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Dual chiral density wave induced oscillating Casimir effect

Daisuke Fujii®,'*" Katsumasa Nakayama®,”" and Kei Suzuki

1

'"Advanced Science Research Center, Japan Atomic Energy Agency (JAEA), Tokai, 319-1195, Japan
*Research Center Jor Nuclear Physics, Osaka University, Ibaraki 567-0048, Japan
*RIKEN Center for Computational Science, Kobe, 650-0047, Japan

® (Received 1 March 2024; accepted 18 June 2024; published 26 July 2024)

The Casimir effect is known to be induced from photon fields confined by a small volume, and also its
fermionic counterpart has been predicted in a wide range of quantum systems. Here, we investigate what
types of Casimir effects can occur from quark fields in dense and thin quark matter. In particular, in the dual
chiral density wave, which is a possible ground state of dense quark matter, we find that the Casimir energy
oscillates as a function of the thickness of matter. This oscillating Casimir effect is regarded as an analog of
that in Weyl semimetals and is attributed to the Weyl points in the momentum space of quark fields. In
addition, we show that an oscillation is also induced from the quark Fermi sea, and the total Casimir energy

is composed of multiple oscillations.
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I. INTRODUCTION

The Casimir effect, proposed by Casimir [1], is crucially
important for understanding small-volume physics in
quantum field theory (see Refs. [2-6] for reviews).
Casimir predicted that the decrease of the zero-point energy
of photon fields by two parallel plates would cause an
attractive force for the plates, which are the so-called
Casimir energy and the Casimir force. The Casimir force
was experimentally verified about fifty years later [7,8].

Beyond academic interest, the engineering application of
the Casimir effect to nanotechnology (Casimir engineering)
has recently attracted much attention [9]. The most typical
feature of the Casimir effect is an attractive force. On the
other hand, when one tunes the permittivity and/or per-
meability of plates and medium, a repulsive force can be
also realized [10-13]. In contrast to such attractive or
repulsive Casimir effects, the third type of Casimir effect
would be interesting, where “third” means that attraction or
repulsion is not fixed. For example, under a setup, the sign
of Casimir energy flips from attraction to repulsion as the
separation distance increases, which may be called the
sign-flipping Casimir effect (e.g., see Refs. [14-19]). As
another example, the value of Casimir energy can oscillate
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as a function of distance, which may be called the
oscillating Casimir effect (e.g., see Refs. [20-32]).
Among them, Ref. [31] found that it occurs inside Weyl
semimetals, where the origins of the oscillation are Weyl
points (WPs) at finite momenta in the dispersion relations
of Weyl fermions. Such new types of Casimir effects are not
only of theoretical interest but also will be important for
Casimir engineering.

The Casimir effect is also important for elucidating quark
and gluon dynamics described by quantum chromodynam-
ics (QCD) in a small volume. For example, (i) as an
ab initio method for solving QCD, numerical simulations
of lattice QCD are done in finite volume (e.g., in a box of a
few fm size), and finite-volume effects must be understood.
Since the finite-volume effect for zero-point energy is
nothing but the Casimir effect, its understanding is helpful
for interpretations of results in small-volume simulations.
(i1) In relativistic heavy-ion collision experiments, quark-
gluon plasma is produced as a fireball with a size of a few
fm. Therefore, we must well understand the contribution of
the Casimir effect to physics inside the fireball and near its
boundary. (iii) In the interiors of neutron stars, dense quark
matter as well as nuclear matter may exist. Depending on
the microscopic density profile inside stars, there may be
small regions of quark matter.

Under these motivations, this paper focuses on what
types of Casimir effects can occur in various phases of
quark matter where the thickness of z direction is extremely
short (i.e., “thin” quark matter) as illustrated in Fig. 1. In
particular, in this paper, we propose a QCD counterpart
of the oscillating Casimir effect predicted in Weyl semi-
metals. This is realized for fermion fields in the dual chiral
density wave (DCDW) phase [33] (also see Refs. [34-80]
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FIG. 1. Schematics of the Casimir effect for quark fields inside
thin quark matter, where the quark matter is confined between
boundary conditions with a thickness L. The “outside vacuum”
should be regarded as an arbitrary vacuum consistent with the
boundary conditions.

for related studies and Ref. [81] for a review). The DCDW
phase is a candidate for the ground state of quark/nuclear
matter in the density region of p/py =3 ~6 with the
normal nuclear density p, = 0.16 fm=3 [46,47], and com-
plex dispersion relations of fermions in this phase can be an
origin of the oscillating Casimir effect.

In this paper, we aim to investigate types of Casimir
effects induced from quark fields in dense quark matter. To
accomplish this, this paper is organized as follows. In
Sec. II, we formulate the zero-point energy and the Casimir
energy within the Nambu—Jona-Lasinio (NJL) model
[82,83] as an effective model of QCD. In Sec. III, we
show our numerical results and classify the types of
Casimir effects in three density regions. Section IV is
devoted to our conclusion and outlook.

II. FORMULATION

A. Dual chiral density waves

A chiral density wave is a spatially inhomogeneous
chiral condensate, which is represented as a position-
dependent Lorentz-scalar condensate made of the Dirac
fields, y and ¥ = y'yy: () « cos(g - 7) with a wave
number vector ¢ and a position vector 7. Among various
types of chiral density waves, in this study, we focus on the
DCDW, where both the scalar and pseudoscalar conden-
sates are position-dependent [33],

(wy) = Acos(q-7),  (wirsy) = Asin(g-7), (1)

where A is the amplitude of the DCDW and is regarded as
the radius of the chiral circle, () + (Friysy)? = A2

B. NJL model

To investigate the DCDW phase of quark matter, in this
work, we use the NJL model [82,83] (see Refs. [84—87] for
reviews), which was done in Refs. [41,44,46,47] for early
studies. The Lagrangian density of the two-flavor NJL
model is written as

Lo = w(id + pro)y + Gl(gy)* + (piysty)?], (2)

where y is the quark chemical potential, G is the coupling
constant of the four-point interactions, and 7 = (7, 7,, 73)
is the Pauli matrix for the isospin. Here, we apply the mean-
field ansatz for the DCDW,

(py) = Acos(g-7).  (wirszw) = Asin(g-7).  (3)

(wiystiw) = 0, (wiystow) = 0, (4)

where A is the amplitude of the DCDW, and g = (0,0, g) is

the wave number of the DCDW propagating in the z

direction. Using this ansatz, the mean-field (MF)

Lagrangian density is

M2

4G’
(5)

Lyig = w(id + pyo — M(cos(qz) + iysz3 sin(qz)) |y —

where M = -2GA.

Using a local chiral transformation (which may be
called a Weinberg transformation), we7s9%/2 — yry,,
werst9:/2 5 gy, the original quark field y is redefined
as a new field yw, and the position dependence of the
original Lagrangian (5) is removed in the redefined quark
fields. Then, from the diagonalization of the inverse
quark propagator in momentum space, we obtain the four
eigenvalues of (quasi-)quarks, w, (the positive-energy
modes if 4 = 0) and @, (the negative-energy modes):

Wy = Es —H, (6)
Wy = _Es — M, (7)

where

E, = \/k2+M2+q2/4j: (gk.)> + M?q*, (8)

and k* = k% + k3 + k2. When g = 0, the dispersion rela-
tions return to those of usual massive quarks with a mass
M, where the two modes with different spins are degen-
erate. When ¢ # 0, the two modes are split, which is
labeled by s = =+. In this work, we focus on the case of
M < g/2, which is a typical situation of the DCDW phase.'

"The case of M > ¢ /2 is also interesting, but the WP-induced
oscillating Casimir effect does not occur.
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Using these eigenvalues, the thermodynamic potential
(per a spatial volume V = L,L,L.) at temperature T = 1/
is written as

Q(1) &k
~N/N, / 3Z[E +<

1 M?
+ ﬁln(l + e—/”<Es+ﬂ>)] AT (9)

+ e_/}(E\'_/’))

In this work we fix the number of flavors as N, = 2 and the
number of colors as N, = 3.

By taking the zero-temperature limit 7 — 0 of the
thermodynamic potential (9), we obtain

3
QT - 0) _ NN, / d’k
1% LZ (2r)3

X Z{EY + (ﬂ - Es)e(:u - Er)] +

s=+

2
TR (10)
Here, the first term is regarded as the contribution from the
Dirac sea, i.e., the negative zero-point energy from the
fermion fields. The second term with the step function is
the contribution from the Fermi sea of quarks. The third
term is the positive energy from the order parameter M. To
provide a Casimir-effect-like picture also for the Fermi sea
contribution (as well as the Dirac sea), we have denoted
Eq. (10) as Ey/L, where Ej is the zero-point energy per
unit area.

Note that in the traditional treatment of the NJL model,
we determine the values of the order parameters M and g by
minimizing Eq. (10) at a fixed p. In a finite volume, the
thermodynamic potential in a fixed volume is minimized,
and the values of M and ¢ should be determined. This type
of analysis is important for studying the phase diagram in
finite volume, but it is not the purpose of this work. The
purpose of this work is to investigate the feasibility of the
oscillating Casimir effect in dense quark matter.

C. Casimir energy with Lifshitz formula

The Casimir energy is defined as a finite-volume effect
for the zero-point energy (10). In a finite volume, the
momentum integral with respect to the three-dimensional
momentum of quarks in Eq. (10) is replaced by a discrete
sum. In this paper, we impose the periodic boundary
conditions (PBCs) on quark fields at z =0 and z =L
where the z component of quark momentum is discretized
as k., » 2nz/L, where n =0, 1, ..., 0.2 Note that for the
PBC, there is no outside vacuum as in Fig. 1, but the

“The case with boundary conditions for the x or y direction is
straightforward, but these boundaries do not induce the WP-
induced oscillating Casimir effect since now the DCDW is along
the z axis.

discretization of momentum (and corresponding eigenval-
ues) can induce a nonzero Casimir energy.

The zero-point energy (10) as the infinite integral and the
corresponding infinite sum is divergent (unless an energy or
a momentum cutoff is introduced), but the Casimir energy
should be finite after using a mathematical technique. In
this paper, we propose two approaches: (i) the Lifshitz
formula and (ii) lattice regularizations.

Using the first approach, at zero temperature 7 = 0 and
zero chemical potential 4 = 0, the analytical solution for
the Casimir energy (per unit area) from quark fields in the
DCDW phase can be written as

ECas = _4NchZ/
5=

i = \/k2 + M2+

dk dk

1 [1 - e‘in‘w}

JF iq\/ k5 + &, (11)

where the first integral variable is the imaginary part & of
imaginary frequency w = i&, and k3 = k2 + k%. The overall
factor of 2NN . means the degrees of freedom for particle-
antiparticle, flavors, and colors, and the spin degrees of
freedom are labeled as s = 4. The overall factor of —2 and
~L.R

the factor of —e are a property of the PBC on fermion
fields. See Appendix A for a derivation of Eq. (11) and
the case of the antiperiodic boundary condition. Also, for
discussion with the MIT bag boundary condition, see
Appendix B.

Note that Eq. (11) is one of the main findings in this
paper, which is an analog of the Lifshitz formula [88] to
calculate the Casimir effect for photon fields. When we
substitute M = ¢ =0 and ¢ =0, Eq. (11) returns to the
known formulas for the massless and massive quarks, Ec,, =
NyN.x27%/45L3 and Ec, = NyN.x (2M?*/7’L.) x
o2 Ky(IML,)/ %, respectively, where K, is the modified
Bessel function.

Furthermore, we define a dimensionless quantity, which
we call the Casimir coefficient, by multiplying L2,

3
Cll = L3Eq,. (12)
This is a convenient quantity for checking the L, depend-
ence of the Casimir energy.

D. Casimir energy with a lattice regularization

As another approach to calculate the Casimir energy,
we use lattice regularizations [28-32,89-96], which is
regarded as a generalization of the original definition by
Casimir [1]. Then, the Casimir energy (per unit area) on
the three-dimensional lattice with a lattice spacing a is
defined as

i = By - £ (13
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Esum:_wz/ d(ak,)d(ak,)
0 aS  Jpz (2”)2
BZ
1 1
<> |yalett -l + gale. (9

int __
Ejt =

NN, d(ak,)d(ak,)d(ak,)
>

a’ 2r)?

1 ) 1
N Sl B3 ]+ Sal S+

[ as)

where the dispersion relations ES* on the lattice is obtained
by replacing the original momenta k? (i =x, y, z) in
Eq. (8) as

k2 A%(Z—Zcos ak;). (16)
The first term E3™ in Eq. (13) is the zero-point energy in
finite volume (and at finite chemical potential) with the
momentum discretized by a finite thickness L, = aN,,
where N, is the number of lattice cells. The second term
Eg“ in Eq. (13) is the zero-point energy with the continuous
momentum in infinite volume. The Casimir energy EIC“;‘fq is
defined as the difference between these two energies. Also,
as a result of lattice regularization, the momentum integral
and the momentum sum are taken within the first Brillouin
zone (BZ). In the case of the PBC, the sum is over
n=0,1,...,N,—1 (or equivalently n = 1,2, ..., N,).
Finally, we also define the dimensionless Casimir
coefficient on the lattice,

Con" = L2EG, = @ N2EG). (17)

(@ M/A =0.1, g/A = 0.6, u/A = 0.6
wlA (k, =k, =0, k)
. 3!

* FP -

FIG. 2.

The quantities on the lattice, E52 and Cgﬁm, depend on the

lattice spacing a, but its continuum limit (a — 0) should
coincide with Egs. (11) and (12) in the continuum theory
(if the lattice regularization is appropriate)

Cy = imCe,™ (18)

E. Dispersion relations

We remark on the dispersion relations (6) and (7) for
quark fields in the DCDW phase. In Fig. 2(a), we show the
four eigenmodes in the DCDW phase. Here, the parameters
are fixed as (M/A,q/A,u/A,) = (0.1,0.6,0.6), where
each quantity is dimensionless by dividing by a dimen-
sional parameter A. In this figure, the two touching points
of w_ and @_ are regarded as Weyl points, and in addition,
w_ intersects the Fermi level at the Fermi points (FPs).
Furthermore, w, also intersects the Fermi level. Now, since
we set ¢ = u for simplicity, the momenta of the Weyl points
of w_ and the intersection between the Fermi level and w
coincide.

Figure 2(b) shows each contribution from the Dirac or
Fermi sea and their sum. The Dirac-sea and Fermi-
sea contributions correspond to the absolute value of the
first and second terms of the integrand in Eq. (10),
respectively. These dispersion relations become flat bands
at low momentum and bend twice in the middle of the
dispersion relation. Such nondifferentiable points in the
dispersion relation generally lead to an oscillating Casimir
effect.

In the next section, we will show plots as shown in
Fig. 2(b) for intuitively understanding the mechanism of the
Casimir effect.

(b) M/A = 0.1, g/A = 0.6, u/A = 0.6
oI\ (k= k, =0, k)

[ Flat band

@ Non-differentiable

_-~; point
hS L - Z/A
1 2 3
----- Fermi —— Total

(a) Dispersion relations of the four eigenmodes, Eqs. (6) and (7), at (M/A, g/A,u/A) = (0.1,0.6,0,6). The green region

represents the Dirac and Fermi seas. (b) Each contribution from the Dirac sea (red line) or the Fermi sea (blue line) and their sum

(purple line).
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Thickness: L, (fm)
FIG. 3. An example of the Casimir coefficient for the oscillat-

ing Casimir effect from the Dirac-sea contribution, where we fix
(M/A,q/A) = (0.1,0.6) as virtual parameters.

III. RESULTS

In this section, we show the results for the Casimir
coefficients in the zero-, intermediate-, and high-density
regions, with the PBC (see Appendix B for the discussion
with the MIT bag boundary condition). In the following, with
A =860 MeV and 1 = fic ~197.327 MeV - fm (7 is the
reduced Planck constant, and c the speed of light), we fix the
values of the order parameters, M and g, at three y (zero-,
intermediate-, and high-density regions) as those obtained in
Ref. [46], where the authors applied the mean-field approach
in the NJL. model with the proper-time regulamization.3

A. Oscillating Casimir effect (virtual parameters)

We will see in the following section that the oscillating
Casimir effect is attributed to the flat band effect in the total
dispersion relation caused by the presence of Weyl points.
Therefore, in this subsection, we show how the flat band
induces the oscillating Casimir effect by using a virtual
parameter set that is not a solution to the gap equation of the
NJL model but gives a typical flat band.

As typical parameters, we consider (M/A,q/A) =
(0.1,0.6), as shown in Fig. 2. Then, the Casimir coefficient
defined as Eq. (12) is shown in Fig. 3. The obtained results
show the oscillating Casimir effect. The Casimir energy is
obtained from the difference between the momentum
integral of the dispersion relation and the infinite sum
of the momentum discretized by the boundary conditions.
The oscillation of Casimir energy arises from the matching
of the Weyl points and the discrete levels.

*Note that the values of order parameters, M and g, in the NJL
model depend on regularization schemes. The Casimir energy is a
quantity independent of regularization schemes. Therefore, once
M and g are obtained by a regularization, we can calculate the
Casimir energy equivalently by any regularization (using the
fixed M and q).

FIG. 4. Graphical explanation for the oscillating Casimir effect.
The sum of the blue rectangles S;*™ and the integral over the red
areas S correspond to the zero-point energies, E{™ and EiM in
finite and infinite volumes, respectively. The Casimir energy is
defined as E'™ — EI™, which corresponds to Y, Siim — 3=, Sint.

In order to intuitively understand the mechanism of
oscillations, we provide a graphical explanation. In the
following explanation, as shown in Fig. 4, we represent
E}'™ by the sum of the blue rectangular areas S;"™, while
the corresponding E" is the sum of the red areas S™. For
example, in the low-momentum region of a massive
particle, since the dispersion relation is a downward convex
function, then S > §$U™ is satisfied, leading to a positive

contribution to N, (S3"™ — §i") & EX * On the other hand,

*This is a simplified situation. As a more complex case, when a
dispersion relation is inverted by a Weyl point or a Fermi point,
the function in the high-momentum side can be an upward convex
function.
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in the high-momentum region, since the dispersion relation
is an upward convex function due to the lattice regulari-
zation, S$*™ > S which leads to a negative contribution
to EE. In a region that can be regarded as a linear
dispersion, we have S§'™ = Sint,

As a crucial situation in this paper, in the flat-band
region, it is also obvious that S$'™ = S The only
exception is the case containing a Weyl point, where the
corresponding areas are denoted as S3™ and Si. As the
thickness N, increases, the position of the Weyl point
relative to a rectangle changes. The case where the endpoint
of a rectangle coincides with the Weyl point is shown in
Fig. 4(a). In this case, if the dispersion relation around the
Weyl point is assumed to be linear, then S{'™ = Sint s
exactly held. Precisely speaking, it deviates somewhat
from the linear dispersion and yields minor contributions
as discussed in the last paragraph. As N, increases, the
size and positions of rectangles change and reach the
case shown in Fig. 4(b). In this case, we always have
Sint > gsum_and EX2 increases with N.. As we continue
to increase N, we eventually reach the case shown in
Fig. 4(c), where the Weyl point coincides with the midpoint
of the rectangle’s edge. In this case, S{™ goes under the
flat band, which maximizes EF. Furthermore, as N,
increases, the rectangle and the Weyl point reach the
situation shown in Fig. 4(d). In this case, the excess of
Sint decreases and eventually reaches zero. Further increas-
ing N_, the position of the Weyl point for the rectangle
returns to the case of Fig. 4(a).

Because the process from (a) to (d) occurs periodically,
so that the value of EE oscillates with L_. This is the origin
of the L -dependent oscillation of Casimir energy. Then,
the oscillation period (for the PBC) with respect to L, is
written as [31]

2
Lo = k—\; (19)

where kwp is the momentum separation between the Weyl
point and the origin. For the current parameters, the period
is estimated to be L ~5.1 fm with kwp/A ~0.283,
which is consistent with the plot in Fig. 3. In addition,
in the 3 + 1 dimensions, the minor deviation from this
naive estimate is caused by the integral over the k, # 0
and k, # 0.

B. Zero-density region

First, we consider the Casimir effect in the low-chemical
potential region, where we fix g/A = 0.46. In this region,
we find a chiral condensed phase with M /A = 0.47, but the
DCDW phase has not yet developed (¢ = 0).

Figure 5 shows the dispersion relation of the quark field
along the momentum £k, on the lattice with aA = 1, where
the red line represents the contribution from the Dirac sea,

MIA =047, g/A = 0, pIA = 0.46
oI (k, =k, =0, k)

—;r _‘7_, T ;T k /A
2 2
----- - Dirac ... Fermi Total
FIG. 5. Dispersion relations on the lattice with aA = 1 in the

zero-density region (u/A = 0.46).

the blue line from the Fermi sea, and the purple line from
their sum. In this case, there is no mode crossing
the Fermi level, which means that the total dispersion
relation has no nondifferentiable point. Therefore, the four
dispersion relations are nothing but that of a massive Dirac
fermion.

Figure 6 shows the results for the Casimir coefficient at
(M/A, q/A, u/A) = (0.47,0,0.46), obtained from the two
approaches. The resultant Casimir effect occurs only from
the contribution of the Dirac sea. On the other hand, there is
no contribution to the Casimir effect from the Fermi sea, as
expected. In this figure, we find that C[Ci]ls approaches zero
in the long-thickness region. This behavior means that the
damping of the Casimir energy Ec, is faster than 1/L?
(1/L3 is expected for the massless fields in the three-
dimensional space). Such a faster damping is well known
for free massive fields [97-99].

MIA =047, g/A =0, uIA = 0.46

PO o a=04 ('D'ir'aé)E
5? e a a=0.2 (Dirac)g
4k o, o a=04 (Fermi)é
3b no o o a=0.2 (Fermi)i

%, v a=04 (Total) ]
: o a=0.2 (Total)

— a=0 (Dirac) A

H . 3] 3
Casimir coef.: CJ = Eq, x L

P

00 05

|

10 15 20 25 30 35
Thickness: aN, = L, (fm)

FIG. 6. Casimir coefficients in the zero-density region. We
denote aA as a in the legends.
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We present results for the two cases of lattice spacing
aA =0.2, 0.4 in Fig. 6. We show analytical solutions for
only the Dirac-sea part of the Casimir coefficient, obtained
from the Lifshitz formula. We observe that in the long-
thickness region of about aN, = L, > 1.0 fm, the lattice
regularization works well even for aA = 0.4. On the other
hand, in the short-thickness region, the results for aA = 0.4
deviate from the analytical solution due to the enhanced
ultraviolet lattice cutoff effect. On the other hand, the
results for aA = 0.2 reproduce the analytical solution well
up to about aN, = L, = 0.5 fm. This result guarantees that
the results from our lattice regularization are accurate up to
a quite short-thickness region.

Finally, we comment on the physical scale of the vertical
axis in Fig. 6. Since now we define the Casimir energy Ec,q
as an energy per unit area, at L, = 1 fm in Fig. 6, E¢, =

he x CH /L3 ~ 241 MeV /fm?® ~ 3.86 x 10* N/fm. As a

reference, for the case of massless quarks (M = g = 0),
chl = N/N.x21°/45~2.63 at any L.’ Then, at
L,=1fm, Ecy~519MeV/fm? ~8.32 x 10* N/fm.°
Note that the other interesting quantities are the Casimir
pressure P, and the Casimir force F,g, which are defined

as Peys = Feys/LiLy = —%EC%. As a reference, for the
massless quarks at L. = 1 fm, P, ~2.50 x 103 N/fm?.

C. Intermediate-density region

As the chemical potential increases, the contribution
from the quark Fermi sea causes a significant change in
the behavior of the Casimir effect. Figure 7 shows
the dispersion relation of the quark field along the
momentum k, for fixed parameters (M/A, q/A, u/A) =
(0.46,0,0.485) and aA = 1. In this parameter set, the
DCDW phase has not yet occurred, but the @, with low
momentum is below the Fermi sea. Then, there is an
additional contribution to the Casimir effect from the
Fermi sea as well as from the Dirac sea. Furthermore, the
crossing points (Fermi points) of @, and the Fermi level
lead to nondifferentiable points in the total dispersion
relation. Due to this, the oscillating Casimir effect occurs,
by a mechanism similar to that discussed in the
Sec. HITA.

Figure 8 shows the results for the Casimir coefficient.
In the short-thickness region, we find that the Casimir
coefficient is dominated by the contribution from the
Dirac sea, which is qualitatively the same as the result

>This C[ ] ¢ is equal to the value at L, = 0 in Fig. 6. This is
because the “effect of M is small enough in L, - 0 due to
K2 «1 /L2 > M.

Thls is —192 times larger than the well-known value Ec,, =

—he =0 L; of the Casimir energy for the photon fields between

perfectly conducting parallel plates. The factor of —192 comes
from 2N ;N for the additional degrees of freedom and 16 for the
periodic boundary conditions.

M/A =046, g/A =0, u/A =0.485
wlA (k, =k, =0, k)

W
~kIA

Total

FIG. 7. Dispersion relations on the lattice with aA =1 in the
intermediate-density region (u/A = 0.485).

shown in the previous Sec. III B. On the other hand, in
the long-thickness region, the Casimir coefficient is
dominated by the contribution from the Fermi sea. As
a result, the sign of the total Casimir coefficient flips
around aN, =L, ~2.3 fm and 8.8 fm. At further long
thickness, we expect an oscillation of the Casimir
coefficient. However, now we do not show the numerical
results due to the limitations of calculations with suffi-
cient accuracy. By using Eq. (19), the period of oscil-
lation is estimated to be L = 2x/kgp ~ 9.4 fm, where
kpp/A ~0.154 is the momentum of the Fermi point.

D. High-density region

When the chemical potential is large enough, the DCDW
phase (g # 0) is realized. Figure 9 shows the dispersion
relation of the quark fields along the momentum k, for
fixed parameters (M/A,q/A,pu/A) = (0.09,0.62,0.52)

MIA =046, g/A = 0, p/A = 0485

6 ,
s Lo o a=04 (D1rac) v a=04 (Total)

Xg A a=0.2 (Dirac) o a=0.2 (Total)

] L ]
Lﬁ 4 L % o a=0.4 (Fermi) — a=0 (Dirac) |
— 2 Fo . 1
NS v o a=0.2 (Fermi |
T’ Q ¢ ) f 1
() g ]
o o,

(&) o4
=
£
%)
©
(@]

Thickness: aN, = L, (fm)

FIG. 8. Casimir coefficients in the intermediate-density region.
We denote aA as a in the legends.
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M/A = 0.09, g/A = 0.62, u/A =0.52
ol A (k= k, = 0, k)

: —k./A
T Z
5 T

Total

FIG. 9. Dispersion relations on the lattice with aA = 1 in the
high-density region (u/A = 0.52).

with aA = 1. In this case, the two touching points of @_
and @_ are regarded as the Weyl points. Furthermore, the
o, and w_ cross the Fermi level. Thus, there are six
nondifferentiable points. In the low-momentum region, the
total dispersion relation becomes a flat band due to the
cancellations between w_ and @_ and between o, and @, ,
and the edges of the flat band of the total dispersion relation
are nondifferentiable. Furthermore, due to the four Fermi
points, the total dispersion relation is nondifferentiable at
the four momenta.

Figure 10 shows the results for the Casimir coefficient.
For the Dirac-sea effect, the Casimir effect shows oscillat-
ing behavior, as expected from the Weyl points.
Furthermore, we see that the Fermi-sea part of Casimir
coefficient oscillates with higher frequency than that
from the Dirac sea. The frequencies of the oscillations
are determined by the positions of the nondifferentiable
points on the dispersion relation. By using Eq. (19), the

MI/A =0.09, g/A =0.62, uy/A =0.52

—

3
4

Xg 5 [ %V ﬁ

Il

BU

4 a=0.4 (Dirac)

8 L ]

g -3 [+ a=0.2 (Dirac) v a=0.4 (Totall%, ]

= 3 . 99 1

£ [ a=0.4 (Fermi) o a=0.2 (Total) u:v:

)

3 —10F 5 2-02 (Fermi) — a=0 (Dirac) ]
0 1 2 3 4

Thickness: aN, = L. (fm)

FIG. 10. Casimir coefficients in the high-density region. We
denote aA as a in the legends.

oscillation period is estimated to be L =2z/kwp ~
4.8 fm with kwp/A ~0.298 for the Dirac-sea part. For
the Fermi-sea part of w_, the period is determined by
LY =2n/kpp ~ 1.7 fm with kgp/A ~0.851 in addition
to L3¢ = 27 /kwp ~ 4.8 fm. For the Fermi-sea part of o,
LY =2x/kpp ~7.6 fm  with kgp/A ~0.190. In fact,
the Dirac-sea and Fermi-sea contributions shown in
Fig. 10 are dominated by the periods of L2 ~4.8 fm
and LY ~ 1.7 fm, respectively, and the total result is their
superposition.

IV. CONCLUSION AND OUTLOOK

In this paper, we have discussed the Casimir effect from
quark fields in some phases of quark matter. In particular,
we consider the QCD counterpart of a new type of Casimir
effect i.e., the oscillating Casimir effect. We have classified
the typical behaviors of the Casimir effect by focusing on
the three types of density regions:

(1) When the quark chemical potential is small enough,
the quark-number density is zero. Then, the Casimir
effect for massive quark fields occurs, where the
damping of the Casimir energy with increasing
thickness is characterized by the dynamical masses
of quarks.

(2) As the quark chemical potential increases, the quark
number density becomes nonzero. In this region, the
contribution from the quark Fermi sea effect leads to
the oscillating Casimir effect.

(3) Further increasing the chemical potential eventually
leads to a phase transition into the DCDW phase. In
this region, in addition to the Fermi sea effect, the
Weyl-point structure of quark fields in the DCDW
phase results in the oscillating Casimir effect. The
total Casimir energy behaves as the superposition of
two types of oscillations.

To clarify terminology, one of our main findings may
be called the DCDW-induced oscillating Casimir effect,
which is a kind of the WP-induced oscillating Casimir
effect predicted in Ref. [31]. On the other hand, the FP-
induced oscillating Casimir effect would be a common
term for general fermionic systems at finite density in
finite volume.

In the following, we list some potential future studies.

(1) Solving gap equation in finite volume—In this work,
we input the values of order parameters obtained
from the gap equation in infinite volume, in order
to understand the typical behavior of the Casimir
effect for typical dispersion relations. As a more
precise analysis, one can calculate the order
parameters by minimizing the thermodynamic or
effective potential in finite volume, and then one
can understand the self-consistent relationship be-
tween the volume-dependent order parameters and the
Casimir effect. This type of study would help eluci-
date the phase diagram of interacting fermions in
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finite volume (e.g., see Refs. [100-107]) from the
viewpoint of the Casimir effect.’

(i1) Lattice simulations—Our predictions will be exam-
ined by future lattice NJL (and also QCD) simula-
tions. Since Monte Carlo simulations at large quark
chemical potential suffer from the sign-problem,
sign-problem-free techniques should be applied. In
particular, numerical simulations of Casimir effects
for lattice gauge fields have been vigorously studied,
such as the U(1) gauge [109-111], the compact U(1)
gauge [112-116], the SU(2) gauge [117,118], and
the SU(3) gauge fields [119,120], so that the inter-
play between quark and gluon dynamics would be
interesting.

(iii) Finite temperature—At finite temperature, thermal
fluctuations (as well as quantum fluctuations) also
induce the Casimir effect, which is the so-called
thermal Casimir effect well established theoretically
[88] and experimentally [121]. The Casimir energy
at finite temperature can be calculated by using a
straightforward modification of Eq. (11) or Eq. (13).
Although the DCDW phase disappears at suffi-
ciently high temperature, in the low-temperature
region the oscillating Casimir effect can be realized.

(iv) Axion electrodynamics—In this work, we consider
only the Casimir effect for quark fields, which is
induced by boundary conditions on quark fields. The
dynamics of photons in the DCDW phase may be
described by modified Maxell equations [63,76,122]
which is the so-called axion electrodynamics
[123,124]. The Casimir energy for such modified
photon fields can exhibit a sign-flipping behavior
[19,95,125-128] when boundary conditions on
photon fields are imposed. It will be interesting
whether or not such a photonic Casimir effect occurs
also in the DCDW phase.

(v) Models with nucleons—In this work, we consider
the Casimir effect for quark degrees of freedom
based on the NJL model. Apart from the NJL. model,
in the low-density phase of QCD, relevant degrees of
freedom are hadrons, specifically nucleons. There-
fore, it will be important to examine the consistency
between the quark Casimir effect in the NJL model
and the nucleon Casimir effect in an effective model

’As shown in Ref. [103], the phase diagram in the NJL model
at finite (u,L.) is complicated, where the phase boundary
between low-density and high-density phases oscillates as a
function of L. Therefore, for a more realistic prediction of the L,
dependence of the Casimir energy, such L, -dependent phase
transitions should be considered. In addition, a question is
whether or not the DCDW phase survives on the phase diagram.
As a preliminary result, we solved a gap equation at finite (y, L)
and confirmed that in fact the DCDW phase appears in a
parameter region [108]. In this region, our prediction of the
Casimir effect is qualitatively reliable.

such as the nucleon linear sigma model which can
also investigate the DCDW phase.

(vi) Other inhomogeneous chiral phases—We have
shown the WP-induced oscillating Casimir effect
in the DCDW phase, which is particular to systems
with momentum-dependent Weyl points. It would be
interesting what types of Casimir effects can occur in
other inhomogeneous chiral phases. For example,
the real-kink crystal phase is known as a possible
ground state in the 3 + 1 dimension NJL model [50].
In this phase, because k, is not a conserved quantity,
our approach formulated in spatial-momentum space
cannot be applied, but the Casimir energy should be
calculated by approaches formulated with discrete
eigenenergies. Furthermore, apart from the dense
quark matter, a magnetic field can also induce the
DCDW phase [53], which is the so-called magnetic
dual chiral density wave (MDCDW) (see Ref. [129]
for a review). The Casimir effect in such a phase is
also interesting.

(vii) Lower-dimensional models of QCD—The WP-
induced oscillating Casimir effect can occur also
in lower spatial dimensions (i.e., 1 +1 or 241
dimensions) [31]. Therefore, investigation of the
Casimir effect in possible inhomogeneous phases of
low-dimensional QCD-like models, such as the
Gross-Neveu model [130-132], the chiral Gross-
Neveu (NJL,) model [133], and the 't Hooft model
(QCD,) [133-135], will be also important.
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APPENDIX A: LIFSHITZ FORMULA

In this appendix, we derive the Lifshiz formula (11) for
the dispersion relations in the DCDW phase. To calculate
Casimir energy at zero temperature and zero chemical
potential, we need to obtain the infinite sum of eigenvalues
of quarks,

ol PBC

>y

o/
=Y e

s==4 n=-oc0 s=+n=0
* wAPBC o)
s,n _ APBC
E 5= E E w,5C, (A1)
s=+ n=-00 s=+£ n=0

where the momentum in the z direction is discretized as
k, =2nx/L_ and k, = (2n+ 1)z/L, under the periodic
boundary conditions (PBCs) and the antiperiodic boundary
conditions (APBCs), respectively. The prime in the sum for
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the PBC means that the factor 1/2 is multiplied only for
n=0:>"w,=>,w,—0,_/2.

The discretized k, is given as the zero point of the
function

APBC () = 1 — e—ik?]Lz7

AAPBC(9) = 1 + e—ik!.i]L:7

2
£ _ \/ki—l—Mz—aﬁ—qZ? iq\/ki—aﬁ,

=
e
Il
bl

where the imaginary momentum ik[zi] is obtained

by solving the DCDW dispersion

\/kZl + (VK2 + M?* + 5q/2)* with s = =+1.

function A (w) is a meromorphic function in a closed
path C on the complex @ plane with the mentioned zero
point but no pole, by using the generalized argument
principle [4,136,137], the infinite sum (A1) can be calcu-
lated from the following contour integral:

relation w; =

Since the

where C, is the counterclockwise integral on a semicircle
with an infinite radius centered at the origin, in the right
half of the complex w plane. More precisely, when at M =
g = k; = 0 under the PBCs, the zero mode exists at the
origin, and then the contour needs to avoid the origin by
considering an infinitesimal semicircular path centered at
the origin. By introducing the imaginary frequency w = i
with the imaginary part £, we obtain

[Se]

>y

s=+4 n=-o00

- Zi <L_°° EdIn A, (i&) Jr/c+ fdlnAs(if)) (AS)

s=+

The second term of Eq. (A5) on a circle with an infinite
radius vanishes in the limit of & — oo:

L §2 —éL, 0

1 %2 -
¢din A, (i6) = (1 — e85 )¢ [e-oo)

(A6)

Using integration by parts, the first term of Eq. (A5) is
reduced to

|7 eamasi = lemage)s + [ dsna, o

[Se]

—O+2/md§InAs(i§). (A7)
0

In the last form, we used &In(1 & ¢7¢) — 0 in the limit of
& — oo and the fact that the integrand of the second term is
an even function of &.

By taking into account the k, integral and multiplying
the factors 2N ;N for the particle-antiparticle, flavors, and
colors, we obtain the Lifshiz formula (11) for the PBC.
Similarly, the Lifshitz formula for the APBC is

dkdkl[

4 ZF igy/ k2 + &.

The overall —2 and the factor of +e‘L:7‘L‘] is a property
of the APBC on fermion fields. When we substitute
M =¢g=0 and ¢ =0, Eq. (A8) returns to the known

formulas for the massless and massive quarks, EAPBC =

—N;N,x77*/180L3 and EQFBC =N ;N . x (-2M?/x*L.) x
S (=1)HIK,(IML,) /I, respectively. The discrete
momentum, k, — (2n + 1)z/L,, for the APBCs is shifted
by a half period from k, — 2nzx/L, for the PBCs, and hence
the sign of the Casimir energy is flipped and also its absolute
value changes slightly.

R = —anny [
§=

]ELi] —\/k2 + M2+

oLl }

(A8)

APPENDIX B: RESULTS WITH MIT
BAG BOUNDARY

In the main text, we applied the PBC to consider the
Casimir effect. In this appendix, we consider the case with
the MIT bag boundary condition, which is more realistic
when we consider quark matter in nature or experiments.

The MIT bag boundary condition [138] requires that
the quark-current flux toward normal to the boundary
is zero. For the massless Dirac field on the MIT bag
boundaries, one can obtain the discretized momentum k, —
(n+1/2)r/L, as an analytic solution satisfying the Dirac
equation. On the other hand, for the massive case, one
cannot obtain an analytic form of momentum, so that
one should apply an alternative approach with no analytic
form of k, (e.g., Refs. [139-141]). In this appendix, as
an approximate estimate, we show the results using the
massless solution k, — (n+1/2)x/L., which may be
called “MIT bag” boundary conditions.
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In this case, the infinite sum of eigenvalues is
o0
DI
n=

and, the discretized k, is given as the zero point of the
function

“MIT”
s,

(B1)

[\ONE

S§=

AMIT (@) = 1 4 2L, (B2)

Using the derivation in Appendix A, we obtain the Lifshitz
formula with the “MIT bag” boundaries:

EMT™ = 2NN, /
7 [£] q*
ks :¢ﬁﬂwﬂ+?—zsrmw@+?,

=k2+ k2, and d’k, = dk,dk,. The overall
2L, F

dkL

sin[1 4+ 20K

(B3)

2
where k9

minus sign and the factor of +e is a property of
the “MIT bag” boundary on fermion fields. In the lattice
regularization, we have to replace as b4 — 1% B% in
Eq. (14), and the sum is over n = 0,1, ...,2N, — 1.
Figure 11 shows the results of the Casimir coefficients at
zero-, intermediate-, and high-density regions. In the case
of the “MIT bag” boundary, the number of discretized
levels is twice larger than that with the PBC. As a result, the
period of oscillation is half of that with the PBC: analogous
to Eq. (19),
Losc“MIT” — L

- (B4)

Furthermore, from these results, we can also discuss
the relationship between the cases with the “MIT bag”
boundary and the APBC. The discrete momenta are
k, > (n+1/2)n/L, and k,— (2n+ 1)z/L., respec-
tively. For this reason, Eq. (B3) is equal to Eq. (AS8)
multiplying by 1/2 and replacing as L, — 2L,. As a
result, the Casimir energy with “MIT bag” boundaries is
exactly 16 times smaller than that with the APBCs (the
factor of 23 is due to 3 + 1 dimensions). Therefore, using

MIA = 047, g/A = 0, u/A = 046
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FIG. 11. Casimir coefficients in the zero-, intermediate-, and
high-density regions with the “MIT bag” boundary conditions.
We denote aA as a in the legends.

the results in Fig. 11, by multiplying the vertical axis by 16
and the horizontal axis by 2, we can obtain the exact results
for the APBCs.
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