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The Casimir effect is induced by the interplay between photon fields and boundary conditions, and in
particular, photon fields modified in axion electrodynamics may lead to the sign-flipping of the Casimir
energy. We propose a theoretical approach to derive the Casimir effect in axion electrodynamics. This
approach is based on a lattice regularization and enables us to discuss the dependence on the lattice spacing
for the Casimir energy. With this approach, the sign-flipping behavior of the Casimir energy is correctly
reproduced. By taking the continuum limit of physical quantity calculated on the lattice, we can obtain the
results consistent with the continuum theory. This approach can also be applied to the Casimir effect at

nonzero temperature.
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I. INTRODUCTION

The Casimir effect was predicted by Casimir in 1948 [1]
and, half a century later, was experimentally confirmed [2,3]
(see Refs. [4-8] for reviews). The conventional Casimir
effect means that an attractive force (corresponding to a
negative pressure) is induced by quantum fluctuations
(particularly, for photon fields in quantum electrodynamics)
in space sandwiched by two parallel conducting plates.

Recently, it is expected to be applied to the engineering
field such as nanophotonics [9], and the accurate control of
the Casimir effect will be an important issue. In particular,
the properties of the Casimir effect may be controlled by
utilizing topological materials such as Weyl semimetals
(WSMs) [10-12] (see Ref. [13] for a review). Inside such
materials, the dynamics of photons (i.e., the Maxwell
equations) is modified and can be described [14,15] by the
so-called axion electrodynamics [16,17]. The Casimir effect
in axion electrodynamics was studied in Refs. [18—25].1 In
particular, in Ref. [19], one of the most striking findings is a
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'As a related topic, the photonic Casimir effect in a chiral
material was proposed by Jiang and Wilczek [26,27]. Also, there
are many studies on photonic Casimir effects modified by boun-
dary conditions made of topological materials, e.g., between topo-
logical insulators [28-31], between Chern insulators [32—34], and
between Dirac/Weyl semimetals [22,24,35-40] (see Refs. [41,42]
for reviews).
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sign-flipping behavior of the Casimir energy and also the
Casimir force’: there appears not only the well-known
negative Casimir energy in a short distance between boun-
dary conditions but also a positive Casimir energy in a long
distance. For the application to the engineering field, such a
sign-flipping phenomenon depending on the distance will be
useful for controllably switching the attractive, repulsive,
and vanishing Casimir force.

In this work, we propose a new and powerful approach to
investigate the Casimir effect in axion electrodynamics,
which is based on the continuum limit of physical quan-
tities regularized by the lattice space. Our approach with
techniques on the lattice will be helpful for future studies
because the success of our approach indicates as follows:

(1) When one investigates the Casimir effect by using
lattice gauge simulations of axion electrodynamics,
one can correctly simulate the behavior of the
Casimir effect in the continuum theory.

(2) The cutoff effect (namely, the dependence on the
lattice spacing) in lattice gauge simulations can be
clearly interpreted and safely controlled.

(3) Using this approach, one can correctly and easily
calculate the Casimir energy without carefully deal-
ing with the analytic continuation as in the other
approaches.

In fact, approaches using lattice regularizations [43-52]
and lattice simulations of gauge fields, such as the U(1)
gauge field [53-55], the compact U(1) gauge field [56-60],
the SU(2) gauge field [61,62], and the SU(3) gauge
field [63,64], have been successfully applied and have
elucidated the rich physics related to the Casimir effect.

“The Casimir force is defined as the derivative of the Casimir
energy with respect to the separation distance.
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This paper is organized as follows. In Sec. II, we intro-
duce the formulation of the axion electrodynamics and the
Casimir effect from its dispersion relations. Section III
shows the numerical results of the Casimir energy at zero or
nonzero temperatures. The conclusions are in Sec. IV. In
Appendixes A-D, we provide successful examples of our
approach with other models. In Appendix E, we show an
example of lattice gauge action simulating the axion
electrodynamics in continuous spacetime.

II. FORMULATION

A. Axion electrodynamics

We first introduce the formulation of the axion electro-
dynamics in the continuum spacetime [16,17]. The axion
electrodynamics is defined as the U(1) gauge theory with
the topological 0 term in the 3 4 1-dimensional spacetime,

1 v (X) Ty
L= —ZFWF” +—F ", (1)

where F,, =9d,A, — d,A, is the field-strength tensor with
the U(1) gauge field A, and Frvo= Ee”“’/’F ap 18 the dual
tensor. The topological term is characterized by the
spacetime-dependent 0(x). We define the spacetime deriv-
atives of 6(x) as by = 9,0(x) and b = —VO(x).

Throughout this paper, we set by = 0 and b = (0,0, b).
This setup describes time-reversal-symmetry-breaking
Weyl semimetals (with a Weyl-node separation b in the z
direction) in condensed matter physics or a space-
dependent axion-field configuration in high energy phys-
ics. On the other hand, the case of by #0 and b =10
describes inversion-symmetry-breaking Weyl semimetals
or a time-dependent axion-field configuration. The Casimir
effects in the former and latter situations were discussed in
Refs. [19-24] and Refs. [18,23,25], respectively.

Then, the dispersion relations for photons with the
eigenenergy a)j,E and the three-dimensional momentum
(ky,ky, k) ar

b b\’
wi:k§+k§+( k2+4i2) (2)

Thus, there are the two branches. Throughout this paper, we
call w, and w_ the plus mode and the minus mode, respec-
tively. Note that for b # 0, the plus mode is gapped (o # 0)
at any momentum, while the minus mode is gapless
(w_ = 0) at the origin of momentum (k,, k,, k.) = (0,0,0).

X ys

A nonzero by is regarded as the chiral chemical potential
relevant to the chiral magnetic effect [65—70] as an extra current
Jjome = boB parallel to a magnetic field B. A nonzero b produces
an extra charge —b - B relevant to the Witten effect [71] and an
extra current jagg =b X E in the anomalous Hall effect
perpendicular to an electric field E.

B. Casimir effect in axion electrodynamics

We impose boundary conditions at z =0 and z = L_,
where the z component of momentum is discretized as

k, = ’i” with an integer n € Z. Such a discretization is

realized with, e.g., the well-known perfectly conducting
plate conditions, E, = E, = B, = 0.}

The zero-point (or vacuum) energy per unit area is
represented using the dispersion relation (2),

. [ dkdky w.
:Z;/_m . (3)

From this representation, the Casimir energy (per unit
area) in axion electrodynamics was derived in Ref. [19]:

Kz(mbLZ)
(mbL,)?

ECas =

L, Z [Kl (mbL,) @

167? = | mbL,
where K| and K, are the modified Bessel functions, and the
sum over the index m € Z is convergent when m is large
enough. Since K| and K, are positive, the positive and
negative signs in the first and second terms of Eq. (4)
correspond to the repulsive and attractive Casimir forces,
respectively. Since the dimension of Eq. (4) is the inverse of
length cubed, a dimensionless quantity, which we call the
Casimir coefficient, is defined as

as

3
CEZ] :LEECaw (5)
where “[3]” means the exponent of L.

C. Thermal Casimir effect in axion electrodynamics

At finite temperature 7', the Casimir energy in axion
electrodynamics was derived in Ref. [24] using the Lifshitz
formula [72] based on the argument principle,

dk,dk _op, A
EeulT TZZ/ (1= )

=+ [>0

. [\/52+k2+k2(\/52+k2+k2 - zbﬂ (7)

where &, = 2xTI, and the sum over the index [ is taken
as > 150 f(D) = f(0)/2+ 35, f(I). The integral with
respect_to k, and k, is convergent, so that we can perform
numerical integration. For the zero-temperature limit
(T - O) of the representation (6), we replace as Ty 5, —

o° 27[, which is equivalent to Eq. (4).

“In the axion electrodynamics, these boundary conditions are
not gauge-invariant because of the existence of the € term. A
gauge-invariant boundary condition is considered in Ref. [21],
where they obtained the same Casimir energy as that with
boundary conditions in Ref. [19].
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D. Casimir effect on the lattice

Next, we show the method to calculate the Casimir effect
with a lattice regularization [43—52].5

The Casimir energy (per unit area) on the lattice with a
lattice spacing a is defined as

Lat — gosum int
ECas = E0+T - EO+T’ (8)

m d(ak,)d(aky)
B = / T
Lat .
_Z [ (1 —e Tw;,,)], (9)
W 1 ak,)d(ak.)
Ebir -7 / 3
A=+,—
L 1. Lat
xNZ ’1 +aTln (1 — e )] (10)

The first term of Eq. (8), E'}, is the zero-point and finite-
temperature energies made of momenta discretized by a
finite length L, = aN, (N, is the number of lattice cells).
The second term Ei; is the energies in infinite volume
L, — oo which is defined by integrals with respect to the
three-dimensional momentum. The Casimir energy E& is
defined as the difference between Ej™% and EJJ" ., which is
a definition similar to the approach proposed in the original
paper by Casimir [1]. The momentum integral is taken
within the first Brillouin zone (BZ), and the discrete momenta
with the label n are summed over the BZ. When we apply the
boundary condition with ak, — %* N , n is taken as n =

0,1,...,2N, —1 (or equivalently n =1,2,...,2N_), and
the factor 1 in Eq. (9) is required.

For the dispersion relations on the lattice, by substituting
ki = % (2 —2cos ak;) into Eq. (2), we use’

’In the present paper, we apply this approach to obtain the
continuum limit of physical quantities. Another use is to inves-
tigate the Casimir effects originating from degrees of freedom
realized on the lattice in solid-state physics, such as electrons,
phonons, and magnons, where a is fixed as a constant, and we do
not6 need to take the continuum limit.

This form can be derived from the leading order of the small a
expansion of the action of a lattice gauge field theory with the 6
term. See Appendix E. While our discussion is limited within the
leading order, numerical simulations of lattice gauge actions,
such as Monte Carlo simulations, fully contain the higher-order a
effect. In this sense, at a finite a, our prediction of the Casimir
effect is more or less different from the results of full numerical
lattice simulations. In the continuum limit a — 0, both should
coincide.

(a) ab=1 (b) ab=0.2

aw, (akz) aw, (akz)

FIG. 1. Dispersion relations for photon fields in axion electro-
dynamics in the continuum theory characterized by Eq. (2) and a
lattice theory defined as Eq. (11). (a) ab = 1. (b) ab = 0.2.

1
(w')? ——2(2 2cos ak,) + 2(2—2cosaky)

a

2
1 b*> b
+<\/E(2—2cosakz)+zi§> . (11)

By multiplying Eq. (8) by L3, we define a dimensionless
Casimir coefficient as

3|Lat
Con" = LIEE = &*NIEG. (12)

E. Remark on dispersion relations

We remark on the dispersion relations, Eq. (2) for the
continuum theory and Eq. (11) for the lattice theory. In
Fig. 1, we compare these dispersion relations for the k,
direction on a coarser lattice of ab = 1 and for a finer lattice
of ab=0.2 (ab is dimensionless). For example, let us
consider a fixed b =1 (b is dimensional). If @ =1, the
minus modes from the two theories agree with each other in
the region of w_ ~ @™ < 0.5, equivalently aw_ ~ awt <
0.5 [see Fig. 1(a)], whereas if a = 0.2, w_ ~ 0™ < 2.5,
equivalently aw_ ~ aw™ < 0.5 [see Fig. 1(b)]. Thus, as
long as the dimensionless quantity ab is smaller, the
approximation of the low-energy/low-momentum modes in
w_. by using @' is better. This suggests that the continuum
limit (@ — 0) of the lattice theory serves as a precise estimate
of the Casimir effect if the Casimir effect is dominated by the
contributions from low-energy/low-momentum modes. In
the next section, we numerically examine this discussion.

III. RESULTS

A. Zero temperature

In Fig. 2, we show the numerical results of the Casimir
coefficients, defined as Eq. (5) in the continuum theory and
Eq. (12) in the lattice theory. In a short distance, we find a
negative Casimir energy corresponding to an attractive
Casimir force, which is similar to the Casimir effect in the
usual photon field characterized by b = 0. In particular, at
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FIG. 2. Casimir coefficients in axion electrodynamics at zero
temperature. The solid line and the points are the results in the
continuum and lattice theories, respectively. (a) bL, < 10.
(b) L, < 1.

bL. =0, Col = — 2=~ —0.0137, which is well known as
the result for the normal photon field in the continuum theory
(also see Appendix A). The sign of the Casimir energy flips
at bL, ~ 2, and in a long distance, a positive Casimir energy
corresponding to a repulsive Casimir force appears, which
is a feature in axion electrodynamics with b # 0 and
by =0 [19].” This tendency holds in both continuum theory
(plotted as the solid line) and lattice theories discretized by
lattice spacing a (plotted as the points).

In the lattice theory, we can investigate lattice spacing a
dependence. In the positive-Casimir-energy region,
bL, Z 2, the lattice theory at ab = 0.5 is already consistent
with the continuum theory. In the negative-Casimir-energy
region, bL, < 2, the a dependence is enhanced due to an
ultraviolet lattice cutoff effect (namely, a lattice artifact),

"The sign-flipping points of the Casimir energy (equivalently,
Casimir coefficient) and the Casimir force are slightly off. This is
because the Casimir force is defined as F,, = — % Ec,. There-
fore, the sign-flipping point of F,, corresponds to the extremum
of Ec,: bL, ~2.38 [19]. Note that the extrema of E¢,, and Cgs
are also slightly off.

@ (a
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©® N
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)
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€ 0
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el

b / Lattice: ab=0.2, aT=1.0 °

8 4 Lattice: ab=0.5, aT=1.0 o]
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8 o ©  Continuum theory: 7=0 e
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Dimensionless distance: bL,=abN,

g ()
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0
)

8
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2 -0.01

.0

°

b5 o Lattice: ah=0.2, aT=0.1 °

8 o Lattice: ab=0.5, aT=0.1 o]

£ -002 ¢+t Lattice: ab=1.0, a7=0.1 o
% Continuum theory: 7/6=0.1

8 o _Continuum theory: 7=0 T

0 2 4 6 8 10
Dimensionless distance: bL,=abN,
FIG. 3. Casimir coefficients in axion electrodynamics at finite

temperature. (a) a7 = 1.0. (b) aT = 0.1.

but the result agrees with that in the continuum theory by
taking smaller lattice spacing. Thus, the continuum limit
from a lattice theory can correctly reproduce the exact
solution in the continuum theory. This is evidence that a
lattice regularization scheme is useful for investigating the
Casimir effect in axion electrodynamics.

Note that the qualitative behavior of the sign flipping
does not change even when we replace the current
boundary conditions with the periodic boundary conditions
(see Appendix B). Also, the existence of the momenta
(k. and k,) perpendicular to b is crucial. We can discuss it
with the two- or one-dimensional analogous model (see
Appendix C).

B. Finite temperature

In Fig. 3, we show the numerical results at nonzero
temperatures, a7 = 1 and 0.1. Even at finite temperatures,
we find the sign-flipping behavior of the Casimir energy at
bL, ~ 2.8 Low temperature (a7 = 0.1) mainly contributes

$Note that in Fig. 3(a), we also see the extremum of C[g,‘]is near
bL, ~ 1. However, this is not the extremum of E,, and hence
the sign of the Casimir force does not flip in this region.
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FIG. 4. Contributions from the plus/minus modes in Casimir coefficients in axion electrodynamics at zero temperature. (a)—(c)

ab = 1.0, 0.5, and 0.2 within L, < 10. (d) ab = 0.00001.

to the infrared positive-Casimir-energy region in a long
distance bL, Z 2. High temperature (a7 = 1.0) contributes
to also the ultraviolet negative-Casimir-energy region in a
short distance L, < 2. Although the ultraviolet region has
a large a dependence similar to the zero-temperature case,
we can safely reproduce the continuum result by taking the
continuum limit @ — 0. This is also evidence that a lattice
regularization scheme is useful for investigating the
Casimir effect even at finite temperature.

C. Anatomy of plus/minus modes

As seen in Eq. (2) [and also Eq. (11) on the lattice], the
dispersion relations of the plus and minus modes are
different from each other, so that in general each mode
should induce a different contribution. One of the questions
here is how much each mode contributes to the Casimir
effect in axion electrodynamics.

Using regularization approaches in prior studies, such
as a zeta-function regularization and the Lifshitz formula,9

%Since the zero-point energy consists of the sum of the plus and
minus modes [as in Eq. (3)], one can apply a regularization
approach to each mode separately.

we can prove that each mode gives half of the total Casimir
energy: There is no difference between the plus-mode and
minus-mode contributions.

In this section, we investigate this question by using our
lattice regularization. In Fig. 4, we plot the results for the
plus and minus modes separately and compare them and
the sum of the two modes. At ab = 1 in Fig. 4(a), we find
that the signs of contributions from the two modes are
opposite. After summing the two modes, the sign of the
total Casimir energy is determined (negative in the short
distance and positive in the long distance).

However, this is not our conclusion. As shown in
Figs. 4(b) and 4(c), we find that each contribution depends
on ab, while the total result is independent of ab. Such
relevant a dependence suggests that although each con-
tribution is not sufficiently regularized within our lattice
regularization, the total Casimir energy is correctly
regularized.

Furthermore, as shown in Fig. 4(d), if we focus on a tiny
ab, the contributions from the plus and minus modes are
almost the same, and hence the total Casimir energy is
interpreted as twice each contribution, which is consistent
with the picture in the continuum theory. Thus, the failure
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of our lattice regularization is limited to the intermediate ab
region.

In this work, our lattice regularization is defined as the
form of the dispersion relations (11) on the lattice. In order
to improve our lattice regularization, it might be better to
transform Eq. (11) into an appropriate form.

IV. CONCLUSIONS

In this paper, we showed that the sign-flipping behavior
of the Casimir effect in axion electrodynamics can be
derived with a lattice regularization, which is consistent
with the continuum theory.

Our approach can be successfully applied not only to the
standard axion electrodynamics but also to other models. For
example, we can check the consistency with the continuum
theory for the massive scalar field (Appendix A), the case of
the periodic boundary condition (Appendix B), lower-
dimension models (Appendix C), and photon fields modi-
fied in chiral media (Appendix D). Thus, our approach is
basically successful, but in Sec. IIIC, we showed an
example of inconsistency with the continuum theory.
Such inconsistency may suggest that the regularization is
insufficient and might be improved by introducing a
modified lattice regularization, which is left for future
studies.
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APPENDIX A: MASSIVE SCALAR FIELD

In this Appendix, in order to check the applicability of
our approach with a lattice regularization, we demonstrate
the Casimir effect for a massive real scalar field, where the
dispersion relation with a mass M in the d + 1 dimensional
spacetime is given as

(@) =k + ki + k2 +---+ ki, + M*. (Al)

In the continuum theory, the Casimir energy (per unit
area) with the Dirichlet boundary condition for the z
direction is obtained as [73,74]

2 d+1 )/2

(4ﬂ.>(d+1 d— )/2 Z

m=

K1) /2 (2mML)
md+1)/2

B¢y = -
(A2)

When we take the massless limit M — 0, this formula can
reproduce the results for the massless real scalar field,

3 0

]
t’)m.\.

~
i
)

& -0.005 f _

U Massive scalar (d=3)

i Dirichlet boundary

s o

()]

S ¢

% -0.01}

8 a Lattice: aM=0.2 o)
= Lattice: aM=0.5 |
% o Lattice: aM=1.0 o
© Continuum theory

O -0.015 ‘ : : :
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Dimensionless distance: ML,=aMN,

FIG. 5. Casimir coefficients for massive scalar fields in the
3 + 1-dimensional spacetime with the Dirichlet boundary
condition.

_ ¢@3 2 _
Ecy = —52 —y and — = at d =1, 2, and 3,

respectively.10

In addition, we remark on the relationship between the
Casimir effects for the massive field and in axion electro-
dynamics. When we fix d =3 and replace as M — 2,
Eq. (A2) agrees with the second term of Eq. (4) for the
Casimir energy in axion electrodynamics, except for the
factor 1/2 due to degrees of freedom for polarizations.
Thus, the solution (4) contains the behavior of the Casimir
effect for massive fields, and particularly the short-distance
behavior is dominated by it. While the second term of
Eq. (4) can be simply interpreted as a massive-field-like
Casimir effect, the first term leads to novel effects such as
the sign-flipping behavior and the repulsive Casimir force.

In Fig. 5, we compare the numerical results from the
lattice regularization and Eq. (A2) at d = 3. The result from
the lattice theory with a small lattice spacing well agrees
with that from the continuum theory.

APPENDIX B: PERIODIC BOUNDARY
CONDITION

While in the main text, we focus on the boundary
condition with k, — Z—” , in this Appendix, we show the
periodic boundary condition (PBC). Note that the Casimir
effect with the PBC for one spatial dimension is physical in
the solid-torus type of material, where the usual Casimir

force (as in the parallel-plates geometry) cannot be

"An analytic solution for the massless real scalar field is
[Eq. (2.13) in Ref. [73]]

Emss(M = 0) = —(dr) (@+1) F<d+ 1) {(d+ 1).

A3
2 L? (A3)

Note that the result for d = 1 in Eq. (2.15) of Ref. [73] includes
a typo.
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observed, but the internal pressure and the internal energy
density can be modified by the Casimir energy.
Furthermore, when one simulates the Casimir effect in
numerical lattice gauge simulations, simulations with the
PBC will be helpful as a simple condition.

The zero-point energy in the PBC is

(B1)

EPBC—Z Z/ = dk, dk wPBC'

n—=——00

The differences from the case of Eq. (3), are (i) the
summation range (from —oo to oo) over n and (ii) the
discrete momentum k, — 2 in the dispersion relation
@"BC. By using the definition of the zero-point energy
and an appropriate regularization scheme, we obtain the
Casimir energy as

1(mbL,/2)
mbL_/2

EPBC
(mbLZ/Z)2

b*L,
Cas 16”2 Z [

(B2)

This form can also be obtained by replacing L, in Eq. (4)
with L, /2 and by multiplying the whole by the factor 2. For
the definition of the Casimir energy in the lattice theory
with the PBC, we need to remove the factor % in Eq. 9),
which is caused by the range of n in Eq. (B1).

In Fig. 6, we show the numerical results from the
continuum and lattice theories. Thus, the magnitude of
the Casimir energy with the PBC is larger than that with the
boundary condition with k, — 7* (see Fig. 2), but the

qualitative behavior does not change. Therefore, our result
suggests that lattice simulations of axion electrodynamics
with the PBC can reproduce the sign-flipping behavior of
the Casimir energy.

0.05
0

-0.05

|
=
-

Periodic boundary

Casimir coefficient: CCas[?’]:LstCas

-0.15 |
-0.2 Lattice: ab=0.2 o
Lattice: ab=0.5 O
-0.25 rom Lattice: ab=1.0 <
03 ° ‘ ‘ Continuum theory

0 2 4 6 8 10 12 14 16
Dimensionless distance: bL,=abN,

18 20

FIG. 6. Casimir coefficients in axion electrodynamics with the
periodic boundary condition.

APPENDIX C: TWO-DIMENSIONAL
ANALOGOUS MODEL

While the usual axion electrodynamics is defined in the
3 + 1 dimensional spacetime, it is instructive to consider
lower-dimension analogous theories, such as 2 4 1- and
1 4+ 1-dimensions, where we define the following
dispersion relations:

<wid>2:k%+(m ilﬁf’ D
()2 = (H ii) ()

From Eq. (C1) and the Lifshitz formula, the Casimir
energy in the 2 + 1-dimensional continuum theory with
the boundary condition with k, — 7* for the z direction is

obtained as
o dE
=3 75
[+ — [\/52 + k,%(\/éz +k2F ib)r.

The Casimir coefficient is defined as Cgas = L2Ecy,.

In Fig. 7, we compare the solution of Eq. (C3) in the
continuum theory and the numerical results with the lattice
regularization. Thus, the Casimir effect in the 2+ 1-
dimensional model is analogous to that in the usual axion
electrodynamics.

We note that the dispersion relation in the 1+ 1-
dimensional model defined as Eq. (C2) is similar to the
massive field, except for the constant energy shift of + %.
Because the constant term :I:g does not contribute to the
Casimir energy, the Casimir energy in this model is

k"ln (1 o2L: k“])’

(C3)

(C4)

e  0.01
o
NLUN 0
T
& -0.01 ¢
8
$ -0.02
E ~0.03 I 2d-analogous model
9o
S -004 |
8 Lattice: ab=0.2 )
= -0.05 1 Lattice: ab=0.5 o]
% Lattice: ab=1.0 3
8 -0.06 to Continuum theory

0 2 4 6 8 10
Dimensionless distance: bL,=abN,

FIG. 7. Casimir coefficients in a two-dimension analogous
model for axion electrodynamics.
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completely the same as that in the massive field theory with

the dispersion relation @ = \/k? + b* /4. Thus, the Casimir
effect in this 1 4 1-dimensional model is not analogous to
that in the usual axion electrodynamics. This is because
there is no momentum perpendicular to the compactified
direction in the dispersion relation (C2).

APPENDIX D: JIANG-WILCZEK MODEL

In Ref. [26] (also see Ref. [27]), Jiang and Wilczek
investigated the Casimir effect for photons in chiral media
showing the Faraday effect or the optical activity. In their
model, the dispersion relations of photons are different
from those in axion electrodynamics, and hence the
qualitative behavior of the Casimir effect is also different:
The sign-flipping behavior occurs not once but infinitely
many times: the Casimir energy oscillates. In this
Appendix, we demonstrate this effect from the lattice
regularization.

The dispersion relations in the continuum theory are

b 2
(@) = k2 + k3 + (kz + E) : (D1)

This expression formally means that the two (normal)
linear dispersion relations are shifted by j:g in the k,
direction, where we call Eq. (D1) the Jiang-Wilczek model.
Note that in Ref. [26], the constant b is related to the
parameters of the Faraday effect (the magnitude of a
magnetic field and the Verdet constant) or the parameters

of an optically active material. From Eq. (D1), the Casimir
energy in the continuum theory is obtained as [26]

W _ /”ﬁ o dk,dk, In [1 1 e ERTRL,
Cas 27 |- (27)?

— 2 2VETRARL: ¢og (bLZ)} .

(D2)

For dispersion relations with the lattice regularization,
we apply the following forms:

1 1
(@IWY2 = 5 (2 = 2cosak,) + = (2 —2cos aky)

(D3)

In Fig. 8, we show the dispersion relations in the continuum
and lattice theories. Thus, when ab is small enough, the
structure near k, = :l:% (namely, the structure like the
separated Weyl points) is well approximated by the lattice
theory.

Note that when we apply Eq. (D3), the first BZ for ak,
is not 0 <ak, <2z but 0 <ak, <4x. Then, for the
definition of the Casimir energy, we have to replace as

(a) ab=0.2
aw, (aky)

(b) ab=1.e
aw. (aky)

(c) ab=3.e
aw, (aky)

(d) ab=4.e
aw, (aky)

FIG. 8. Dispersion relations for photon fields in the Jiang-
Wilczek model in the continuum theory characterized by Eq. (D1)
and a lattice theory defined as Eq. (D3). (a) ab =0.2.
(b) ab = 1.0. (c) ab =3.0. (d) ab = 4.0.

d(ak,)
BZ 4z

IS B2 51582 in Eq. (9) and [, d(gf) -
in Eq. (10).

In Fig. 9(a), we show the numerical results for ab = 0.2
and 1.0 to check the validity of the lattice regularization.
We find that the oscillatory behavior at ab = 0.2 is clearly
consistent with that in the continuum theory, except for the
smallest L. Thus, this lattice regularization approach can
be safely applied to an “oscillating” Casimir effect. Even at
ab = 1.0, we find that the oscillation almost agrees with the
continuum theory, but precisely speaking, it is slightly
modified. Such a modification suggests that the Weyl-
points-like structure is slightly different from the con-
tinuum theory [see Fig. 8(b)].

To comprehensively examine artifacts caused by a
coarser lattice spacing a (or equivalently a larger b effect),
in Fig. 9(b), we also show the results at ab = 3.0 and 4.0.
At ab = 3.0, we find that the amplitude of oscillation is
suppressed, compared to the continuum theory. This is due
to a large lattice artifact near the Weyl-points-like structure
[see Fig. 8(c)]. At ab = 4.0, the amplitude becomes almost
zero, except for the smallest HL_ . This is because, at
ab = 4.0, the Weyl-points-like structure in the lattice
dispersion relations completely disappears [see Fig. 8(d)].
Thus, when a or b is large enough, the current lattice
regularization cannot approximate the continuum theory,
and hence the similar Casimir effect cannot be reproduced.

APPENDIX E: LATTICE FIELD THEORY

In the main text, we assumed the dispersion relations
of photon fields on the lattice, Eq. (11). Eq. (11) can be
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FIG. 9. Casimir coefficients in the Jiang-Wilczek model.
(a) ab =0.2 and 1.0. (b) ab = 1.0, 3, and 4.

1
SWil = _ﬁ ZZRC tI'UIw(I’l)

nu<v

- —éz 2-a*?(V,A,(n) = V,A,(n,))? + O(a®)].

interpreted as an ansatz for the regularization to calculate
the Casimir energy, while it can be derived from a lattice
gauge field theory.

In this Appendix, we provide a derivation of the
dispersion relations of the U(1) gauge field in an axion
electrodynamics on the lattice. We consider a total action in
the four-dimensional Euclidean space, defined as

Siot = Swil + S + S, (EI)
where Syw; is the Wilson plaquette action [75], Sy is the
action of the topological 6 term, and S; is the action for the
gauge fixing. From this action, we will derive the inverse

propagator G, for the U(1) gauge field A,, defined as
u f

4
a
Stot = - ? zﬂ:AMG;blAw (EZ)

where 7 is the label of lattice cites on the Euclidean space.
First, we define the gauge-invariant plaquette U, as

U, (n) = a9t/ 2+A, (nt715/2)
X e~ iaglA,(n+D+1/2)+A, (n+0/2)]

— ¢l 9(VuA, (n,)=V,4,(n,.)) ) (E3)

where a and ¢ are the lattice spacing and the coupling
constant, respectively. Here, n,=n+ji/2 +7/2 is the
central point of a square lattice. With the plaquette U,,,
we can define the Wilson plaquette gauge action [75] as

follows:

For the calculation of (V,A,(n.) — V,A,(n.))? in Eq. (E4), we use the following equation

Z(vﬂAb(nc))(vaa(nc)) = Z(Av(nc +ﬁ/2) - Av(”c —ﬁ/2)) (Aa(nc +/A7/2) _Aa(nc _/3/2))

n

= =S A (ne +2/2)[V,V, (A, (ne + 2/2))].

==Y A (ne+ /) [Vu(As(ne +p/2 + 1/2) = Ag(ne = p/2+ 1/2))]

(ES)

where we set (p, o) = (u,v) or (p, 6) = (v, ). When we ignore the constant term and O(a®) contributions in Eq. (E4), we

finally get the leading order of the Wilson plaquette action which corresponds to [ d*xiF

4
a
SWil ~ —?ZAﬂ((sﬂyvz — Vﬂvy)Ay.

1F,,F,, in the continuum theory,

(E6)
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Next, we consider a topological 8 term on the lattice
[76,771, which corresponds to [ d4x¥F ﬂ,,I:” w I the con-
tinuum theory.

i0
SH = - 8_92 Zeﬂy/mtr[Uﬂu U/)o-]

i0 ,
— —8—9226'”1,/)5 [1 + lazg(V”Al, - VUA”)]
x [1+ia*g(V,A, = V,A,)] 4+ 0(a®). (E7)

By ignoring the constant term and the O(a®) contributions,
we get

4 1
50200 Y (%) |56 (Vo = Vo)
—iV._0a*
= TZ ezwmzAuvaa

iba* 6
- Tew,ZAyva(, + 0(a%), (E8)

where we used the definition b = —0,60 for the leading part
of =V.0 = —0.0 + 0(a?).

We also consider the gauge fixing term
— [d*x3(9,A,)*. On the lattice, it is discretized as
A, —» V,A,

S: = —%Z(V,,A,,)? (E9)

Since the gauge fixing term does not contribute to the
calculation of the gauge invariant physical quantities, we
add this term to match our perturbative representation to the
conventional representation of the continuum theory.11

Note that the ghost field does not contribute to the
Casimir effect because of the cancellation with the con-
tribution from the longitudinal photons (see Ref. [19] for
the axion electrodynamics in the continuum spacetime).

By gathering Egs. (E6), (E8), and (E9), we get the
inverse propagator on the lattice as follows:

G =6,V*+i€, bV, —(1-1V,V,.  (E10)

By the replacement of V,, — d,,, we find the corresponding
inverse propagator in the continuum theory. To move on to
the momentum space, we substitute aV, — —isin(ak,/2).
It means that all the momenta &, in the continuum theory
are replaced by the momenta on the lattice, sin(ak,/2).

Then, by substituing sin(ak,/2) into the dispersion
relations (2) for photons in the continuum spacetime, we
find the lattice representation of the dispersion relations (11).

"In lattice gauge theory (for a compact gauge field), the gauge
fixing is unnecessarily [75], but in the lattice perturbation theory,
the gauge fixing is required [78].
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