)) and
show that plotted values are zero for all w and k. This result
here contrasts with exchange function F? ,(w,k;) for the
pressure, which is asymmetric as plotted in Figs. 2(a) and 2(d).
Figures 3(b) and 3(d) show F: 2_” (w, k), where it has a posi-

tive value and the same symmetric properties as I ]‘Lz(w, k).
Therefore, the symmetry property of the lateral force spectrum
in the reciprocal system [Eq. (43)] is verified.

2. Case 2: Nonreciprocal case

We next show that Eq. (43) can be violated for nonrecip-
rocal systems. For this purpose, we use the model system as
described in Sec. II, with body 2 consisting of the nonrecip-
rocal material as described in Eq. (1). We plot the spectra of
exchange functions Fl||_)2(a), k) and FZL (o, k) in Figs. 3(e)
and 3(f), respectively. Both FIH_)Z(a), k) and 1:"2”_)] (w, k) peak
at the dispersion relation of the surface modes, as calculated
using Eq. (3) with w = 2, and overlaid in the figures. Since
the dispersion relation for such nonreciprocal system is asym-
metric, the exchange functions are asymmetric with respect to
k) as well.

It is noted that the main results of Eqs. (22) and (43) for
the pressure and lateral force hold for any reciprocal material
satisfying Eq. (23), including uniaxial materials with arbi-
tral direction of the optical axis, although the permittivity of
Eq. (2) has been used as an illustration.

V. CONCLUSIONS

We have investigated the Casimir pressure and lateral force
in the two-plate system, where one of the plates consists of a
reciprocal anisotropic or nonreciprocal material. Our analyti-
cal and numerical results have revealed a distinct signature of
reciprocity in the equilibrium pressure and the nonequilibrium
lateral force, where the spectra are symmetric with respect to
ky. On the other hand, for the nonequilibrium pressure, the
spectra may be asymmetric for both reciprocal and nonrecip-
rocal cases. In addition, we have shown that Newton’s third
law holds for every frequency and wave vector, as long as
no exchange of photons occurs between the two-body system
and the environment. Our results provide understandings of
some of the symmetry properties of Casimir pressures and
lateral forces in equilibrium or nonequilibrium for reciprocal
or nonreciprocal systems.

In our study, here we assume that the two bodies are sta-
tionery with respect one another. It should be of interest to
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FIG. 3. Spectra of exchange functions for lateral Casimir force. (a) FI‘LZ(w, k) and (b) FZ‘L 1 (w, k) for reciprocal system with permittivity

of body 2 given by &5 [Eq. (2)]. Angle of ¢ = 7 /4 is selected. (c) and (d) show the subtraction F

(. k) —F

L, (@, —ky) corresponding to

I—m

(a) and (b), respectively. (e) FI‘Lz(a), k) and (f) IEZ‘LI (w, ky) for the nonreciprocal system with the permittivity of body 2 given by & [Eq. (1)].
White solid lines represent dispersion curves obtained from Eq. (3) with w = 1 in (a) and (b) and w = 2 in (e) and (f), respectively. White

dashed lines in each panel represent lightlines.

generalize our results to the case where the two bodies are in
relative motion [46].
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APPENDIX A: DERIVATION OF DISPERSION
EQUATION OF EQ. (3)

Dispersion relations of the surface modes in a three-layer
structure including an anisotropic planar body are presented
in Ref. [57]. Here, we include the effect of twist of the

J
€4 cos(¢) + e,,sinz(go)
—(€q4 — €p)sin(g)cos(p)

€2x COS(p)

’ A A
€ = Rzesz =

where

cos(—)

sin(—g)
0

R, =

anisotropic planar body in the dispersion relations. We con-
sider p-polarized evanescent waves in the system of Fig. 1(a).
The permittivities &4 in Eq. (1) and &5 in Eq. (2) have the form

(AD)

The dispersion relation of the surface modes for in-plane
wave vector k that is at angle ¢ from the x axis is equivalent
to that for wave vector k, with the twist of the anisotropic
planar body by angle —¢. Thus, the permittivity of the twisted
anisotropic planar body is given by

—(€a — €p)sin(p)cos(p) € cos(p)
€4 sinz(fp) +e€, COSZ((p) —€,, sin(p) |, (A2)
—€2 sin(g) €4
—sin(—¢) O
cos(—p) O (A3)
0 1
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The regions of the vacuum gap, body 1, and body 2 are

2 ‘2
€4 COS + €, sin E,  + €., cos(p)E
labeled by 0, 1, and 2, respectively. The magnetic fields for (e @)t e @DE2 < cos(@)z;

K22

the three regions are given by = —- H2+y eikx—raG=d) (A9)
. . lwey
H — H+ ik X—K;0Z H- zkkx-HCzo(Z—d)’ Ad k )
0.y 0.y€ + 0,y€ (A4) €or COS((p)Ez,x N _a): H;“yelkxx—lczz(z—d)' (A10)
, 0
_ - ikxtraz
Hiy=H e ’ (AS) The boundary conditions are
H, = H+yeikxx_’(22(z_d)’ A6
2,y 2,y (A6) HOuV'z:O = Hl,y|Z=0’ (A11)
where the superscripts 4+ and — of the y component of the
magnetic field represent the upward and downward waves Eoxl,—g = E1xl,—os (A12)
along the z axis. The electric fields are, correspondingly, given
by Hoyl,_y = Hayl _y (AI3)
K0 + kX =Kz — ikextico(c—d)
Ey, = —H "™t L H T ettt TR0 , A7
05 = ey T oy b AD Eoileg = Eaily. (A14)
K .
€pE1x = - a H ye’k‘”":'z, (A8) From Egs. (A4)—(A14), the dispersion equation is derived:
i .
|
i- xzCx 3 Xz
S cos (p) + €, sin’(p) R i%kx cos(¢) (e_p N i) cod
k2 k-0 Kz0Kz2 Kz K0
€3—€xrx 2 ) €
= cos“(@) + €, sin“ (@) B i Ja k, cos(p) <€_p ~ L)g/(:od _o, ALS)
Kz2 Kz0 Kz0Kz2 Kzl Kz0
where €,, = €, = €/ for the reciprocal system, and €,, = —¢,, = i€y for the nonreciprocal system. Equation (A15) is recovered

to Eq. (6B) in Ref. [57] with ¢ = 0 (Voigt configuration) for a nonreciprocal system. «,, is obtained from solving for V x V x
E — o jupeoé,E = 0, which is given by

€p . €xz€2x
cos(p)k, + |:—<1 + cos?(¢) + E—psm2(<p)>kf + (ep +es— ;—>k§:|/c122
d d

4 ” €xz T €xx
Ko = Wx————

(k2 — epk)k S os(p)en + (cos2<¢> + 2 sin2<w>)k;‘ + [— <ed +ep— e“e”)cos%w) ~2¢, sin2<so>}k,%k§
€4 €q €4

€xz€x
+ep<ed - == )kg =0. (A16)
€4
One can check that in the case of ¢ =0 in the nonreciprocal system with €,, = —e., = i€y, Eq. (A16) gives k» =

e e e
x Py 0 x P™0 .

Substituting Eq. (23) into Eq. (37), Fl‘Lz(w, k) is given for propagation waves:
FL,(=ky) = Tr[=( = Ry(=k DR (=ky DDi2(=k )T = Ry (= )R] (=ky)D}, (k)]
= Tr[ 6. (I — R; ()R] (ky)) D3, (ke )T — RY (k)R (ke )D3, (k) )6 ]

APPENDIX B: PROOF OF EQ. (44)

= Tr[-Dj, (k)(I — R; (kR (k) D, (k) — R (ky )ﬁT(ku))]T
= Tr[—([ — R} (k)R, (k) Doy (ke )T — Ra (ke )R, (ke )DS (k)]
= —F, (ky), (B1)

where we have used Tr[6.6,] = Tr[f] and Tr[MT] = Tr[M] for a matrix M. Likewise, for evanescent waves, F]‘L2(w, k) is
given:

Ay (—ky) = Tr[—(RY(—ky) — Ra(—ky DDra(—ky )Ry (—ky) — R} (=)D} (—k)e 0]
= Tr[ 6 (R5Uey) — Ry (ky)) Dy (k) (R Gey) — Ry (k) D3, (ke ™6
= Tr[— D%, (hy) (R3 ) — RS ey)) DY, ey ) (R (hy) — Ry hep))e 041"
= Tr[—(R] (k) — Ry (k)Day (k) (Ro () — Ry (ke )D5 (ke >0
=—F) (k). (B2)
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APPENDIX C: PROOF OF EQ. (45)

From Eq. (37), exchange function F]H_ﬁ(a), k) for the lateral force is rewritten for propagation waves:

FI‘L)Z(k“) = TI'[—(i — Rgéz)blz(f — R\lié;)DE]

= Tr[RIR.D1uD}, + DR RIDY, — RIR:D 1R RIDT, — D12D1]

A A a A F A A s A F A A s s A At A A s A st
= Tr[R:D12(RyD12)" + RiDy (R D21)" — RoD1aR (RaD 2Ry ) —R Doy Ry(R1 Dy Ry)

— R Dy Ry — (1é1lA)zﬂézeiZk”"'d)T -1,

and for evanescent waves:

El (k) = Tr[— (R} — Ry)Dia (R, — R)DT e

(k” < k()) (Cl)

= Tr[—RiPioR DYy — RaDipRIDY, + ReDiai Dy + RUD 1R, Jo~ 20

A B (PP 2 A BB BN ~2d L A BT L DA A AT
= Tr[—DiR (RyD12) e " — Dy Ry(R Doy ) e 24 +-Dy DT, + D12D5, — D1y — D1k > ko) (C2)

From Egs. (C1) and (C2) with the relations of Tr [§1ﬁ21ﬁ2'| =Tr fﬁgﬁlzﬁﬂ and Tr |'ﬁ12'| ="Tr |'DA21'|, we see that FI‘LZ((», k)
is symmetric with respect to bodies 1 and 2, where the minus sign is added for the exchange of the labels of bodies, i.e.,

_Fz“al (w, ky). Therefore, Eq. (45) has been proved.
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