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The Casimir effect arises from the zero-point energy of particles in momentum space deformed by the exis-
tence of two parallel plates. For degrees of freedom on the lattice, its energy-momentum dispersion is determined
so as to keep a periodicity within the Brillouin zone, so that its Casimir effect is modified. We study the properties
of Casimir effect for lattice fermions, such as the naive fermion, Wilson fermion, and overlap fermion based on
the Mobius domain-wall fermion formulation, in the 1 + 1-, 2 4 1-, and 3 4 1-dimensional space-time with the
periodic or antiperiodic boundary condition. An oscillatory behavior of Casimir energy between odd and even
lattice size is induced by the contribution of ultraviolet-momentum (doubler) modes, which realizes in the naive
fermion, Wilson fermion in a negative mass, and overlap fermions with a large domain-wall height. Our findings
can be experimentally observed in condensed matter systems such as topological insulators and also numerically

measured in lattice simulations.
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I. INTRODUCTION

The Casimir effect [1-4] is one of the important physical
phenomena especially for microscopic systems with spatial
boundary conditions. Although the Casimir effect was orig-
inally predicted as early as 1948 [1], the first successful
experiment was reported fifty years later [5]. The original
Casimir effect was discussed for the photon field, which
is described by quantum electrodynamics (QED), but simi-
lar concepts can be extended to any field including scalar,
fermion [6,7], and other gauge fields, which have been ac-
tively studied.

Lattice field theories have been broadly used not only
as models to study lattice systems realized in solid-state
physics but also as tools to simulate more general (quan-
tum) field theories. A lattice formulation can allow us to
investigate physical systems without loss of the nonpertur-
bative effects by using numerical methods such as Monte
Carlo simulations. Lattice simulations of quantum chro-
modynamics (QCD), which is the fundamental theory to
describe the dynamics of quarks and gluons, are successful
examples.
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So far, Casimir(-like) effects on the lattice were numer-
ically studied for scalar field theories [8] and U(l) gauge
field theory [9-11] as a simple system. As nonperturbative
field theories, the compact U(1) gauge theory [12-15] and
non-Abelian gauge theories such as SU(2) [16,17] and SU(3)
[18] gauge fields are also studied. More complicated and
interesting examples are systems with an interaction between
different fields. For example, QCD includes a strong coupling
between quarks and gluons, which leads to various nonpertur-
bative phenomena such as the confinement, chiral symmetry
breaking, and instantons. Therefore the roles of the Casimir
effects in such interacting fermionic systems will be interest-
ing (e.g., see Refs. [19-59]).

We should mention the other important context of the
Casimir effect on the lattice. The various lattice fermions such
as the staggered fermion [60,61], Wilson fermion [62,63],
and domain-wall (DW) fermion [64-66] also appear in con-
densed matter physics such as Dirac or Weyl semimetals,
topological insulators and ultra-cold atom systems. For ex-
ample, the low-energy band structure in Dirac semimetals
[67-69] is Dirac-like (or linear-like), so that it can be regarded
as a dispersion relation of relativistic lattice fermion. Also,
the mechanism of gapless surface modes induced from the
gapped bulk fermions of topological insulators is formally
the same as the chiral fermions realized in the domain-wall
fermion formulation. Our motivation is not limited to theoret-
ical interests and is devoted to future experiments for these
condensed-matter materials. If we can experimentally prepare
sufficiently small materials, the Casimir effect for Dirac-
like lattice fermions should influence the thermodynamic and
transport observables.
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In Ref. [70], we proposed an analytical definition of the
Casimir energy for lattice fermions for the first time,' and
the various phenomena based on the Casimir energy were
investigated. As a sequential investigation, in this paper, we
focus on the following new subjects not studied in Ref. [70].

(1) Relationship between Casimir energy and dispersion
relation. We propose that the structure of energy-momentum
dispersion relation for a particle gives us a clear and intuitive
interpretation of the Casimir effect on the lattice. In particular,
we will emphasize novel phenomena induced by contributions
from the doubler modes

(2) Dependence on spatial dimensions. We investigate the
Casimir effects in the 2 4+ 1- and 3 + 1-dimensional space-
time while we studied only the 1 + 1 dimensions in Ref. [70].

(3) Other types of lattice fermions. For example, Wilson
fermions with a negative mass are interesting in the sense that
they are closely related to the band structures of topological
insulators.

(4) Derivation from the Abel-Plana formulas. The Abel-
Plana formula is used as a mathematical technique to derive
the Casimir effect in the continuum theory. We give a deriva-
tion of the Casimir effect on the lattice by using similar
formulas.

The theoretical construction of lattice fermions is closely
related to the Nielsen-Ninomiya no-go theorem [73,74]. This
theorem states that when we naively discretize the space,
the additional degrees of freedom which are the so-called
doubler particles appear [75]. To eliminate the contribution
from doublers in the continuum limit, we can use several
fermion formulations. The Wilson fermion [62,63], overlap
fermion [76,77], and domain-wall fermoin [64—66] are typical
examples of the fermion formulation without doublers in the
continuum limit. The Wilson fermion introduces a small but
explicit breaking term of the chiral symmetry to evade the
no-go theorem. The Wilson fermion has difficulty in physics
which strongly relates to the chiral symmetry but is useful
for other physics, and then it is broadly applied for numeri-
cal simulations of the QCD. The overlap fermion is a more
sophisticated formulation that can define the chiral symmetry
on the lattice. It also introduces small breaking terms of the
chiral symmetry, but we can discuss the details of the chiral
symmetry based on the Ginsparg-Wilson relation [78], which
represent the chiral symmetry on the lattice. The domain-wall
fermion produces a representation of the overlap fermion. The
Mobius domain-wall (MDW) fermion [79-81] is an improved
formalism of the domain-wall fermion.

This paper is organized as follows. In Sec. II, we formulate
the Casimir energy of lattice fermions, based on the definition
given by Ref. [70]. In Sec. III, we see the results for the naive
lattice fermions in the 1 + 1-, 2 + 1-, and 3 4+ 1-dimensional
space-time. In Sec. IV, we investigate the Wilson fermion
with a positive or negative mass. The latter corresponds to the
Casimir effect for the bulk modes of topological insulators.
Section V is devoted to the overlap fermion with the MDW
kernel operator, which corresponds to the Casimir effect for

TAs early works about the Casimir effect for lattice scalar fields,
see Refs. [71,72].

Spatlal boundary

J. M.

(a) Continuous time Dlscretlzed time

FIG. 1. Two types of setup for latticized space-time, where one
spatial direction has a boundary condition. (a) The time is not latti-
cized. (b) The time is latticized.

surface modes of topological insulators. In Sec. VI, we sum-
marize our conclusion. In Appendix A, we give a derivation
of the Casimir energies for the free massless fermion in the
continuum limit with the periodic and antiperiodic boundary
conditions. In Appendices B-E, we give derivations of the
Casimir energy for the lattice fermions from the Abel-Plana
formulas.

II. DEFINITION OF CASIMIR ENERGY ON THE LATTICE

Before defining the Casimir energy for fermions on lat-
tices, we clarify our setup. In this paper, we consider a
geometry where only one spatial dimension is compactified
by a boundary condition. Then one of the spatial momen-
tum components p; is discretized. The other momenta stay
continuous. This is the simplest geometry inducing a Casimir
energy. Besides, we have two choices to latticize the temporal
direction of the geometry or not, which are painted in (a) and
(b) in Fig. 1. (a) When the time is continuous, the temporal
component of momentum is not affected by the lattice, which
corresponds to a situation realized in a condensed matter sys-
tem with a small size. (b) In contrast, latticized time appears
in lattice QCD simulations. Then the temporal momentum is
discretized in a similar manner to the discretization of the
spatial momenta. These two setups lead to similar Casimir
effects, but the detail is slightly different. In this paper, we
focus on the geometry (a).

To define the Casimir energy, we need the energy-
momentum dispersion relation for lattice fermions. The
dispersion relation is obtained from the Dirac operator defined
in a relativistic fermion action. With nonlatticized temporal
components, the (dimensionless) energy is defined as

aE(ap) = av DD, (1

where a is the lattice spacing, and D is the Dirac operator
that includes the spatial momenta and a few parameters such
as the mass but does not include the temporal momentum.
This expression correctly reflects the positions of poles in the
fermion propagator in momentum space.

In the space where one spatial direction is compactified,
the corresponding momentum is discretized. The discretized

023201-2



LATTICE-FERMIONIC CASIMIR EFFECT ...

PHYSICAL REVIEW RESEARCH 3, 023201 (2021)

momentum under the periodic and antiperiodic boundary con-
ditions is

2nmw
apy — api(n) = —, 2)
N
2n+ D
api — ap¥(n) = — A3)

respectively, and N is the lattice size. The label n is an integer
bounded by the (first) Brillouin zone: 0 < apy < 27w (BZ1)
or — < apy < 1w (BZ2). Then the range of n in both the
boundary conditions is simply

0 <n®AP < N (BZ1), 4)
N N
-5 <nPAP L 5 (BZ2). ®)

Note that our results of the Casimir energy on the lattice
do not depend on the choice of the Brillouin zone because
the Casimir energy in this paper is defined within the first
Brillouin zone, and the momentum of fermions is periodic
within the first Brillouin zone.

With the discretized momentum, the zero-point energy (per
area) is defined as the momentum integral of the dispersion
relations:

Eo(N — 00) = —N / d’ap E(ap)
a = —Ncge ——aE(a
0 el T E

dzapl

Eo(N) = —caeg | Lt
— aEg(N) cdg/BZ an

Y aE(apy, api(n)),
(6)

where cqeg 1s the degeneracy factor, including the spin degree
of freedom. For results shown in this paper, we will set cgee =
1. The subscription BZ denotes that each integration variable
pi runs over the (first) Brillouin zone. Note that the Brillouin
zone for the upper (lower) equation is three- (two-) dimen-
sional. The negative sign in Eq. (6) is unique to fermions.
By taking account of the factor 2 from antiparticle degrees of
freedom, we drop the factor 1/2 from the zero-point energy.
Usually, in order to obtain the Casimir energy in the con-
tinuum theory, one needs to subtract the divergent zero-point
energy in infinite volume from the divergent one in finite
volume. On the other hand, in the lattice theory, both the zero-

J

point energies are not divergent by the lattice cutoff. In order
to get a physical quantity corresponding to the Casimir energy,
we give a definition on the lattice by subtracting aEy(N —
o0) from aEy(N). In the 3 4 1-dimensional space-time with
one compactified spatial dimension, the Casimir energy is [70]

aEZ P = aEg(N) — aEy(N — o0)

/ d*ap,
= C e —_—
8 oy Qu )

dap,
x [—anamapbapl(n))w /B =

aE (ap):| .

(N
Similarly, we define the Casimir energy in lower spatial di-
mensions, e.g., in the 1+1 dimensions [70],
LaE (a )i|

alELHP = Cdeé{ Z ak(api(n)) + N/
®)

In the following, we call the first and second terms the (nega-
tive) sum part and (positive) integral part, respectively, which
is convenient to interpret the various properties of the Casimir
energy.

III. CASIMIR ENERGY FOR NAIVE FERMION

In this section, we demonstrate the Casimir effect for the
naive lattice fermion which is one of the simplest formulations
of lattice fermions, but it contains doubler degrees of freedom.

We define the (dimensionless) Dirac operator of the naive
lattice fermion in momentum space:

aDy = iZyk sinapy + amy, ©)]
k
where y; is the gamma matrix with the index k, and m is the
mass of the fermion.
From the definition (1), the dispersion relation of this
fermion is written as

’Ef(ap) =) _sin”apy + (amys)*. (10)
k

Using the square root of Eq. (10) and the definition (7), the
Casimir energy in the 3 + 1 dimensions is

Eé:le nfP _ aEnglD,nf,P(N) _aEnglD,nf,P(N — 00)

_ d*ap ) dap: . 5 5

=Cig | 55 Z sin? =— + Z sin® apy + (amyg)=+ N Z sin“apy + (amg)= |, (11)
(27) k=23 Bz 27 k=123

Eé:le nf AP _ E3+1D nf, AP(N)_aEg-HD,nf,AP(N 5 00)

d*a 2n+ D da

= Cdeg (ZTI;; —Z\/Sinz( j\_] ) + Z sin apk+(amf)2+N/ Pi Z sin” apy + (amy)? |,

n k=23 k=123

12)
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where the integration with respect to ap is in the range of the
first Brillouin zone. Then we can define the Casimir energy
without divergence.

By using mathematical techniques such as the Abel-Plana
formulas (which are shown in Appendix B), one may get sim-
pler analytic formulas for the Casimir energy. For example,
for the naive fermion with m; = 0 in the 1 + 1-dimensional
space-time, we can derive the exact formulas for dimension-
less Casimir energies [70] (for a derivation, see Appendix C):

aELTIDATP %N — cot % (N =odd),  (13)
aELIDArP Z?N - 2cot]£v (N =even),  (14)
ELHIDrAP W ot % (N =odd),  (15)
aEl DAY — 27N - 2CSCIZV (N = even), (16)

Here, we find that the odd lattice (N = odd) and even
lattice (N = even) exhibit different Casimir energies for both
the periodic and antiperiodic boundaries. In other words, the
Casimir energy for the naive fermion is oscillatory between
the even and odd lattices. This behavior is induced by the ex-
istence of the ultraviolet-momentum zero modes (or massless
doublers) in the naive fermion [70].

By expanding these formulas (13)-(16) by a/L or equiv-
alently 1/N, we can obtain the formulas with the small a
expansion [70]

T 7T3£12
ESHIPE — o T3e T O(@@®) (N =odd), (17)
g™ = i—’,f + 24@122 +0@") (N =even), (18)
E(lj;;lD,nf,AP: 677_L+%+0(a4) (N =odd), (19)
REIPAT — T (O (4 = even. @0

Thus the terms depending on the lattice spacing a are domi-
nated by the terms with a?. From these formulas, if we take the
continuum limit @ — 0, then the Casimir energies from the
odd and even lattices are different from each other. In other
words, we cannot derive the Casimir effect for the original
Dirac fermion from the continuum limit of the naive fermion
formulation. In the next sections, we will see that this situation
is different from the Wilson fermion shown in Sec. IV and the
overlap fermion in Sec. V.

In Fig. 2, we plot the Casimir energies for the massless
or positive-mass naive lattice fermions for the periodic or an-
tiperiodic boundary. In these plots, it is convenient to see two
types of dimensionless quantities. The first is aEc,s, Which
is proportional to 1/N¢ in the d + 1 dimensions for massless
particles in the continuum theory. The second is the coefficient
of Casimir energy N4 1LEc,, which is shown in the small
windows. This quantity is a constant in the continuum theory,
so that it will be useful for comparing the difference between
the lattice theory and continuum theory. Also, in Fig. 2, we can
find that there are oscillatory behaviors of the Casimir energy
inthe 14+ 1,2 + 1, and 3 + 1 dimensions.

For a better understanding, it is useful to compare the
Casimir energy and the corresponding dispersion relation. In
Fig. 3, we show the (continuous) dispersion relations of the
massless or positive-mass naive fermion in the 1 + 1 dimen-
sions, where the Brillouin zone is —m < ap; < 7. For the
massless naive fermion, we find the dispersion relation goes to
zero at ap; = m that is the ultraviolet-momentum zero mode
as well as at ap; = 0 that is the infrared zero mode. When a
boundary condition is imposed, the continuous energy level is
discretized into some levels living on this dispersion relation.
The Casimir energy defined as Eq. (8) is determined by the
difference between the sum part including contributions from
these discretized levels and the integral part including the
continuous level.

Furthermore, we find that the Casimir energy for the mas-
sive naive fermions is suppressed compared with that for
the massless one, which is similar to the behavior of mas-
sive degrees of freedom in the continuum theory (e.g., see
Refs. [7,82,83]), where the suppression is known to behave as
an exponential function. In fact, when we plot the logarithm of
the aEcy and N4~ 'LE¢, in Fig. 3, we obtain a linear behav-
ior in the large-lattice-size region. Therefore the exponential
damping of Casimir energies for massive fermions occurs
even on the lattice. Note that the sign of the Casimir energy for
a massive fermion does not change from that of the massless
case.

The sign of the Casimir energy is often interesting, where
positive and negative Casimir energies correspond to the
repulsive and attractive Casimir forces, respectively. In par-
ticular, this sign is related to the number of the zero modes
with aE = 0.

(1) Odd N with periodic boundary. There is one infrared
zero mode (ap; = 0). This zero mode suppresses the contri-
bution of the negative sum part to the Casimir energy. As a
result, the Casimir energy is dominated by the positive integral
part, and its sign is positive.

(2) Even N with periodic boundary. There are two zero
modes (ap; = 0, 7). Both the zero modes suppress the nega-
tive sum part, so that the positive Casimir energy is enhanced.

(3) Odd N with antiperiodic boundary. There is one
ultraviolet-momentum zero mode (ap; = ). This situation is
equivalent to the odd N with the periodic boundary, although
the momentum of the zero mode is different from each other.
Such equivalence on the odd lattice appears not only in the
1 + 1 dimensions [70] but also in the 2 + 1 and 3 4 1 dimen-
sions.

(4) Even N with antiperiodic boundary. In this case, there
is no zero mode. Then, the negative sum part of the Casimir
energy is enhanced by the higher nonzero modes, and as a
result the sign of the Casimir energy becomes negative, which
is the only situation to induce the attractive Casimir force by
using the free naive fermion.

IV. CASIMIR ENERGY FOR WILSON FERMION

In this section, we investigate the Casimir effects for Wil-
son fermions. In Sec. IV A, we study the conventional Wilson
fermion [62,63]. The results in the 1 4+ 1 dimensions were
studied in Ref. [70], so that, in this paper, we focus on the
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FIG. 2. Casimir energy for massless or positive-mass naive fermion in the 1 + 1-, 2 4 1-, and 3 + 1-dimensional space-time (the temporal
direction is not latticized). Small windows show the coefficients of Casimir energy. Dashed and dotted lines are the leading terms of the
expansion by a/L or equivalently 1/N, which is obtained as an asymptotic form for the massless fermion in the large lattice size N. (Left)

Periodic boundary. (Right) Antiperiodic boundary.

The term proportional to r is called the Wilson term, and it is
interpreted as a momentum dependent mass term to eliminate
the doublers. From this Dirac operator, the dispersion relation
is

dependence on the spatial dimension. In Sec. IV B, we exam-
ine Wilson fermions with negative masses.

A. Wilson fermion

The (dimensionless) Dirac operator of the Wilson fermion
with the Wilson parameter r and the fermion mass my is
defined as

aDy = iZ Vi sinapy + rZ(l —cosapy) +amy. (21)
k k

2
aZE&,(ap) Zsm apy +|: Z(l —cosapk)+amf:| .

(22)
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FIG. 3. Dispersion relations for naive and Wilson lattice
fermions in the 1 + 1-dimensional space-time (the temporal direction
is not latticized).

From the definitions of the Casimir energy, Eqs. (7) and (8),
we can get the Casimir energy.

For example, when we set r =1 and my =0 in the 1 +
1-dimensional space-time, we obtain the exact formulas [70]
(for a derivation, see Appendix D):

4N T
EFIDWE T oot —, 23
a Cas T co 2N ( )
4N
aECI;ID«WeAP = — —2c¢sc l. (24)
s T 2N

Expanding these formulas by a/L, we obtain [70]

3,2

glrmwe T TE L gy, 25

Cas 3L + 180L3 +0@) *)
Tn3a?

pleowar _ T O@@h. 26

Cas 6L ~1asops O (O

Here, we find that the terms with 37 for the periodic boundary
and — Z- for the antiperiodic boundary agree with the Casimir
energy for the massless fermion in continuum theory, respec-
tively (for a derivation, see Appendix A):

T
E(lj;;lD,COnl,P — 3L’ (27)
1+1D,cont,AP __ T
Eq. LAP — ~oL (28)

Thus, by taking the continuum limit a — 0 of the Casimir
energy for the Wilson fermion, we can obtain that for the
continuum theory. This is because the Wilson fermion has no
doublers in contrast to the naive fermion, and also the Casimir
energy is well dominated by the infrared zero modes. On the
other hand, the terms including ¢ and the higher orders are
lattice effects (or “lattice artifacts” in the context of lattice
simulations) which is related to properties in the ultraviolet
region of the dispersion relation.

In Fig. 4, we plot the Casimir energy for the massless or
positive-mass Wilson fermion at » = 1. We find that, even
for the 2 + 1- and 3 4 1-dimensional space-time, the Casimir

energies for the massless Wilson fermions are agree well with
the continuum limit:

n £@3)
Eé:;lD,co t,P — an , (29)
¢ 3¢(3)
E(ZZ:;ID, ont, AP — _ 471L2 , (30)
2
3+1D,cont,P __ T
ECas - 45L3 ’ (31)
Tr?

E3+1D,c0nt,AP _

Cas 36OL3 . (32)

Also, we find that the Casimir energy for the positive-mass
Wilson fermions is suppressed compared with that for the
massless one, which is similar to the behavior of massive
naive fermions in Sec. III.

Finally, we discuss the relation between the sign of the
Casimir energy and the number of the zero modes.

(1) Periodic boundary. For the massless case, there is one
infrared zero mode (ap; = 0). This zero mode suppresses the
negative sum part to the Casimir energy, so that the Casimir
energy becomes positive. When the fermion has a positive
mass and the zero mode disappears, both the negative sum
part and positive integral part are enhanced. As a result, the
negative Casimir energy is suppressed.

(2) Antiperiodic boundary. Even for the massless case,
there is no zero mode. Then, the negative sum part of the
Casimir energy is enhanced by the higher nonzero modes, so
that the Casimir energy is negative.

B. Wilson fermions with a negative mass

Next, we study the Casimir energy for the Wilson fermions
with a negative mass, am; < 0. A negative mass in the Wilson
fermion corresponds to a negative shift of the Wilson term,
and the resultant dispersion relation is significantly modified.
This situation is distinct from the effect of a negative mass in
the continuous Dirac fermion. In the Dirac fermion, the sign of
the mass term in the Lagrangian does not affect the dispersion
relations such as E = +,/p? + m2.

In realistic topological insulators, the parameter am; (and
the Wilson parameter r) is related to the strength of the
spin-orbit interaction and the original band structure without
the spin-orbit interaction, which are intrinsic to a material.
In experiments, one can tune this parameter by changing
the chemical composition of the material (for example, for
BiTI(S;_sSes),, see Ref. [84]).

In the upper panels of Fig. 5, we show the numerical results
in the 1 + 1-dimensional space-time, where the spatial one di-
mension has the periodic or antiperiodic boundary condition.
The properties of the Casimir energy can be well understood
by their dispersion relations, as shown in Fig. 6. From Fig. 6,
we can see that the energy of the low-momentum mode in-
creases by a negative mass, while that of the high-momentum
mode decreases in the region of 0 < am; < —2. Here, our
findings are as follows.

(1) =1 < amy < 0. At amy = 0, we observe the Casimir
energy of massless Wilson fermions. As am; decreases,
both the Casimir energy aEc,s and its coefficient LEc, is
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FIG. 4. Casimir energy for massless or positive-mass Wilson fermion in the 1 4+ 1, 2 4 1, and 3 + 1-dimensional space-time (the temporal
direction is not latticized). Small windows show the coefficients of Casimir energy. Dashed lines are the leading terms of the expansion by a/L
or equivalently 1/N, which is obtained as an asymptotic form for the massless fermion in the large lattice size N. (Left) Periodic boundary.

(Right) Antiperiodic boundary.

suppressed in larger lattice size, which is similar to that for
Wilson fermions with a positive mass. This similarity is un-
derstood from the dispersion relations shown in Fig. 6. For
example, the dispersion for the negative mass with amy =
—0.5 (the red dash-dotted curve) is similar to that for the
positive mass am; = 0.5 (the green dashed curve).

(2) amy = —1. At this parameter, we find that the Casimir
energy is equal to zero in both the periodic and antiperiodic
boundaries. This behavior can be understood as follows. The

Wilson Dirac operator at amy = —1 is written as

aDiy1p = iy sinapy + r(—cosapy). (33)

Then, we find that the dispersion relation is a constant, as
shown in the black dotted line of Fig. 6:

@’Ef, plap) = 1. (34)
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Antiperiodic boundary.

Using the definition (8), we can show that the corresponding
Casimir energy is zero:

abelP = 0. (35)

4 f‘Cont_ ................. amfz_‘i ............ ]
am=0.5 ---- am=-1.5 D41
am=0 am=—-2  ——  \wison

Dispersion avDD'

Spatial momentum ap;

FIG. 6. Negative-mass dependence of dispersion relations for
Wilson fermions in the 1 4 1-dimensional space-time (the temporal
direction is not latticized).

Thus am; = —1 is a special mass parameter for the Casimir
effect in the 1 4 1 dimensions.

The physical interpretation of this behavior is as follows.
For am; = —1, the dispersion relation of the Wilson fermion
becomes a “flat band” where the energy is independent of
the momentum (for an equivalent discussion, see Ref. [85]).
The Casimir effect originates from the difference between the
zero point energies of the finite volume and infinite volume
(or finite lattice size N # oo and infinite lattice size N = 00),
but the energy difference for the flat band is zero, which
means that the Casimir effect does not occur. As an alternative
interpretation, this flat band means that its eigenstates in real
space are wave functions “localized” on nearest-neighbor two
sites, where a particle can hop only between the two sites
and does not hop onto other sites. For such localized wave
functions, when we change the numbers of lattices, the energy
(per one site) of the systems does not change.

(3) =2 < amy < —1. In this region, we find an oscillation
of Casimir energy between the even and odd lattices, and
LEc, is suppressed in larger lattice size. As shown in the cyan
dashed curve of Fig. 6, this oscillation is dominated by lower
nonzero modes around ap; = m, and the contribution from
higher modes around ap; = 0 is relatively suppressed.

(4) amy; = —2. This is also a special parameter, but it
is distinct from am; = —1. Here, we find an oscillation of
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the Casimir energy, and LEc,s approaches to a constant in
larger lattice size, which implies that the Casimir energy is
dominated by massless degrees of freedom.

The Wilson Dirac operator at amy = —2 is written as

aDiy1p = iy sinapy + r(—1 — cosapy). (36)

Then, we find that the dispersion has a ultraviolet-momentum
zero mode (in other words, massless doubler) at ap; = m, as
shown in the magenta solid curve of Fig. 6. Note that Fig. 6
is just a plot of continuous spectrum. Although energy levels
discretized by the existence of boundaries is not necessarily
to pick up this zero mode, which depends on the form of the
boundary condition, at least the Casimir energy is dominated
by “light” modes around this zero mode. The exact formulas
of the Casimir energies at amy = —2 and r = 1 are (for a
derivation, see Appendix E)

aELTDP = 47N —2esc % (N =odd),  (37)
aBLHPP = %N — 2cot % (N =even),  (38)
aELTIDAP - %N — 2cot % (N =odd),  (39)
ECI;ID’AP = 47N —2csc % (N = even). (40)

Here, we find that Eqgs. (38) and (39) agree with Eq. (23)
for the periodic boundary at am; = 0. On the other hand,
Egs. (37) and (40) agree with Eq. (24) for the antiperiodic
boundary at ams = 0.

Thus we find that, on the even lattice, the Casimir energies
for the amy; = 0 and am; = —2 are equivalent to each other.
This is because, for the periodic boundary, the contribution
from the infrared zero mode at am; = 0 is equivalent to
that from the ultraviolet-momentum zero mode at am; = —2,
which holds also for contribution from nonzero modes. The
existence of zero modes leads to the positive Casimir energy.
For the antiperiodic boundary, the dispersion does not contain
zero modes, so that it induces negative Casimir energy.

On the odd lattice, the Casimir energy with the periodic (an-
tiperiodic) boundary atamy = —2 is equivalent to that with the
antiperiodic (periodic) boundary at amy = 0. This is because
the infrared zero mode at amy = 0 for the periodic boundary
plays an equivalent role of the ultraviolet-momentum zero
mode at am; = —2 for the antiperiodic boundary, where their
zero modes induce the positive Casimir energy. Also, the
dispersions at amy = O for the antiperiodic boundary and at
amy = —2 for the periodic boundary do not include zero
modes, so that it contributes to negative Casimir energy.

(5) amy < —2. In this region, we also find an oscillation
between the odd and even lattices, where LE,s is suppressed
in larger lattice size. Such behavior is similar to the region of
-2 <amy < —1.

Here, we comment on the relationship between our results
and 1D topological insulators which can be described by the
Su-Schrieffer-Heeger (SSH) model [86,87] as a typical model.
While the Wilson fermion with either a positive mass amy > 0
or a large negative mass amy < —2 is a normal insulator
without nontrivial topology, systems described by the Wilson

LB g
LA LA _
]
LT ]
S —
e

o

FIG. 7. Negative-mass dependence of dispersion relations for
Wilson fermions in the 2 + 1-dimensional space-time (the temporal
direction is not latticized).

fermion with —2 < ams < 0 corresponds to a topological
insulator, where the nontrivial topology is characterized by
the Winding number v = 1 corresponding to the mapping
S' — S' from momentum space to spin space. The existence
of an open boundary condition (or a finite length) induces
a gapless chiral edge mode at the zero-dimensional edge of
the insulator. The Casimir effect for bulk modes inside the
topological insulator will affect the thermodynamic properties
of the bulk modes. Note that, as shown in Eq. (34) and the
black dotted line in Fig. 6, amy = —1 is a special parameter,
which corresponds to just a flat band without any momentum
dependence.

For higher dimensions, the negative-mass dependence be-
comes more complicated. In the lower panels in Fig. 5,
we show the numerical results in the 2 + 1-dimensional
space-time, where the spatial one dimension has the peri-
odic or antiperiodic boundary condition, and another spatial
dimension has no boundary. Their corresponding dispersion
relations are shown in Fig. 7.

(1) =2 < amy < 0. Atamy = 0, the Casimir energy aFEcqs
is proportional to 1/N? in larger lattice size, and its coefficient
NLE(, is not suppressed. Such a behavior is induced by
the infrared zero mode, (apy, ap>) = (0, 0), as shown in the
left upper panel of Fig. 7. In the region of —2 < am; < 0,
aFEcys is not proportional to 1/N?, and NLEc,, is suppressed
in larger lattice size. This behavior implies that the relevant
degrees of freedom may be massive. For example, we show
the dispersion with am; = —1 in Fig. 7. From this figure, we
see that the energies of all the modes are more than 1, and
there is no zero mode.
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(2) am; = —2. This is a special mass parameter.” Here, we
find an oscillatory behavior of the Casimir energy between the
odd and even lattices. NLE, is not suppressed in larger lat-
tice size, which implies that the Casimir energy is dominated
by massless degrees of freedom. As shown in left middle
panel of Fig. 7, there are two zero modes, (ap;, ap;) = (0, )
and (7,0). Note that the other zero modes (api,apy) =
(0, =) and (—m,0) are outside the first Brillouin zone
(—m < apy < m), so that they do not contribute to the Casimir
effect we showed.

(3) =4 < amy < —2. We find an oscillatory Casimir en-
ergy, where NLEc,, is suppressed in larger lattice size. We
show am; = —3 in the right middle panel of Fig. 7, where we
see that there is no zero mode, but there are lowest modes in
the ultraviolet-momentum region (|lapy| ~ 7). These lowest
modes contribute to the oscillation of the Casimir energy.

(4) amy = —4. We also find an oscillatory behavior of the
Casimir energy. Here, NLE,, is not suppressed in larger lat-
tice size, which is a similar behavior to am; = —2. As shown
in the left lower panel of Fig. 7, we can see that there are an
ultraviolet-momentum zero mode, (ap;, ap,) = (7, w). Note
that the other zero modes, (api, ap;) = (7w, —m), (—m, ),
and (—m, —), are outside the first Brillouin zone, so that they
do not contribute to the Casimir effect.

(5) amy < —4. In this region, we find an oscillatory
Casimir energy. NLEc,s is suppressed in larger lattice size,
which is similar to the case with —4 < am; < —2. We show
amy = —5 in the right lower panel of Fig. 7. The form of the
dispersion is similar to am; = —4, but all the modes are more
than 1, and there is no zero mode.

Finally, we comment on the relationship to two-
dimensional (2D) materials in condensed matter physics.
When we consider the 2 x 2 component Wilson Dirac op-
erator, cgeg = 1, the corresponding materials are quantum
anomalous Hall insulators (or Chern insulators). These mate-
rials violate time-reversal invariance and can be described by
the Qi-Wu-Zhang model [94,95] as a typical model. Then, the
Wilson fermion with either a positive mass amy > 0 or a large
negative mass amy; < —4 is a normal insulator with trivial
topology. On the other hand, systems described by the Wilson
fermion with —2 < am; < 0 or —4 < am; < —2 correspond
to quantum anomalous Hall insulators, where the nontrivial
topology is characterized by TKNN integers [96] or (first)
Chern numbers [97], C; = 1 and C; = —1, respectively. Thus
—2 <amy < 0 and —4 < am; < —2 are topological phases
distinguished by a different Chern number. The existence of
an open boundary condition induces a gapless chiral edge
mode along the one-dimensional edge of the insulator. The
Casimir effect for such an edge mode is not related to what
we analyzed in this section, but it will be studied in Sec. V.
The Casimir effect for the 2D bulk modes corresponds to that

*The Wilson fermion satisfying am; +dr = 0, where d is the
dimensions in Euclidean lattice space, is known as the central-branch
Wilson fermion [88-93], which is a special lattice fermion. In our
setup, the time in the 2 4 1-dimensional space-time is not on the
lattice, so that the Wilson fermion with am; = —2, studied in this
section, is (partly similar to but) different from the central-branch
Wilson fermion.

studied in this section, which will be significant if the length
of one direction of the 2D material is very short, and it can
affect thermodynamic phenomena for the bulk modes.

As another example, when we consider the 4 x 4 compo-
nent Wilson Dirac operator, cgeg = 2 (the case with Kramers
doublet such as spin degrees of freedom), the corresponding
materials are time-reversal invariant 2D topological insula-
tors, namely quantum spin Hall insulators, which are two
copies of quantum anomalous Hall insulators. Such materi-
als can be described by the Bernevig-Hughes-Zhang model
[98] and were experimentally observed in CdTe/HgTe/CdTe
quantum well [99]. Even in this case, within our setup, the
corresponding Casimir energy for the bulk fermion is qual-
itatively the same (except for the factor of the number of
the degrees of freedom, c4ee = 2) as long as the dispersion
relations of the different spin components degenerate.

V. CASIMIR ENERGY FOR OVERLAP FERMION

In this section, we study the Casimir energy for the overlap
fermion with an MDW kernel operator. In the DW fermion
formulation [64-66], a “bulk” fermion is defined in the
D + 1-dimensional Euclidean space, which becomes a kernel
operator in the D-dimensional space. This bulk fermion is pro-
jected into the chiral “surface” fermion in the D-dimensional
space. Usually, the surface fermions include information on
the finite length of the extra dimension, but for simplicity we
consider the infinite length. Then the DW fermion is equiva-
lent to the overlap fermion [76,77].

A. MDW Kkernel operators

Here, we define the MDW kernel operator Dypw [79-81],
b(aDw)

2+ c(aDy)’

where b and ¢ are called Mobius parameters. The operator at
b =1 and ¢ = 1 corresponds to the conventional Shamir-type
formulation [65], and that at » = 2 and ¢ = 0 is Borigi-type
(or Wilson-type) [100,101]. Dy is the Wilson Dirac operator
with » = 1, as defined in Eq. (21), where the original fermion
mass my is replaced by the domain-wall height am; — —Mj
that plays a role as the negative mass of bulk fermions.

aDMDW = (4 1 )

B. Overlap fermion with MDW kernel

Using the MDW kernel operator Dyipw, we define the
overlap Dirac operator Doy with a fermion mass m; and a
Pauli-Villars mass mpy,

aDoy = (2 — cMy)Myampy
(I +ams)+ (1 —ams)V
(1 +ampy) + (1 — ampy)V~’

(42)

with

Dypw

V = yssign(ysaDypw ) = —————x.
\/D;/IDWDMDW

The Pauli-Villars mass mpy was introduced so as to sat-
isfy the Ginsparg-Wilson relation. The scaling factor (2 —
cMy)Mympy with a constraint 2 — cM > 0 is determined so

(43)
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as to realize the dispersion relation of fermions in the con-
tinuum theory: lim,_.o D{}, Doy = p* for m; = 0. Note that
if we consider a finite length of the extra dimension, then
the sign function in Eq. (43) is replaced by an approximate
functional form depending on the finite length.

As a result, the dispersion relation of the overlap fermion
is written as

a’Egy = [(2 — cMo)Momey]*

2[1 + (ams) 1+ [1 = (amp)*1(VT + V)

. (44
21+ miy ]+ 1 —md, (VI +V) @

where we used VIV = 1 and the commutation relation be-
tween VI +V and V. Using Dy, Vi+Vis

1

v/ DK/IDWDMDW

_ 1
= 2(Dw + D, + ¢D}, Dy) ———

D}, Dy

Vi4+V = (D} pw + Dvow)

]
X .
¢ﬁ+2dD&—%Dw%+ﬁD&DW

. (45

where we used DINDW >0 and 4+ 2C(DIV + Dw) +
czDi;vDW > 0.

Note that, in this work, the overlap Dirac operator is in-
dependent of the parameter b. The b dependence can appear
when we consider a finite length of the extra dimension. By
substituting the square root of the dispersion relation (44) into
the definitions (7) and (8), we can calculate the Casimir energy
for the overlap fermion.

C. Numerical results

In Fig. 8, we show the dependence of the Casimir energy
for the overlap fermion with the MDW kernel operator on the
domain-wall height (M, = 0.5, 1.0, and 1.5), where ¢ = 0 and
mpy = 1.0 are fixed. The results in the 1 + 1 dimensions are
the same as that obtained in Ref. [70], and the results in the
241 or 3 + 1 dimensions are newly obtained in this work.
In Fig. 9, we show the corresponding dispersion relations in
the 1 + 1-dimensional space-time. From this figure,, we see
that the ultraviolet part of the dispersion relations is modified
by tuning M. Note that My = 1.0 in the 1 4- 1 dimensions is
equivalent to the Wilson fermion at am; = 0.

First, we summarize the properties of the Casimir energy in
the three regions (namely, small N, intermediate N, and large
N).

(1) Suppression of Casimir energy in small N. In Fig. 8§,
for My < 1.0, we find that the Casimir energy for the overlap
fermion is suppressed as the lattice size N decreases. Such
suppression of the Casimir energy at a small lattice size is
intuitively understood by considering the case at N = 1.

For example, for the periodic boundary in the 1 4+ 1 dimen-
sions, the possible momentum and energy at N = 1 are only
ap; = 0 and aE = 0, respectively. Then the sum part of aEc,s
defined as Eq. (8) is zero, so that aEc, is determined by only
the positive integral part. The integral part at a smaller M,
is smaller than that at a larger M, so that the corresponding

(positive) Casimir energy at the smaller M is also suppressed
compared with the larger M.

The case with the antiperiodic boundary is more com-
plicated than that with the periodic boundary. In the 1+ 1
dimensions, the possible momentum at N = 1 is only ap; =
7 which is the maximum energy level within the Brillouin
zone, and this energy level dominates the negative sum part
of aEc,s. The difference between the negative sum part and
positive integral part determines the negative aEc,s. With de-
creasing My, both the parts are suppressed, where the negative
aEc,s 1s determined by a balance between the two parts. As a
result, aEc,s is also smaller. Thus a small M can lead to the
suppression of the Casimir energy.

(2) Enhancement of Casimir energy in intermediate N. Next
we focus on the intermediate N region. For My < 1.0, we find
that the Casimir energy for the overlap fermion is enhanced,
compared with that expected in the continuum theory. Such
enhancement is similar to that for the Wilson fermion at
amy = 0 in the small N region. For the periodic boundary,
this enhancement is induced by contributions from nonzero
modes (ap; > 0) which appears at N > 2. For the antiperiodic
boundary, this is caused by contributions from lower modes
(ap, < m) except for the maximum mode (ap; = 7).

(3) Good agreement with continuum theory in large N. In
the large N region, the Casimir energy for the overlap fermion
agrees well with that in the continuum theory, which is similar
to the Wilson fermion at am; = 0. Thus the Casimir energy
in the large N region is determined by the infrared part of the
dispersion relations.

Next, we summarize the domain-wall height M, depen-
dence.

(1) No oscillation at My < 1.0. First, at My = 0, the overlap
fermion is not defined. In the region with 0 < M, < 1.0, we
find that there is no oscillation. This is because the doublers
are sufficiently massive, so that their contributions are irrele-
vant. When M, # 0 is small enough, both the suppression of
Casimir energy at small N and the enhancement at intermedi-
ate N are visible.

(2) Good agreement with continuum theory at My = 1.0.
In the 1 + 1-dimensional space-time, the Casimir energy at
M, = 1.0 is equivalent to that for the Wilson fermion and well
reproduces that in the continuum theory. On the other hand,
in the higher dimensions, the Casimir energy for the overlap
fermion is not equivalent to that for the Wilson fermion, but
they also well reproduce that in the continuum theory.

(3) Oscillation at My > 1.0. In the region with M, > 1.0,
we find an oscillatory behavior of the Casimir energy, where
we find the enhancement on the odd lattice and suppression
on the even lattice. This oscillation is induced by the contribu-
tions from massive doublers® which is irrelevant at M, < 1.0.
As shown in Fig. 9, the dispersion relation at My = 1.5 is very
close to the linear dispersion, but the corresponding Casimir
energy in the small N region is quite different. Therefore, if
we try to reproduce the Casimir energy for the continuum

3In the domain-wall fermion formulation, the doublers with a heavy
mass still survive. We call such ultraviolet-momentum modes “mas-
sive doublers.”
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FIG. 8. Casimir energy for overlap fermions with MDW kernel operator in the 1 + 1-, 2 + 1-, and 3 + 1-dimensional space-time (the
temporal direction is not latticized). Mobius parameter ¢ = 0 and Pauli-Villars mass mpy = 1 are fixed. Small windows show the coefficients
of Casimir energy. Dashed lines are the leading terms of the expansion by a/L or equivalently 1/N, which is obtained as an asymptotic form
for the massless fermion in the large lattice size N. (Left) Periodic boundary. (Right) Antiperiodic boundary.

Dirac fermion by using the overlap fermion, My ~ 1.0 is more

suitable than larger M.

In lattice simulations for fermions interacting with gauge
fields, a setup with My > 1.0 may be useful (e.g.,
Refs. [79-81,102,103]). This is because a setup with My >
1.0 can correct the fermion dispersion relations effectively

modified by gauge fields.

Note that a similar oscillation for the overlap fermion
with the domain-wall kernel operator was also seen in free
fermions at finite temperature [104,105] which corresponds

to the antiperiodic boundary for the temporal direction in the
Euclidean lattice.

Finally, we comment on the dependence on the Mobius
parameter ¢ and the Pauli-Villars mass mpy as additional
tuning parameters. The results in the 1+ 1 dimensions are
shown in Ref. [70]. While the Mobius parameter ¢ does not
induce oscillation of the Casimir energy, a large value of the
Pauli-Villars mass mpy leads to an oscillation of the Casimir
energy, which is a similar mechanism to the massive doublers
in MQ > 1.0.

N9
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FIG. 9. Domain-wall height M, dependence of dispersion rela-
tions for overlap fermions with MDW kernel operator in the 1 +
1-dimensional space-time (the temporal direction is not latticized).

VI. CONCLUSION AND OUTLOOK

In this paper, based on the formulation given by Ref. [70],
we investigated the Casimir energies for the free lattice
fermions in the 1 + 1-, 2 4 1-, and 3 4 1-dimensional space-
time with the one spatial direction compactified by the
periodic or antiperiodic boundary condition. In particular, the
Casimir energy for the Wilson fermion with a negative mass
was examined for the first time. The results in the 2 + 1 and
3 4 1 dimensions are almost similar to those in the 1+ 1
dimensions [70], but we also found a special property realized
only in the 1 4 1 dimensions, such as Eq. (35).

We again emphasize that the Wilson fermion with a nega-
tive mass and the domain-wall fermion correspond to the bulk
and surface fermions of topological insulators, respectively.
Therefore the Casimir effects for their lattice fermions will be
observed as the Casimir effects on the topological insulators if
the very small lattice size, such as thin films, is experimentally
realized. Then the oscillatory behavior of Casimir energy,
which we suggested, may be helpful to capture an evidence of
the Casimir effect on the lattice. Similar oscillations were sug-
gested also between localized impurities in one-dimensional
materials [106-109].

As examples of experimental observables for the Caimir
effect, we can consider an influence on the specific heat and
magnetic susceptibility of materials. The theoretical strategy
is as follows. In a standard manner, we can calculate the
thermodynamic potential of a lattice fermionic system. When
we switch on the finite-volume and finite-temperature effect,
the resultant potential depends on the temperature and system
size, and its system size dependence is related to the Casimir
effect, in principle. Since the specific heat is the temperature-
derivative of the potential, we can estimate the change of
the specific heat by the Casimir effect. Similarly, from the
second derivative of the potential with respect to the external
magnetic field, we can calculate the magnetic susceptibility.
Thus the Casimir effect, in principle, can contribute to various
physical quantities, and we can observe it if the system size is
small enough.

Here, we comment on the realistic scale of the Casimir
energy. The Casimir energy aEc,s in this paper is a dimen-

sionless quantity, and as a dimensional quantity, we consider
Ecas ~ hc/aN? in elemental particles or Ecys ~ hvg /aN¢ in
solid states, where 7, ¢, and vr are the reduced Plank constant,
the speed of light, and the Fermi velocity, respectively, and
we omitted the specific coefficient depending on the types
of fermions and spatial dimensions as O(1). For example,
for Cd;As, known as a three-dimensional Dirac semimetal
[110,111], the lattice spacing is a = 1-3 nm, and the Fermi
velocity was measured to be vy ~ 1.5 x 10 m/s [111]. Using
these values, the Casimir energy for Cd; As; is estimated to be
Ec,s ~ 1 eV at N = 1. Therefore it will be captured by an ex-
ternal response comparable to this scale. As numerical values
of other materials, @ = 0.5-1 nm and vr ~ (1-5) x 10’ m/s
[112] for Na3Bi, and @ = 0.4-3 nm and vy ~ 5 x 10° m/s
(for the surface modes) [113] for Bi,Ses.

One of the extensions is to study modification of Casimir
effects by introducing an interaction between fermions, such
as gauge interactions and four-Fermi interactions. In particu-
lar, interacting Wilson fermions with a negative mass exhibit
the spontaneous parity-broken (Aoki) phase [114]. Since the
negative-mass Casimir effect studied in this paper is just for
free fermions, its phase structure switching on an interaction
would be interesting.

Furthermore, cold-atom simulations can realize various lat-
tice fermions [115-118], so that simulations with a small size
will be a powerful tool to observe the Casimir effect on the
lattice.

In this work, we focused on only 1D chain, 2D square, or
3D cubic lattices, but other spatial geometries are possible.
For example, lattice structures such as (2D) honeycomb or
(3D) diamond lattices are also interesting. Casimir effects
on honeycomb lattices such as graphene nanoribbons* and
carbon nanotubes,’ quantum anomalous Hall insulators de-
scribed by the Haldane model [130], and quantum spin Hall
insulators described by the Kane-Mele model [131,132] will
be experimentally measured in small-size materials. In partic-
ular, when we consider the edge of the small-size direction of
honeycomb lattice ribbons, there are two types of structures:
the armchair edge and the zigzag edge. These two types of
edges are known to lead to different band structures of bulk
modes [133], and the size dependence of observables is related
to the Casimir effect for the bulk modes. Moreover, a rolled-up
graphene sheet is a carbon nanotube, which is nothing but a
2D honeycomb lattice with the periodic boundary condition,
and electrons living on this lattice are affected by the Casimir
effect with the periodic boundary. For carbon nanotubes, there
are three types of structures: the armchair, zigzag, and chi-
ral configurations are known to exhibit different band gap

“For the electromagnetic Casimir effects induced between
graphene another material (or between two graphene sheets), there
are already many works (e.g., see Refs. [119-123]).

SCarbon nanotubes in the continuum limit can be approximated as
the cylindrically compactified space with the spatial topology R' x
S! or the toroidally compactified space with the spatial topology
S! x S§'. The Casimir effect for Dirac fermions in such continuous
space-time was investigated in Refs. [124—129]. If one tries to inves-
tigate more realistic carbon nanotubes, systems with nonzero lattice
spacing should be taken into account.
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energies [134,135]. As a result, in a small-size tube, such
three structures lead to different Casimir effects, and then it
should influence transport/thermodynamic properties such as
electric/thermal conductivity and specific heat. In addition,
Casimir effects on “curved” lattice deformed by insertion of
structural defects such as lattice kirigami [136,137] are also
interesting, which is analogous to the Casimir effect in curved
space-time in continuum theory. Thus a wide range of lattice
Casimir physics is left for future work.
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APPENDIX A: DERIVATION OF CASIMIR ENERGY FOR
MASSLESS FERMIONS IN CONTINUUM LIMIT

We quickly review the derivation of the Casimir energy
for a massless fermion in D = d + 1-dimensional space-time.
The dispersion relation of the fermion is

E=vp, (AD)
where p* = p} + p3 + - + p3. The thermodynamic poten-

tial © at zero temperature and zero chemical potential is the
integral of the dispersion relation:

d’p 5
- / (27‘[)d \/;7

where V is the volume of the system. It can be considered
as the sum of the zero-point energies for all momenta. The
coefficient 1/2 of the zero-point energy is canceled by the
factor 2 of the particle and antiparticle. The negative sign is
caused by the fermionic property. Notice that, for the Dirac
fermion in the 3 4 1 dimensions, the spin degeneracy factor
Cgeg = 2 has to be multiplied, but we set cqe = 1 and neglect
the spin degrees of freedom for simplicity. The thermody-
namic potential is still divergent, and usually one neglects it.
In the compactified space-time, however, we can get a finite
value by a subtraction scheme, and it modifies thermodynamic
properties.

Let us consider the spatial geometry where one spatial
dimension, x, is compactified. Then the boundary condition
is necessary. Here we limit ourselves to the periodic bound-
ary condition (PBC) and the antiperiodic boundary condition
(ABC). The momentum along the x direction is discretized
and depends on the boundary condition:

(A2)

2w
pr=—n (PBO), (A3)
2 1

where L is the length of the x direction, and »n is an integer.
We replace the integral by the sum:

dp1 1 >
Erind DB

n=—00

(A5)

The momenta along the other direction are continuous and in-
tegral variables. We can compute the thermodynamic potential
in the anisotropic system, the so-called Casimir energy.

The derivation of the Casimir energy is based on the ana-
lyticity of the dispersion relation. The potential density

Q(L) 1 d'p,
VTl Z /(h)d e

is still divergent, where p> = p3 + - -- + p%. We have to ex-
tract a finite part by removing the divergence in the infinite
volume from Eq. (A6). In the massless case, it can be done by
the zeta function regularization and the analytic continuation.

Let us move on to the derivation of the Casimir energy.
By using the well-known formula for a d-dimensional integral
with respect to k, for parameters / and A,

dik
/ Gy k> + A)~!

and with the replacement

(A6)

_ 1 F(l_%) d_
Taor o o

P +pt— (PP +p) 7~ witha
new parameter s, we can integrate the potential density:

Q(L;s) 1 & f d'pL 5 s
== — = A8
V Ln;m (27T)d_l (pl_'_p]) ( )
=_l i 1 F(S_%)lp”d—l—lr
L~ (4m)@-D2  T(s) '
(A9)

For the PBC, the sum of p; can be replaced by the zeta
function through the analytic continuation:

1 & e 2 2m \IE
I3 Z Ip1|*™! 2S=ZZ<T71)
n=-—00 n=1
2 (2w

d—1-2s
= Z(T) t(2s—d+1). (Al10)

Then the potential can be the simpler form

Q(L:s) 2 1 I(s— &) f2n\* '
Vv L@m@Db2 I(s) (T)
x(2s—d+1) (A11)
__2 ! 7 !PT (42) 5 (d — 25) 24712
L (4r)@d-1/2 (s) Ld—1-2s’
(A12)

where, in order to avoid the divergence of I'(—1) atd = 2 in
the limit s — —1/2, we have applied the reflection formula

);(l—z)

1—
T(z/2)t(z) =7°~ '/2F< (A13)
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Equation (A12) is already finite even in the limit s — —1/2, Finally, the resulting expression is
and the final form is QL) 2 _ | ) d+1 Wi Al
V24 (Lym)it! 2 )¢ '
QL) _ 2 <d+ 1>§(d+ 1 (A14) We also show the expressionsind = 1, 2, 3:
d+1 :
1% (L7 )i+ 2 QL . 19
v ez "
We show the resultsind =1, 2, 3: (L) - _ 3¢3) d=2), (A20)
14 43
Q(L) Tr?
Q(L —— =———— (d=3). (A21)
) _ T d=1), (A15) v 360L4
Vv 312
Q(L) £@3) APPENDIX B: ABEL-PLANA FORMULAS
Vv T =2 (A16) IN FINITE RANGE
QL) _ 2 d=3 Al7 The Abel-Plana formula (APF) is a conventional and pow-
VvV 4514 (d=3). (AT7) erful tool to study the Casimir effect (for early works, see
Refs. [7,138-141]). Usually, this formula is used to calcu-
late the finite Casimir energy from an infinite integral and
By multiplying these formulas by L, we can obtain Ecy dis- an infinite sum. For lattice fermions, the momentum of a
cussed in the main text. fermion has a periodicity within a Brillouin zone, and then
For the ABC, we just have to replace the zeta func- the momentum space can be restricted to the first Brillouin

tion ¢(2s — d + 1) by the Hurwitz zeta function ¢ (2s — d + zone. Therefore the APF should also be modified as that in a
1, 1/2) in Eq. (A11). This function can be rewritten in terms of ~ finite range. In this Appendix, we derive the APF in a finite
the Riemann zeta function through ¢(z, 1/2) = (2° — 1)¢(2). range. Our derivation is based on the following formula (see,
Then, we can take the limit s — —1/2 in the same way. Refs. [142,143]):

J

b 1 +ioco
f Fdx = RIf@). 8@~ 5 / s+ 0@ @Zidz, 0 (2) = sgn(m), (B1)
where f(z) and g(z) with z = x + iy are meromorphic functions for a < x < b and satisfy
betih
lim [g(z) £ f(z2)]dz = 0. (B2)
h=0 Jatin
The residue part is
RIf (). 8()] = m’[z Resg(a) + )0 (zra) liefo(z)]- (B3)
% 8.k i I=Zfk

Zr.k and zg 4 stand for the poles of f(z) and g(z), respectively. In the following, we assume f(z) is regularin a < x < b, and then
the second term of Eq. (B3) vanishes.

1. Integer
First, we consider the APF for f(n), where n € Z is the index of summation. We set g(z) = —i cot(mz) f(z), where the residue
of g(z)atz =nis —if(n)/m. Then, Eq. (B1) is
) b 1 1
> s - [Caxge - (1@< yrwritavez)

n=[a) a

1 +ioco . .
=3 /_ioo [o(z) — icot(mu) f (W), =, -dz
+ico | 0
= / [+1 — icotmm)l f@lig iz + 5 / [—1 — i cot(u)] f W)=+ dz, (B4)
’ —ioco

where [x] and |x] are the ceiling function and the floor function, respectively. If z = a and/or z = b are poles of g(z), we have
to avoid the poles on the integral path. When we avoid the poles along a small semicircle, we obtain —% f(a) and/or —% ).
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By using the exponential form of 1 — i cot(wu),

itu __ ,—imu iTu —imu 2 +imu 2
Yl —jcotruy =4S¢ ¢ *e _er | F (BS)
eimu _ p—imu el _ p—imu el _ p—imu e:FZmu _ 1
the right-hand side of Eq. (B4) is written as
L el e YOI R Y R VA (B i
T3 dz o—2imu _ ] RN ]
0 u=a+z —100 u=b+z
00 u=b+iy 0 u=b—iy
. —f(u) . fw)
= +l/(; dy|:e—2irru —1 w=artiy - o dy e2imu w=a—iy
o0 . o0 M o0 . o0 M
. fla+iy) . fla—iy) . fb+iy) . fb—iy)
—’/0 Do —1 ), Pomerw—1 1), Vamomm—1 T P amerm 1 (B6)
Finally, we obtain the APF for f(n):
) b 1 1
> S - / dxf(x) — <§f(a) +5f®)ifabe Z)
n=[a] a
. fla+iy) . fla—1iy) . f(b+iy) . f(b—iy)
—1/0 Do —1 L, Pomerw —1 '), Wamomm —1 T D amorm — 1 (B7)

2. Half-integer

Next, we consider the APF for f(n 4+ 1/2), where n + 1/2 (n € Z). We set g(z) = itan(z) f(z), where the residue of g(z) at

z=n+1/2is —if(n+ 1/2)/m. Then, Eq. (B1) is
lb—1/2]
n=[a—1/2] a
1 +ioco
=3 f [+1 + i tanGrao)l £ ()
0

By using the exponential forms of £1 + i tan(wu),

emu + e*lﬂu

b 1 1
2: f01+1/2)— / dxf@)—-<5fa0+-5fdoifa—

_ 1 [° _
ﬁ;ziidz+§ / [=1+itanGru)] fa)|=ttzaz.
100

1 1
- b—=€Z
2 2

(B8)

e —imu :l:ze:tmu

+2

Y —e

+1 +itan(wru) = £+

the right-hand side of Eq. (BS8) is

2 2

eirru + e—irru

1 +ioco 1
. u=b+z
2 ), [+1 + itan(mw)]f ()=, 3dz + =

. - . — = - , B9
ey 4 p—imu ey 4 p—imu eF2imu +1 ( )

0

[—1 +itan(ru)]fW)|i=0t2dz

ioo

_ +ioco f(u) M:h+zd B 0 f(u) u:b+Zd
- 0 872inu + 1 Z . e+2i7ru + 1 2
—io0 u=a-+z

u=a+z

TS TS T
=1 —2imu dy - +2imu dy
0 € + 1 0 € + 1 u=a—iy

u=a+iy

0 ler(y—ia) + 1
Finally, we obtain the APF for f(n + 1/2):

[b—1/2]

n=[a—1/2] a

00 .
= —i Mdy + i/
0 e27r(y71a) + 1 0

[T St iy dy+,-/°° fla—iy) °°

e2rr(y+ia) + 1 0

1/2 bd ! ! b) if
> rori- | xf(x)—<§f(a)+§f()1 a-

> fla—iy) *
27 (y+ia) +1

fb+iy)

e27‘r(y—ib) + 1 (BIO)

dy+i dy—i/ A ) dy
0

e2rr(y+ib) +1

1 1 )

~b—-€Z

277 2

fb+iy) dy_l./"o fb—iy) dy.
0

e2m (y—ib) +1 27 (y+ib) +1 (Bl 1)

dy+i
0
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APPENDIX C: DERIVATION FOR NAIVE LATTICE FERMION

In this Appendix, we derive the Casimir energy for massless naive lattice fermions from the APFs in finite range such as
Eqgs. (B7) and (B11). From the Dirac operator (9) at am; = 0, the dispersion relation in the 1 + 1-dimensional space-time is

a\/D;ijnf = \/sinz api(n), (Cl)

where the momenta for the periodic and antiperiodic boundaries are ap;(n) = 27n/N and ap(n) = 2z (n + 1/2)/N, respec-
tively.

After the analytic continuation (n — z for the periodic boundary and n 4 1/2 — z for the antiperiodic boundary), the

resulting complex function f(z = x + iy) = /sin?(2z/N) has branch cuts along the y direction at x = 0, x = N/2, and x = N.
Therefore, to avoid the branch cut, we separately apply the APF to the two regions, 0 < x < N/2 and N/2 < x < N (when the
Brillouin zone is defined as 0 < ap; < 2m). For example, we consider a path along the branch cut at x = N/2, where the path is
shifted by an infinitesimal parameter ¢ — +0 from the cut. Then f(z) on this path is (if y > 0)

27 (N 2 2 2
sin’ <Wn<5 == iy)) ~ (q:i sinh (%) — e) ~ — sinh? (%) =+ ie, (C2)
2 N . 2 2
\/ sin? (W” (3 fe+ iy)) ~ ¢*7/2 ginh (%) — +isinh (%) (C3)
Similarly, f(z) on the pathsatx = N/2 —€,x =0+ ¢€,andx = N — € are
2w /N 2
\/sinz <Fn<5 —e+ iy)) >~ Fisinh (%), (C4)
in? (220 4 € % iy) ) = isinh 22 (C5)
sin® | — eti ~ +isinh [ — ),
N Y N

\/ sin’ (%(N e+ iy)) ~ Tisinh (2;;—y> (C6)

In the following, these expressions will be used for evaluating integrals.

1. Periodic boundary

For the periodic boundary, we substitute f(z) = v/ sin2(27tz/N ) into the APF for integers, Eq. (B7). We put (a, b) = (0 +
€,N/2 — ¢€) in the first region and (a, b) = (N/2 4+ €, N — €) in the second region, and then

©  dy et —N—eti *° dy N/t - -
1+1D,nf,P __ . z=€+iy =N—e€+i . z=N/2—e+i) =N/2+€+i
aECas - _l/O 27 _ 1 (f(z)|1=:_,‘y - f(z)|§=N—§—i§) + l/(; e2mO+iN/2) _ (f(z)|z:N/2—:—i; - f(Z)E:N/Z-‘rZ—i;)
_ 4/‘°° dysinhQry/N) n 4/°° dysinh(2y/N)
0 0

2y _ | 2TG+N2) _ ] (€7

For 27 0+iN/2) of the denominator in the APF, we used e™™¥™ = ¢=N™ for a integer N. The contributions from the semicircles in
the APF are zero because f(0) = f(N/2) = f(IN) = 0. Here, the integrations are performed:

*  sinh(2my/N) N 1 s
dy———" =+4+— — —cot| — C8
/0 Y o1 - i 1°\y) €8
°  sinh(2my/N) N 1 bid
dy———"—"F"=—"-+ - =) C
/0 2 1 am Ta%\w ©)
Finally,
2N T —
aEe, """ = {7 ety (MEedd (C10)

27N —2coty (N =even)
For N = odd, we used cot(x) + csc(x) = cot(x/2).
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2. Antiperiodic boundary
For the antiperiodic boundary, we substitute f(z) = /sin?(27rz/N) into the APF for half-integers, Eq. (B11):

*© dy ; o0 d ;
1+1D,nf AP __ . T=e+iy =N—e+iy . y 7=N/2—e+iy z=N/2+e+iy
aECaS ! l/O ey + 1 (f( )IZ €—iy f(z)|z=N—s—i,V) - l/(; 2 O+iN/2) 4 ] (f(Z)IZ:N/Z—e—zy f@) —N/2+e—iy)

_ _4f dysinhQmy/N) 4/00 dysinh(2my/N) {%’V —cotZ (N =odd)
0 0

QY SRR/ . Cl1
ey + 1 e2rO+iN/2) 4 ] N _2cscd (N =even) (€ih

For the third equality, we used Egs. (C8) and (C9).

APPENDIX D: DERIVATION FOR MASSLESS WILSON FERMION

From the Dirac operator (21) at r = 1 and am; = 0, the dispersion relations of massless Wilson fermion in the 1+ 1-

dimensional space-time is
T ) api (I’l)
ay/DyDw = /2 —2cosap;(n) =2 [sin — ) (D1)

where the momenta for the periodic and antiperiodic boundaries are ap;(n) = 27n/N and ap,(n) = 2n(n + 1/2)/N, respec-
tively.

In the dispersion relations after the analytic continuation, f(z = x + iy) = 24/sin?>(7z/N) has a branch cut along the y
direction at x = 0 and x = N. f(z) on paths along the branch cuts at x = 0 and x = N are (if ¢ — +0, y > 0)

sin’ (1 (0 fe+ iy)) — sinh? ( ) +ie, (D2)
N N

\/ ( (0 fe+ ly)) ~ +isinh <%) (D3)

sin? < ( —€ex ly)) ~ —sinh? (%) F i€, (D4)

\/ 2(;( —eﬂ:iy)) ~ Tisinh (%) (D5)

1. Periodic boundary

For the periodic boundary, we substitute f(z) = 2+/sin’(z/N) into the APF (B7). We put (a, b) = (0 + €, N — €), and then

Zlﬁ

. o0 d I=€Tl €11
B =i [P (O — f@IDT) (06)
0
* dysinh(wry/N) 4N s
=8 -~ = — —2cot —, D7
/0 ey — 1 7 CLoN ®7)

where the contributions from the semicircles in the APF are zero because f(0) = f(N) = 0.

2. Antiperiodic boundary
For the antiperiodic boundary, we substitute f(z) = 2+/sin’(z/N) into the APF (B11),

oo
. dy i —N—eiy
GEGPY =i [TE (FI - @) (D8)
0
°° dy sinh N 4N
el 7 2N

APPENDIX E: DERIVATION FOR WILSON FERMION WITH NEGATIVE MASS am; = -2

The dispersion relations of the Wilson fermion at 7 = 1 and amy = —2 in the 1 + 1-dimensional space-time is

oD Dtan; = =2) = Y2+ Deosapitn) = 2 feost (4, ED
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where the momenta for the periodic and antiperiodic boundaries are ap;(n) =2an/N and ap;(n) =2rx(n+ 1/2)/N,
respectively.

In the dispersion relations after the analytic continuation, f(z = x + iy) = 24/cos?(7z/N) has a branch cut along the y
direction at x = N/2. Therefore, to avoid the branch cut, we separately apply the APF to the two regions, 0 < x < N/2and N/2 <
x < N (when the Brillouin zone is defined as 0 < ap; < 2m). For 0 < x < N/2, the first and second terms in the right-hand side
of the APF are zero because of f(0 + iy) — f(0 — iy) = 0, and the third and fourth terms are nonzero. For N/2 < x < N, the
first and second terms are nonzero, and the third and fourth terms are zero because of f(N + iy) — f(N — iy) = 0. Note that
these situations are different from the procedures shown for naive fermion and massless Wilson fermion since these fermions
have the branch cuts at x = 0 and x = N.

f(z) on paths along the branch cut at x = N/2 are (if ¢ - 40, y > 0)

27T (N e
CcoS <N(E+E zy))
\/cosz( < +€ :I:zy)) ~ 4isinh (%), (E3)
N o a2 (VY
cos < (5—e:tzy>> ~ —sinh (N):er, (E4)

\/cosz (%(— e+ 1y>> ~ Tisinh (%) (ES)

1. Periodic boundary

For the periodic boundary, we substitute f(z) = 2./cos?(rz/N) into the APF for integers, Eq. (B7). We put (a, b) = (0 +
€,N/2 — €) in the first region and (a, b) = (N/2 4 €, N — €) in the second region, and then

~ _ sinh? (%y) + e, (E2)

. > dy 24+e+i =N/2—e+i
ab&f PP (amy = —2) = i /0 o VA NNt — F@IZNATET) (E6)
_g /0" dysinh (%) _ W _2cse (N =odd) E7)

o emotiN 1 | _2cot & (N =even)’

The contributions from the semicircles around z = 0 and z = N, namely, the third term in the left-hand side of the APF (B7),
is 5 f 0)+ 53 f (N). The Casimir energy is defined as Zn 0 fON dxf(x) where the Brillouin zone is defined as 0 < ap < 2,

while the APF is now defined as ano f(n) — fo dx f (x). Therefore we have to subtract f(N) from the APF in order to obtain the

Casimir energy. After we subtract f(N) from % fO)+ % F(N), we get % f0) — % f(N) = 0. On the other hand, the contribution
from the semicircles around z = N/2 (N = even) disappears due to f(N/2) = 0.

2. Antiperiodic boundary
For the antiperiodic boundary, we substitute f(z) = 2+/cos?(wz/N) into the APF for half-integers, Eq. (B11),

o0
dy _ _ )
1+1D,AP . . =N/2+e+i =N/2—e+iy
aEc O (amp = =2) = i fo m(f @ ZVaren — @IV ) (E8)
_ _8/°° dysinh () _ [% —2cotzg (N = odd) E9)
o erOHiN/2) 4] — ZCsc 75 (N =even)’

The contributions from the semicircles around z = N/2 (N = odd) are zero because f(z=N/2)=0
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