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A spinning vortex is considered in the context of the braneworld. We numerically analyze the
profiles of a stationary solution in a 6D U(1) gauge theory, and clarify their dependence on the
angular velocity in the field space w. We find that there is an upper limit on w, and the vortex
configuration should be parametrized by the angular momentum rather than w. We also discuss
matter modes localized on the vortex. We show that the vortex spin mixes the Kaluza—Klein (KK)
masses and induces nonvanishing masses to the zero-modes. It also resolves the degeneracy in
the KK spectrum that the static vortex had.

Subject Index B02, B06, B33, B43

1. Introduction

The braneworld scenario is interesting both from the phenomenological and the string-theoretical
points of view, and has been extensively investigated in a vast amount of papers. However, many of
them only discuss static brane configurations. This is mainly because such configurations are much
easier to analyze, and moving branes generically violate the Lorentz symmetry on the branes. If
we focus on a local region near the earth in the present universe, it may be a good approximation.
However, when we discuss the cosmological evolution of the universe, we should take into account
the brane motions in the past.

In the braneworld scenario, it is natural to imagine that branes were actively moving and colliding
with each other in the early stage of the universe. Such motions become slower as the universe
expands, and eventually the branes approach static configurations. However, brane motions in the
past may affect the cosmological history since they generally lead to various symmetry breakings
including the Lorentz violation. In addition, the brane collision process can induce inflation [1,2].
Hence it is quite important to understand how such brane motions affect the 4D effective theory.

There are various kinds of brane motions, such as translation, rotation, collision and merger of
branes, and so on. In particular, when a brane is a field-theoretical soliton rather than the D-branes
in string theory, it has a finite width. In such a case, deformations and spin of the brane are also
possible. It is a nontrivial and intriguing subject to investigate how such brane motions affect the
evolution of the 4D spacetime on the brane. This is the motivation for our work.

The simplest setup for the braneworld scenario is a 5D theory. The moving branes with
codimension-one in 5D are discussed in Refs. [3—7], and it has been shown that their motions
affect the evolution of our 4D spacetime significantly. Here we will consider the next simplest case,
i.e., the codimension-two case. In this case, a rotation of the branes in the extra-dimensional space
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becomes possible.! Specifically, we focus on a vortex soliton in 6D theories. In this paper, as a first
step for our purpose, we study a spinning vortex? in a 6D non-gravitational theory. Namely, we
assume that the typical energy scale of the vortex is much smaller than the 6D Planck mass, and
all the gravitational effects are negligible. The spin of the soliton may be understood as a trail of
a grazing collision that the brane has experienced in the past. To simplify the discussion, we focus
on a stationary field configuration.> We also discuss the localized modes of the matter fields on the
vortex, and the violation of the 4D Lorentz symmetry that they feel.

The paper is organized as follows. In the next section, we briefly review the ANO vortex in the
6D Abelian—Higgs model, and discuss the possibility of its rotation. In Sect. 3, we extend the model
to obtain a stationary solution for a spinning vortex. The profiles of the vortex background are
numerically calculated, and their dependence on the angular velocity in the field space is clarified.
In Sect. 4, we introduce a scalar matter field and discuss its Kaluza—Klein (KK) mass spectrum. In
Sect. 5, we introduce the matter fermions and discuss how they are expanded into the KK modes in
the presence of the spinning vortex background. We also comment on the violation of the 4D Lorentz
symmetry in the 4D effective theory. Section 6 is devoted to the summary.

2. Case of the ANO vortex

First we consider the Abrikosov—Nielsen—Olesen (ANO) vortex [13,14]. The theory is the 6D
Abelian—Higgs model whose Lagrangian is given by

1 A
L= —ZFMNFMN — Dyp*DMp — 5 (Ip1* —v?), (2.1)

where M,N =0,1,...,5,and
FMN = 3MAN - aNAM,
Dy = 0y — igdm) ¢. (2.2)

The parameters A and v are chosen to be positive. Since the scalar ¢ and the gauge field 43, have
mass dimension 2 in 6D, the dimensions of the parameters are given by

gl=-1 [l=-2, [l=2 (2.3)
The equations of motion are
mFYN — 2gIm (DV¢*¢) = 0,
DuDM¢p — r¢ (191> —v?) = 0. (2.4)
2.1. Static background
The ANO vortex is obtained by imposing the background ansatz,
na(v1/2r)

o =vf (e, Ag = — Ayrzo =0, (2.5)

! Rotation of the D-branes in a compact space is discussed in Refs. [8-11].

2 As another example of spinning codimension-two objects, a rotating hollow cylinder constructed by a
domain wall is discussed in Ref. [12] in a 6D gravitational theory. In this case, the spin is necessary to stabilize
the configuration against collapse due to the tension of the domain wall.

3 In this paper, we only consider a classical motion. Our solution might no longer be stationary when
quantum effects are taken into account.
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where (r,0) are the polar coordinates for the extra dimensions,

x* =rcosf, x> =rsiné, (2.6)

and the integer # is the vortex number. The Hamiltonian density for this background is given by

1 5
HZEMX::I ZFMN+Z|DM¢|2 |¢>|2—v)

MNl

n*va'?

2 2
=S Vg "r 02+ 2 (f2 —1)° 2.7)

Thus, in order to have a finite vortex tension (i.e., 4D vacuum energy density) 73 = 27 fooo dr rH,
the dimensionless functions f/ and « should satisfy

lim f('?r) = lim a('?r) = 1. (2.8)
F—>00 r—00
Besides, the regularity of the fields at the origin requires
f(0) =a(0) =0. (2.9)

With these boundary conditions, we obtain the (static) vortex solution by solving the equations of
motion (2.4).

2.2.  Background ansatz for a spinning vortex

In order to search for a spinning vortex solution, we extend the background ansatz (2.5) as

¢ = Vf(vl/zr)eine-i-iwt Ao = M
g
no(v1/2r)
Ae = T, AM#O,G = 0. (2'10)

In this case, the Hamiltonian density (2.7) becomes

1 wzvﬂ/z n*va'? 2.2 2 .2 3,72 n*v? 2 2

4
ad (12 - 1)2. (2.11)

Thus, from the condition that the vortex tension 73 should be finite and the regularity at the origin,
the dimensionless functions f, «, and 8 must satisfy the following boundary conditions:

lim f(vl/zr) = lim a(v'?r) = lim ﬂ(vl/zr) =1,
r—00 r—00 r—00

f£(0) =a(0) =p(0) =0. (2.12)
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Under the ansatz (2.10), the equations of motion (2.4) become

f"(p) +f/(p) { (1—B(p)) — Z—z (1 —a(p)* =1 (f*(p) — 1)}f<p> =0,

o' (p) — /;p ) 428 (1 - o)) f2(p) =0,

g+ 22 210 (1= B (p) =0, 2.13)
where p = v!/2r is a dimensionless radial coordinate and

@

w > ~
T A= & av!/? (2.14)
are dimensionless parameters.

In fact, Eq. (2.13) does not have a solution that satisfies the boundary conditions in Eq. (2.12). Let
us focus on a region p > 1. There, the second term of the equation for § is neglected and /' (p) =~ 1.

Thus the solution behaves as
B(p) ~ 1+ Ce™V2r, (2.15)

where C is a real constant. When C > 0, we find that 8”(p) > 0 and B'(p) < 0 for p > 1.
Therefore,

B (0) = 28 (1 — BN S2(p) = © ff’ ) (2.16)

is positive for all regions because the second term on the right-hand side, which is positive, gets
bigger and bigger as we approach the origin while the contribution of the first term, which is negative,
decreases. This indicates that ' (p) is always negative for any value of p. For a similar reason, 8’(p)
is always positive when C < 0. In both cases, we cannot satisfy the boundary conditions at the
origin.* The only possible case is C = 0. In this case, S(p) = 1 is a solution that satisfies the
boundary conditions in Eq. (2.12). However, this solution is gauge-equivalent to the static solution
in Sect. 2.1. Namely, a stationary spinning vortex solution does not exist in this model.
This fact is expected from the following reason.’ The vacuum of this model is

¢ =ve®, Ay =0, 2.17)

where § is a real constant. The fluctuation modes around this vacuum are as follows. The gauge
boson gets a nonzero mass via the Higgs mechanism for the breaking of the U(1) gauge symmetry.
The scalar field ¢ is decomposed as ¢ = (¢ + v) €®FX)_ The phase part y is the would-be Nambu—
Goldstone (NG) boson and is absorbed by the gauge boson, and the radial part ¢ gets a mass from
the potential. Namely, no massless modes exist in the vacuum. This indicates that nonzero energy
is necessary when we move the vortex in any direction. So we cannot rotate the vortex without an
energy cost. This is the reason why there is no stationary spinning vortex solution in this model.

* In fact, lim,_.o B'(p) = —sign (C)oo in these cases.
5 The author thanks Keisuke Ohashi for suggesting this perspective.
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According to the above perspective, we need a massless mode corresponding to the fluctuation
along the phase direction in order to have a stationary spinning vortex. In the next section, we will
extend the model in such a way.

3. Stationary spinning vortex

3.1. Setup
We extend the previous model by adding an extra charged scalar field. The Lagrangian is given by
1
L=——FuxnF" — 3" Dy¢iDM¢ — U,
4 .
i=1,2
Ai 2
U= 5 (i =v}) +7 o1l g + U, 3.1
i=1,2

where A1, A2, v1, v2, and y are positive constants, and
Dy i = (Om — igAm) ¢i- (3.2)

The constant Uy is irrelevant to the physics if we neglect the gravity.
The mass dimensions of the parameters are

gl=-1, [l=Mkl=I=-2, Ml=Mhl=2 (3.3)

In addition to the U(1) gauge symmetry, the model has U(1) global symmetry, which is denoted
as U(1)g1, under the transformation that changes the relative phase of ¢ and ¢».

The vacuum structure of this model is summarized in Appendix A. In the following, we will focus
on the case that

yvi > Av3,  AVi > Agvs. (34)

Then the vacuum (i.e., the global minimum of U) is

o1l =vi, ¢2=0. (3.5)
We will set the constant Uy so that the vacuum energy is zero in the following. Namely,
Aovi
Up= —"22 (3.6)
2
The equations of motion are
op P —2gIm (DY g1 + D" ¢3¢2) =0,
DuDY¢1 — 1141 (1611° =) — vo1 I2* =0,
DuDY s — Mot (192° = v3) — v 11* ¢2 = 0. 3.7
This theory has the (static) ANO vortex solution,
2
$1=vif 0, $2=0,
na(v}/zr)
Ag = T, Ay = 0. (3.8)
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3.2.  Background ansatz for the spinning vortex

For the purpose of finding an axially symmetric stationary spinning vortex solution, we make the
following ansatz for the background:®

1/2 i 1/2 1
d1 =vifi P e, ¢y = nfi(v P e,

12 12
wp(v,""r) na (v, °r)
Ao = Tl, Ap = Tl, Apmz0p =0, (3.9

where f 7, o, and B are dimensionless real functions, the integer # is the vortex number, and the real
constant w is the angular velocity.
Then the Hamiltonian density is
2.1 2 2
H— 2‘% (wzﬁ/2+ %) 02 {wzlng]z R n (lr2 o) flz}
2.2
+3 {w2 (=B +nf + 5 22}

A 2 Avi
+ Tl -1+ Tzfz2 (= 2) + yvivififs. (3.10)

In order to have a finite vortex tension, we should require the boundary conditions at infinity:

lim fl(v}/zr) = lim oz(vll/zr) =1,

r— 00 r—00

lim f(v;*r) = lim B(v,"*r) = 0. (3.11)

F—00 F—00
From the regularity at the vortex core, we obtain the boundary conditions at the origin:

f10) =a(0) =0, f(0)=p80)=0. (3.12)

With our ansatz, the equations of motion in Eq. (3.7) are translated into the equations for the
dimensionless functions as

/ 2
{/+%+ {5)2/32— %(1 —a)? = (7 —1) —fffzz}fl =0,

/ 2
o — % +28 {1 —a)f —&afy} =0,

IB/

pl =2 B -1 - P} =0, G.13)
where
:OEV%/ZV, M=hvi, A =hvi, 7=y,
2
- 1/2 ~ w v
gEgvl/’ b=-15 E=-2 (3.14)
v Vi

are dimensionless coordinate and parameters.

® In the following, we will normalize the dimensionful quantities except for f> by v;.
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Due to the U(1)g, this model has a massless mode corresponding to the fluctuation changing the
relative phase between ¢; and ¢, at every spacetime point. Thus it is expected for the above equations
to have a solution that satisfies the boundary conditions (3.11) and (3.12), in contrast to the previous
model.

3.3.  Asymptotic behaviors of the solution

From the equations in Eq. (3.13) with the boundary conditions (3.11) and (3.12), we can read off the
asymptotic behaviors of the dimensionless functions. In a region p < 1, they behave as

fip) = Cpp" {1+ 00},

f(p) = Cp + O,

a(p) = Cap’® + O(p"),

B(p) = Cg + O(p?), (3.15)

where Cg, Cg, Cg, and Cg are real constants.
Next we consider a region p >> 1. Then, using Eq. (3.11), Eq. (3.13) is reduced to

N ) n? .
H+ ;1 —(&?B% - ?az +20fi — PESE) ~0,

f//_i_-f‘z/_'_ ~2 n2 5\‘ -~ ,.\,0
2 a)—;Jr 26—y |x~0,

—28* (B—¢&f7) ~0, (3.16)

where

fip)y=1-fi(p),  a(p)=1-alp). (3.17)

The solution of the second equation is expressed by the (modified) Bessel function as

Ku(JJaz2p) (@ < = hak)
f2(p) = v = (3.18)
S(Vlazlp), Ya(Vlazlp) (@7 >y — 128)
up to the normalization factor, where
W=7 — hE — @t (3.19)
Namely, when ap > 0, it behaves as
G
frlp) = e VP, (3.20)
N
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where C)go is a positive constant. Using this and the last two equations in Eq. (3.16), we find that

1 —C®. /pe V%20 (3 <2ay)
a(p) = 2 —2\/6sz s
& (cjg") ¢ @2 > 2ay)
cr
%e_ﬁgp (8% < 2a7)
O e , (3.21)
00 ze 20 )
g(cp) @ > 2a)

where C.° and Cgo are real constants. Then, from the first equation in Eq. (3.16) with the above
asymptotic forms, we obtain

quo -
_ Il =N 2hp b (452
1 ﬁe <k1 < min(4g ,2a2)>
PEDGTE (g cminaw), (2
~ — - < min(Ag,2az) ), )
Si(p) e ) g 1,242 (3.22)
e ()
1— Lf;e_zﬁp <2a2 < min()~\1,4§2)>
201 P

where Cfolo is a real constant.
Thus, when a5 is small enough, the Hamiltonian density (3.10) is approximated as

2.2 2 . 5
M= [L ((bzﬂQ*%)Jr{‘bzﬁzﬁz +ﬂ2+Mﬁ2}
24 P 0
2.2
+€{5)2(1—ﬁ>2f22+f2/2+%22}

1.2
Ry %f; (7 —2) + féﬁzﬁz}

~ v% (55)2&2 _ ngzfzz + )751”22)

~ Vit (c;f)z (5)2 Rk + )7) ezfp, (3.23)

for p > 1. Therefore, the vortex tension 3 = 27 fooo dp pH diverges when ap =~ 0. This indicates
that there is a maximum value of the (normalized) angular velocity @&:’

Omax =\ 7 — Mok. (3.24)

3.4.  Profiles of the solution

The equations in Eq. (3.13) with the boundary conditions (3.11) and (3.12) can be solved numerically.
Figure 1 shows the profiles of the solution. The solid, the dot-dashed, the dashed, and the dotted lines

7 Notice that the constant C;;’ depends on w. Thus, the actual divergent value of @ slightly deviates from
Eq. (3.24). (See the next subsection.)
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Fig. 1. The profiles of the dimensionless functions. The solid, the dot-dashed, the dashed and the dotted lines
represent fi(p), 2(p), a(p), and B(p), respectively. The parameters are chosen as n = 1, g=041 =03,

7 =027 =05and& =0.7.

represent f1(p), f2(p), a(p) and B(p), respectively. The parameters are chosen asn = 1, g = 0.4,
X =032 =02, y =0.5,and € = 0.7. For @ < 0.5, f2(p) and B(p) are exponentially small, and
the background is almost that of the ANO vortex (3.8). For 0.5 < & < 0.61, f2(p) and B(p) grow as
@ increases, and the profiles of f] (p) and «(p) are deformed due to the centrifugal force induced by
the spin of the vortex. For @ > 0.61, the functions do not decay enough in the region of p > 1, and

cannot satisfy the boundary condition (3.11).

These behaviors of the functions can be understood by noticing that the centrifugal force is pro-
portional to the angular momentum Py of the vortex, rather than the angular velocity in the field
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Py
2.0}

1.5
1.01

0.5

0.51 0.52 0.53 0.54(‘U 0.52 0.54 0.56 0.58 0.60

w

Fig. 2. The angular momentum P, as a function of @. The parameter choice is the same as that of Fig. 1. P,
is normalized by vf/ 2,

space w. The angular momentum Py is given by

o
Py = /a’x“dx5 Py = 27T/ dp pPo(p),
0

Po = — {Dydi D1 + DygiD s + hic.) — ForF”

— i [{1 — (o)} B 2(0) +a(p) (1 — B0} (o) — %] . (3.25)

where Py (p) is the Noether current for the rotation in the x*—x> plane. Figure 2 shows the relation
between Py and w. The overlap integrals in Eq. (3.25) are exponentially small for @ < 0.5; Py

increases linearly with @ in the region 0.52 < @ < 0.6, and it diverges at some value around
@ = 0.61. In fact, with our parameter choice, Eq. (3.24) is

Omax = 0.6. (3.26)

These behaviors indicate that we should parametrize the vortex configuration by Py rather than by w.

4. Localized scalar modes
In this section, we introduce an additional scalar field ® whose U(1) charge is g¢ as a matter field.
Its Lagrangian is given by

Ls=—DYO*Dy & — MG |®* — (k1 |¢11* + k2 [§21?) | D12, (4.1)

where k12 > 0, and

Dy® = 0y — iqogAir) . (4.2)
The equation of motion for @ is

DMDy® — MZD — (i1 911 + k2 [2]?) @ = 0. (4.3)
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Substituting the background (3.9), the linearized equation of motion is given by

"0, D + 2igowB (v r)d®

. 1/2 2.2 2,1/2
1 1 2igpna (v, " r) 1 qan o (v, °r)
2 2 1 2 202.1/2 @ 1

+{3,+;3r+r—239—r—239+CI¢w,3(V1 F)—r—z @

- {Mg, + 3202 4 epvE o)/ 2r)} ®=0. (4.4)
4.1. Mode expansion
The 6D scalar field ® is decomposed into the KK modes as

O, r,0) = > A (p,0)p" (x), (4.5)

K

where p = v}/ 2. We choose the mode functions as solutions of the following mode equation:

1 1 2igena(p) , 2 ~2,2 Qénzaz(p)
249, + 02— T2 4 2R (p) — 2
{ Prp 2t p2 0T T® p>
- - - K _2 (K
— Mg — k12 (p) — &2t (p) }hg, ' = —ikhy, (4.6)
where
- M2 m>
Mé S ﬁﬁ( =X  H=«v, kK= 4.7)
3! 1

are dimensionless (mg is the KK mass).
Since Eq. (4.6) has rotational symmetry in the extra dimensions, the eigenvalues ﬁ1%< in Eq. (4.6)
have degeneracy and the mode functions hg{) (p,0) can be expressed as

h " (0,0) = 6" ()™, (4.8)
where m is an integer and labels the degenerate modes. Then, the mode equation becomes
1 k -0 (k
{—a,% — %+ V(p)} b " (p) = inzby " (p), (4.9)
where

— 2 -
o) = ML B ERR0) +  + RE) 4 ). @10)

A more explicit derivation of Egs. (4.8) and (4.9) is given in Appendix B. This has the form of a 1D
Schrédinger equation with the potential V' (p).
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Fig.3. The typical form of the potential V' (p) in the static vortex case (left figure), which is approximated by
a simple function (right figure).

4.2. KK spectrum

We can obtain the KK mass spectrum by solving Eq. (4.9). However, it depends on many parameters
and it is hard to express it analytically. Thus, we illustrate its property by analyzing the Schrodinger
equation with the potential approximated by a simple function.

Let us first consider the static vortex case (i.e., @ = 0). The typical form of the potential V' (p) in
this case is shown by the left figure in Fig. 3. In order to see the properties of the spectrum in this
system, we approximate V(o) by the following simple function Vap(0) up to a constant:

o ()O = /Omin)
Vap(P) =1—D (Pmin <P = Pmin + W), (4.11)
0 (0 > Pmin + W)

where the constants D and ' denote the depth and width of the potential (see the right figure in
Fig. 3). Thus, Eq. (4.9) is approximated by

1
{—8,% - ot Vap<p>} b (p) = Eeeb®™ (), (4.12)

where Eoff = rhi + Cg (Cg: constant). We will concentrate on the bound-state solutions whose
eigenvalues Eqfr satisfy —D < Er < 0. Then, the solution of Eq. (4.12) is

Jo (V Eefr + D,Omin)
Yo ( Eetr + Dp) . (413)
Yo (\/ Eer + D,Omin)

by (p) = N~ {JO( Eert +Dp) N

for Pmin < £ = Pmin + W: and

b (0) = N-Ko (vV=Eerrp), (4.14)

for p > pmin + W. Here, Jy(z) and Yy(z) are the Bessel functions of the first and second kinds,
and Ky (z) is the modified Bessel function of the second kind. The mode function bg;)[m](,o) and
its derivative should be continuous at p = ppyin + W. In order for these conditions to satisfy with
nonvanishing N_ and V.., it must be satisfied that

0 = V=EerFi(Eer)K: (V=Eerron) = vEerr + DE2(EeKo (V=Eerim),  (415)

12/28



PTEP 2019, 123B05 Y. Sakamura

S

E_eff E_eff
: :
of ] 0 \_
) | _5; \\W 7
—‘8“‘—‘6“‘—““—‘2“‘(‘) :—‘8‘“—‘6“‘—““—‘2“‘(‘):
E_eff E_eff

Fig.4. The plots of F(E) in Eq. (4.17) for (W, D) = (4,4) (top left), (W, D) = (8,4) (top right), (W, D) =
(4, 8) (bottom left), and (W, D) = (8, 8) (bottom right). We chose pp;, to 1.0 for all plots.

where pp, = Pmin + W, and

Fi(Eerr) = Jo (VEer + Dpy) Yo (VEerr + Dprn
—J ( Eefr + D,Omm) Yo < Eetr +D/Ob>
Fa(Eer) = 1 (VEer + Dpy ) Yo (VEetr + Dmin
—Jo (VEetr + Domin) Y1 (vEetr +Dpy ). (4.16)

Figure 4 shows the plots of

v —Eet F1(Eefr) K1 (\/ _Eeffpb)
VEeir + DFy(Eetr)Ko (v/—Ecfr pv)

The points of F(Eefr) = 0 denote the eigenvalues. The plots show the following properties:

F(Eetr) ~ 1. (4.17)

o The deeper the potential well of Vap(p) is, the more modes are bounded to the potential.
e The wider the well is, the more densely the eigenvalues are distributed.

Since the eigenvalue of Eq. (4.9) is the square of the (normalized) KK mass, it must be non-negative.
In particular, we consider a case that the lowest-mass eigenvalue is zero ﬁa(z) = 0, which can be
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achieved by tuning the bulk squared mass Mé appropriately.® This corresponds to the choice that
the constant Cg is chosen as the lowest eigenvalue Ej.

We can numerically read off the depth D and the width W of the potential V' (p) (see Fig. 3).
Qualitatively, D is a decreasing function of the penetration length of the vortex, which is read off
from Eq. (3.21), and an increasing function of the correlation length, which is read off from Eq. (3.22).
The width W is a decreasing function of the penetration length while having a nontrivial dependence
on the correlation length.

The spin of the vortex induces nonvanishing S(p) and f>(p). Both of them have support near the
core of the vortex, and affect the shape of the potential V' (p). However, since the signs of their
contributions to the potential in Eq. (4.10) are opposite, their effects on pnin, D, and W depend on
the parameters g¢, @, k2, and &. In particular, the negative contribution qé&)z ,32(,0) in Eq. (4.10)
indicates that there can be a negative ﬁai solution, which indicates that the background configuration
is unstable. This reflects the fact that the vortex configuration becomes unstable when @ exceeds the
critical value @py,x mentioned in the previous section.

For E.gr > 0, Eq. (4.12) has a continuous spectrum, which corresponds to unbounded states. Thus,
Eq. (4.5) should be understood as

kmax - 1

o0
or.) = YA Y W .0 + [ an n e L @ts)

m k=0 Amin

where knax denotes the number of localized modes, and A, = D — Ej is the lowest value of the
continuous KK spectrum.

4.3. Dispersion relations

Making use of the orthonormal relations of the mode functions, we can rewrite the linearized equation
of motion (4.4) as

918, 4 2iCi" 5 DM — 2 ®lml — ¢, (4.19)

where

G = / dpdt pgewB(p)hy"™ (p,0)hy" (p.0)

e}
=21 [ dp pawep(@bE " o1 ). (4.20)
0
If we move to the momentum basis by the Fourier transformation, this is rewritten as
{(E2 =57 = m}) 511 = 2C1E} 6O o) = 0. (421)

By diagonalizing the matrix on the left-hand side, we obtain the dispersion relation for each KK
mode. When the angular momentum of the vortex is small, each element of C ,E”;] is small. Then, the

contribution from the off-diagonal elements of C %] to the eigenvalues of the matrix in Eq. (4.21) is
negligible, and the dispersion relation for ¢ " is read off as

E?* —p* —mi —2CE ~ 0. (4.22)

8 Some symmetry, such as supersymmetry, can ensure this parameter tuning.
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Thus, the energy is expressed as’

Ex ™y J5+m} 4 CnP

22
= Cl[{”;{] + ‘/mi + C/[Cn;c]z + ﬁ + 0@4). (4.23)
, ] -
2\/mg + Cpy

Therefore, we can identify the effective KK masses M, as

My~ \Jm? + C2. (4.24)

Even if a massless localized mode exists in the static vortex case, it will obtain a nonvanishing mass
by the spin of the vortex. Furthermore, we should note that this effective mass depends on the KK
label m. This means that the degeneracy in the KK spectrum, which Eq. (4.6) has, is resolved by
the spin.

5. Localized fermion modes

In this section, we introduce matter fermions in the bulk, and consider the localized modes on the
vortex brane. We introduce 6D Weyl fermions W+ whose Lagrangian is given by

L= i "Dy, + {0161 +y2¢2) V-V, +he}, (5.1)
X6==£

where xg denotes the 6D chirality, and
Dy = (0m — iq+gAm) V. (5.2)

The constants g4 are the U(1) charges of W, respectively. Due to the charge conservation, they are
related as

g+ —q-+1=0. (5.3)

The coupling constants y; and y, are chosen to be real and have the mass dimension

il =D2l=-1. (5.4)

The notations for the gamma matrices and the fermions are collected in Appendix C.

5.1. Mode equations

The equations of motion for the fermions are

T Dy + (11 +y262) W— =0,
iTMDyW_ + (11 +y262) W = 0. (5.5

? The other solution £ >~ C ,[{';'{] —/p*+m +C ,Lf','{u corresponds to the annihilation mode of the anti-particle.

We should also note that the energies of the particle and the anti-particle are not degenerate since the Lorentz
symmetry is violated in our case.
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In the two-component spinor notation, these are rewritten as

io" (8, — iq+gAy.) & — (04 +1i05) x4 +iq+g (A4 + ids) x4 (Vg1 +y262) x— =0,

i7" (0, — iq4gAy) X+ + (04 — i05) &y — iqig (g — ids) Ty + (V11 +12¢2) {— =0,

io" (8 — igq—Ay) E— — (84 — ids) x— +iqg—-g (s — ids) x— + (NP1 +1262) X+ = 0,

i0" (9y — iq-gAu) X— + (B4 +i05) L — ig—g (A4 +ids) L + (111 +y202) &4 = O,
(5.6)

where the two-component spinors . and ¢4 are defined in Appendix C.

Since the background (3.9) breaks the 4D Lorentz symmetry SO(1,3) to SO(3), we need not
discriminate the dotted and undotted indices. Thus, the linearized equations of motion for the fermions
are expressed as

— (i00 + q4+wP) {4 + i0" L4
— e {ar - ﬁ (39 — iq+na>} X+ + (vifie™ +yanfre™) x- =0,
— (00 + q+wB) X+ — io" Vx4

+e 1o, — ; (B9 — iqna) t &+ (vivifie™™ +yamapre™ ™) i =0,
— (id0 + q-wB) L + ic' ;¢

—e 0y, — - (09 —ig—na) { x— + (ylvlflemg +y2v2fze“’”) Xy =0,

— (ido + g—oP) x— — ic'd;x—
) i _ ; Lo
+e" {ar + - (9 — iqna)} I+ (rvifie™ +yavafre) o4 = 0. (5.7)

We have used the polar coordinates for the extra dimensions.
Each component of the fermions is decomposed into the KK modes as

X r,0) = > hE (0,00 (),
K

oG r0) = Y A (0,000 (), (5.8)
K

where p = vll/2

ris the dimensionless coordinate.'® The sums in the above expansion contain integrals
over the continuous spectrum, just like in Eq. (4.18). We choose the mode functions as solutions of

the following mode equations:

0

s no(p) i - s - i -
- {a" B ;39} WS+ i (0™ + 528 Pha(o)e Vb = ingh),

i q+na(p) i - —ing | = i .
— e {ap+ . +;ae}h§{i)+{m<p>e "t 52E (e i) = ingh,

10 Since we do not discriminate the undotted and dotted indices, each KK mode can reside in all fermions.
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i —na(p) i - ~ - j -
—e {ap - "T - ;39} h + {711 (0)e™ + 32612 (p)e ) by = g™,

o {ap + %‘j‘(p) + %39} WO 1 (51 (00 + 526 P00} BE) = g h®,
(5.9)
where
mg /

~ 1/2 ~ 1/2
7z =y, n Eyzvl/ (5.10)
1

are dimensionless (mg is the KK mass).

Note that when (hggz, hl(ﬁ)) are solutions with the eigenvalue mg, the functions (—hgi, hgi)) or

(hgi, —h(L]i)) become solutions with the eigenvalue —mg. Thus, we label the KK modes in such a

way that

ok =—g,  hgy (p.0) = —hi)(p,0), A (0,0) = hi'Y (p.0), (5.11)
for n > 0 (n is the integer in Eq. (3.9)), and

ik = —ing, g (0.0) =L (p.0), AL (p.0) = —h{ (p.0), (5.12)

for n < 0. These are consistent with the fact that only one chiral component has zero-modes, which
is explicitly shown in Appendix D.1.'! Making use of Eq. (5.9) and performing the partial integrals,
we can show that

g / dodt p (W& )+ W) = i / dodt p (WS HE +HHD), (5.13)
which leads to
i — i) [dods o (W& B, +HE e+ nE n + nn ) =o. (5.14)

Thus, we normalize the mode functions so that
f dpdd p (KEYHE, + O RY 4+ 1 W) 4 hORD) = 5y, (5.15)

5.2. y, =0case

To make the discussion more specific, we focus on the case of y, = 0 in the following. Similar to
the scalar case in the previous section, the eigenvalues mg in Eq. (5.9) have degeneracy, and we can
separate the variables as

k k j
her " (0,0) = b (p)e™,
h;{ki[m] (,0; 9) — b;{kl[m] (p)ei(m+n+l)9’

k k j
W (p,0) = b (p)e Y,

" (p,0) = b{" ()l MO (5.16)

"' We have assumed that 3, # 0 and 7, = 0 to specify the situation.
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Then the mode equations in Eq. (5.9) are expressed as

na(p) —m ~ ~
- } bl o)+ 31fi ()™ = b (o),

—{ap+

{ g-na(p) —m—n—1
—{o, -

~ ~ k
p } b (0) + 71/ (D™ = b (),

{8 g+no(p) —m—1
) —

. } I (0) + 311 ()L (0) = b ™ (),

q-no(p) —m—n
0

{ap = } bt () + 5111 ()b (0) = i " (). (5.17)
The relations in Eq. (5.11) are translated into

m_g=—ig, b5 () = b p), BT (o) = b (). (5.18)

Since h}({‘i[m] (p,0) and hiki[m](,o, 6) are normalized by Eq. (5.15), bg{i[m] (p) and bﬁkj)t[m] (p) satisfy

o )
fo dp p (BB 4 BB b0 M) = JE T (5.10)

Making use of the orthonormal relations, we can rewrite Eq. (5.7) as the linearized equations for
the KK modes:

—iaoﬁ(k)[m] + iZBl[:}]Uiam(l)[m] _ Z C}E’,’ll]n(l)[m] + mkn(k)[m] =0, (5.20)
/ /

[m] _ (k) [m]* 7 (D)[m] (k) [m]* 7 (1H[m] (O [mls 5 (D[m] Ol DOim]
o0
=2r /0 dp p (—bgz[m]bgl[m] _ bl({"l[m] bg)jm] n b£kJ)r[m] b<Ll>+[m] i b£k2[m] b(Ll),[m]>,

C]EV,VII] = /dpd9 pwP (q_’_hgfj_[m]*h]({:[m] +q_h]({€i[m]*hl(é)£nz] +q+h£k_|)_[m]*h](3_[m] +q_h£kz[m]*h£l)_[m])

o0
=270 /0 dp pB (a+bE B + g b - g b MBOI + g_p{PB(T).

(5.21)
From Egs. (5.18) and (5.19), we can see that

B =8 . (5.22)
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Note also that the KK modes with different m are decoupled from each other in the linearized

equations of motion (5.20). Thus, Eq. (5.20) is rewritten as

7'y 00 1 '
ido | n@ —ilo 1 0o’ | nOU
7" 100 7™
oty (g M 0 0 p'
+ Cgi]t C([)t’(')] Cg”ﬂf n(O)[m] 0 0 0 n(o)[MJ
c et )\ 0 0 —M)\ g

where

" = (,7<i1>[m],,7<ﬂc2)[rn],,7

E3)im) .>’ ,
M = diag (m,ma, m3,...),
and the matrices (C[i" I'are defined by
My =gt=cl
"y =M, =,

and the column vectors C| ([)"f are defined by

(mly _ ~lml _ ~[m]
(Cope = Cop = Gy

(mly _ ~lml _ ~lm]
(Cok =Gy = s

for £,/ > 0. Note that CZ" I are Hermitian. Since Eq. (5.23) is rewritten as

”Kn] C[_m] C([)”i] idy + (Cg’_n] + M 1][(_"]
io'a; [ O | = clm ido + L) cy n
e i +C—m b ¢l U
we obtain
2
c! o+ CP M\ [ gl
clm ido + Cyf c nOt!
i +CM - ct 7"
cl™ C([)”_l] i80+C[+m] +M / ng'_"]
- c id9 + Clp i io!9; [ ntm
idp+CM—nM c! \ 2"
| ¢l e g +C M [ gt
= io'd; chmr ido + Cl) cy n Ol
i +C —m ¢l ¢ p""
= io'9; (io/ ;) | @l [ = —V2 | @1
[m] [m]
0. 0.
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In the momentum basis, this becomes

or

where

and

2
cll clm —E+CM M il il
Cgi]t _Ex C[m] Cg'i]t FOml | = p2 | 7O | (5.29)
Eqct M c i i
ML p wl (g iy
M([)ri]t M(%n] Mgf]t FOml | = 52 [ 5O | (5.30)
YT VY G A N T T

m _ g2 _ olm] 2 olml plmlt | lml2 [m] 2
M =E —2(Cj_”E+(Cj_" + CytCy 4+ C )—[Cf,M]—M,
M = —ocE + {C[j’] +M, C[_’”]} +celm,

M = —acE + {c - mL e+ clilel,

M"™ = g2 —2cE + ((CL’_”]Z + el C[_’”]z) + [CL””,M] — M2,

My = B> =2l + i + et el + el (531)
M == (i + ) B+ el + el + () el
MM = (c[’” + i) E+ e 4 el 4+ e (et - m),
M = <C[’"] + C[’"]> E+cMcln C{;’f C([)f’g] + ((CQ’_”] 1) cf (5.32)

By diagonalizing the matrix on the right-hand side of Eq. (5.30), we can obtain the dispersion

relations.

Let us consider a case in which w is sufficiently smaller than wm,x in order to see how the dispersion

relation for the lowest mode is distorted by the spin of the vortex. As we have seen in Sect. 3.4, 8(p)

is exponentially small in such a case, and we can expand Eq. (5.30) in terms of the elements of the

matrix C IEWII] We can immediately see that the contributions from the off-diagonal elements in Eq.

(5.30) to the eigenvalues are O(B2). Hence, at O(B), the dispersion relation for the lowest mode is

read off as

2 2CNE — p* = 0(BY). (5.33)
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When p? « C([)"Z)]z, this is reduced to'?

=2

-
[m]”?
0,0

E~2¢l) + (5.34)

which indicates that the lowest mode has a tiny but nonvanishing mass C([{'(’)]. As we mentioned in
the previous section, the degeneracy in the KK spectrum is resolved due to the m-dependence of the
effective masses.

When w is close to wmax, we have to take into account the mixing with the higher KK modes by
diagonalizing the matrix in Eq. (5.30).

In the static limit (w — 0), the 4D Lorentz symmetry is recovered and Eq. (5.30) provides ordinary
relativistic dispersion relations:

M2 0 0 T
(E*-p)1—-]0 0o 0 7O | — 0. (5.35)
0 0 —M? T

Hence, the lowest modes become massless and chiral. In this limit, either hg)jgm] (p,0)or h(LOj)E[m] (p,0)
vanish depending on the sign of #, as shown in Appendix D.

6. Summary

We have considered a situation that the 3-brane where we live is spinning in extra-dimensional space.
The ANO vortex in the Abelian—Higgs model does not have a degree of freedom to rotate the vortex
configuration without an energy cost, so the stationary spinning solution does not exist. We have
extended the model by adding an extra charged scalar so that an extra U(1) global symmetry appears,
and the stationary spinning vortex solution is allowed. We find that the vortex profile has a nontrivial
dependence on the angular velocity in the field space w only in a limited region, and there is an upper
limit on w. Thus the vortex configuration should be parametrized by the angular momentum for the
rotation in the extra-dimensional space, rather than w. In contrast to the ANO vortex, the U(1) gauge
symmetry is not restored at the core of the vortex due to the nonvanishing background of the second
scalar ¢;.

The spin of the vortex violates the 4D Lorentz symmetry in the effective theory. Due to the
nonvanishing background of the temporal component of the gauge field Ag, the dotted and the
undotted spinor indices become indistinguishable. Hence each KK fermionic mode resides in both
4D chiral components, and they are described by two-component spinors of the unbroken SO(3).
The dispersion relations are also modified by the spin of the vortex (or the vacuum expectation value,
VEYV, of Ap). In particular, the zero-modes are mixed with higher KK modes due to the spin, and
obtain nonvanishing masses. We should also note that the vortex spin resolves the degeneracy in the
KK spectrum, which exists in the static vortex case.

There are many directions in which we should proceed. We would like to generalize the situation
by considering various kinds of vortices in various models, and extract universal properties of the
spinning vortices. If we extend the model in a supersymmetric way, we can also discuss the SUSY-
breaking effects in the 4D effective theory induced by the spin of a BPS vortex. The vortex in

2C,

12 The other solution E >~ — £ corresponds to the annihilation mode of the anti-particle. (See footnote 9.)
0,0
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motion on the compact space is also an intriguing subject. In this paper, we have only considered
classical motion. However, the spinning vortex may radiate some particles by a quantum effect and
lose energy. In such a case, the vortex solution is no longer stationary, but the angular velocity will
slow down, and the configuration will be reduced to be static. It would be interesting to pursue this
process and study how it affects the cosmological history. In addition, we have neglected gravity in
our analysis to simplify the discussion, but it is important to investigate the effects of spin on the
4D cosmological evolution in 6D gravitational theories. We will discuss these issues in subsequent
papers.
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Appendix A. Vacuum structure of the model in Sect. 3

Here we summarize the vacuum structure of the model (3.1).'? The minimization conditions of the
potential U are

oU
0= =1 (161> —vi) + 11l
3]
U
0=—" = (I921° = v3) + v I¢1l* $2. (A1)
003

By solving these, we find the following stationary points of U':

l. p1=¢p =0

2. |1l =viand¢p =0

3. ¢1 =0and |¢2|2= v
A2 (Avy — yv

4. |¢1|2: 2(11 )/2)

Miz—y?

This solution is possible only when

A ()»zv% — yv%)

and |¢o|* =
Ay — y?

(A2 — Y (v — yvd) > 0,
(A — Y2 (v — yvd) > 0. (A.2)

In order to investigate the stability of the vacua, we divide the complex scalar fields as

d1 =R +id1, 2 = Por + i, (A.3)

13 See Ref. [15] for a similar setup.
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and evaluate the Hessian matrix,

32U 32U 32U 32U
I 0P1RIP1T  0PIRIP2R  IPIR P21
32U 32U 32U 32U

dP110P1R A3 dp110¢or P11

H(U) = . (A.4)

32U 32U 32U 32U

IpoRIPIR  IP2rIP1I dpap dpar A1
32U 32U 32U U

\ 9puddin  0duddu  0¢udbm g%
For stationary point 1, the Hessian is
H(U) = diag (—=2A1v], —2A1v], —2A2v3, —2423) . (A.5)

Thus this is a local maximum.
For stationary point 2, we choose ¢ = v; without loss of generality. Then, we obtain

H(U) = diag (4217, 0, —=202v3 + 2yvi, —2A2v5 + 2y vi). (A.6)

Thus, we have the NG-mode for the ¢-direction, and the other modes are massive when yv% > szg.
The potential value at this vacuum is

U _ v U AT
b2 = =2+ o, (A7)

For stationary point 3, we choose ¢, = v, without loss of generality. Then we obtain
H(U) = diag (=20v] + 2pv3, —20vi + 2p13, 42003, 0). (A.8)

Thus, we have the NG-mode for the ¢o1-direction, and the other modes are massive when yv% > Al v%.
The potential value at this vacuum is

le?
Ups = 5 + Up. (A9)
In stationary point 4, we choose
Ma(avi = yv3) M(G2v] = yvD)
¢ = \/— b= ————5 (A.10)
Ay —y? Ay —y?
without loss of generality. Then we obtain
AMArzAq 0 yvVArlAIAy O
4 0 0 0 0
HU) = — , A.ll
() Mrz =y | vV AraA Ay 0 VSVSY) 0 @10
0 0 0 0
where
A= )le% — yv%, Ay = A2v§ — yv%. (A.12)

23/28



PTEP 2019, 123B05 Y. Sakamura

Thus, we have two massless modes, which correspond to the NG-modes for the breakings of the
U(1) gauge and U(1) global symmetries. This stationary point is a local minimum iff

det 4 MA A YA/ A A2 AT Ay _ 16X 1A A1 Ay
iz — 2 \yVrraA1A; A2 A My —y?

is positive. Combined with the condition (A.2), this indicates that A; > 0 and Ay > 0. Namely,

(A.13)

points 2 or 3 and point 4 cannot be local minima simultaneously. The potential value at this vacuum
is

v

S TryRe— (yav! = 2x00vivE + ya2v3) + Up. (A.14)

Upt4 =

In the case that points 2 and 3 are local minima, i.e., Ay < 0 and A < 0, we find that

2 2
Aoho Y (A.15)
Yy vi A
which indicates that
y* > Ak (A.16)

In fact, the interaction parametrized by y prevents both scalars ¢ and ¢, having nonvanishing VEVs.
When the conditions

yv% > kzvg, szg < )»1\/11 (A.17)

are satisfied, point 2 becomes a global minimum of the potential.

Appendix B. Derivation of Eq. (4.8)
We separate the mode functions in Eq. (4.5) as
WY (0.6) = bE (D)) (©). (B.1)

Substituting this into the mode function (4.6), we obtain

(X) p? 2 1 ~2 02 n*a? 2 =2 a2 =2 | (K)
r (/O)E—W 8p+;8p+0),3 —7—M¢—K1f1 —Kszz —|—mK bcI)
[
1
=& (82 — 2inadg) . (B.2)
)

Note that I'®)(p) is a function of only p. Since cg()(e) is a function of only 6 and «(p) has a
nontrivial p-dependence, this equation holds only when

docg ) _
—cg()(O) =1,
2cy ()

e

%) (p) = 53 — 2ina(p)s1, (B.3)
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where s1 and s are constants. The first two equations are solved as
K 2
Oy =N, =45 (B.4)

Since the mode function should be single-valued, we find that s; = im, where m is an integer. Thus,
the last equation in Eq. (B.3) becomes

r'®p) + m* — 2nma(p) = 0. (B.5)

This is the same as Eq. (4.9). By choosing the normalization of cgo (#) as N, = 1, we obtain Eq. (4.8).
Here note that the integer m (or the constant s1) can have different values for a given value of mg

in Eq. (B.2). This indicates that there is a degeneracy in the spectrum and m labels that degeneracy.

Hence we can write the KK label K by two integers k and m, where k labels different KK masses.

Appendix C. Notations

Here we collect the notations for the fermions. For two-component spinors, we basically follow the
notations of Ref. [16].
The 6D gamma matrices '™ are chosen as

u .
oh 04 y . 4= 94 iys . = 0y 14 ’ 1)
Yt 04 iys 04 —14 04
where s = iy%y!y2y3 = diag(1,, —15). They satisfy

(M, 1V} = 2™V, (C.2)

where nyy = diag(—1,1,1,1,1,1) is the 6D Minkowski metric. The 4D gamma matrices y* are

0, ot
M= . C3
Y (5 ” 02) (C.3)

The 6D chirality matrix I'7 is defined as

decomposed as

1, 0
ry=—ror'...r5 = (0: _;‘4). (C.4)

The 6D Weyl fermions W are expressed by

[ V+ [ 04
e ) v (%) o

where the four-component spinors 14 are further decomposed as

Yy = (X_ﬁ"). (C.6)
[
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Appendix D. Number of zero-modes

Here we focus on the zero-mode solutions of the mode equations in Eq. (5.17).14

Appendix D. 1. In the presence of Yukawa coupling
The mode equations for the zero-modes b(O) L] (p) and b(Loi[m] (p) are

no —m ~
{ap + e (/f L2 O o) = o,

_ —m—-—n—1
{8p—q no(p) —m—n bg))_[nz] ylf(,O)b(O)[m] 0,

yol
no(p) —m—1 -
5, — 9+ (p)p O™ 4 51 (0O = o,
—no —m-—n
{ap +1 (p)p B 4 51 ()b = 0. (D.1)

Note that bgc[m] (p) and b(LOl[m] (p) are decoupled in these equations. Thus they can be parametrized

by independent labels for m. Here we will write them as b}({)i[m](,o) and bﬁoi[m/](p) to emphasize
this point.

Let us consider the behavior for p > 1. Since f1(p),a(p) =~ 1 in this region and the terms

1 15

proportional to p~' are neglected, the asymptotic forms of the mode functions are

B (p), "™ (p) ~ e 1le. (D-2)

Next we consider the behavior around the vortex core p < 1. Using Eq. (3.15), the solutions of
Eq. (D.1) are expressed as

(0)[”"](,0) NA[m],Om +B —m+|n|—n
bl({ol[m](p) :_,A[nﬂpm%—lnl—i-l +B{{n_]p—m—n—1’

b(O)[m ](,0) ~ L+]Io—m/—1 + B[m,]pm’—i-ln\—i—n-i—l’

b(O)[m](p) ~ _],0 m'+|n| +B[m] m+n (D.3)

where Ag" :I]:’ Bg’i, A[L”i], and B[L"i] are constants. The regularity at the origin requires that all the
powers in Eq. (D.3) should be non-negative. This leads to the following constraints on m and m’:

Case of n > 0:There is no solution for m, and
—n<m < -1, (D.4)

Thus we have n left-handed zero-modes.
Case of n < 0:There is no solution for m’, and

0<m<|n|— L (D.5)

14 Note that these solutions are not the mass eigenstates except for the static case (w = 0). The “zero-modes”
in this section denote the modes with zero-eigenvalue for the mode equations in Eq. (5.17).

15 The solution proportional to el1# is non-normalizable, and is excluded.
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Thus we have |n| right-handed zero-modes.

In either case, |n| 4D chiral fermions are obtained in the effective theory [17].

Appendix D.2. In the absence of Yukawa coupling

Next, we consider the case in which the fermions do not couple to the scalar fields. In this case,
the four equations in Eq. (5.9) are decoupled and can be solved independently. We can separate the
variables by assuming that

h(o)[m+]( ,9) — b(o)[m+]

im0
b

(p)e
h(o)[m ]( 9) _b(o)[m ]( )eim_e’

(0) [m+] (O)[m!, ]

i
(p)e™+",

( )eimLQ’ (D6)

(p,0) = by |

(0)[m ] (0)[m_]

(p,0) =b;

where m4 and m/, are integers. The solutions are

0 . /
0 g+na(p’) +my
blgj:mi](p) = Cl[{'f] exp {:I:/1 dp’ },

/

(0)[ ] ] p —q+na(p’) +m.
o) = ¢l exp{¢ / dp' Fa— (D7
1

where Cl[{"f] and CIE’ZE*] are normalization constants. In a region of p >> 1, they behave as

b(o)[m:t] (,0) ~ C[m:t] C[m:t]p:t(—qin-i—mi)’

exp {£(—qxn + my)Inp} =
0

b (o) = " exp {F(—qen+ ) In p} = ¢ pFC g, (D.8)
The normalization conditions require that

1+2(—qen+my) < —1, 1F2(—qen+ml) < —1. (D.9)

In a region of p <« 1, Eq. (D.7) is approximated as

b(O)[rni](p) ~ C[mi] exp (£my In p) = C[mi] :I:mi’
b () ~ " exp (Fml, n p) = ) T (D.10)
Hence, the regularity at the origin requires that
+my >0, Fml >0. (D.11)

From Egs. (D.9) and (D.11), the integers m. and m/, are constrained as

0<my<qyn—1, g-n+1<m_ <0,

gen+1<m/ <0, 0=<m_<gqg-n—1 (D.12)

Thus, the number of zero-modes depends on the charges g4, in contrast to the previous case. In
the absence of Yukawa interactions, it is determined by the charge and the flux threading the extra-
dimensional space, as the index theorem insists [18,19]. However, because the extra-dimensional
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space is non-compact in our model, some of the zero-modes are non-normalizable and are dropped

in the spectrum. So the number of zero-modes is smaller than that of the compact case.

When we turn on the Yukawa coupling y; or y», some of the zero-modes allowed in this subsection

obtain masses via the Yukawa coupling and are decoupled at low energies. The number of remaining

zero-modes only depends on the vortex number # and is independent of the charges [17], as we saw

in the previous subsection.
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