PHYSICAL REVIEW D 104, 094052 (2021)

Chiral non-Abelian vortices and their confinement in three flavor dense QCD
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We find chiral non-Abelian vortices having windings only in one of the diquark condensations of left-
handed and right-handed quarks in the color-flavor locked phase of dense QCD. They are the minimum
vortices carrying half color magnetic fluxes of those of non-Abelian semisuperfluid vortices (color magnetic
flux tubes) and 1/6 quantized superfluid circulations of Abelian superfluid vortices. These vortices carry CP?
orientational moduli in the internal space corresponding to their fluxes. The CP? moduli of two chiral non-
Abelian vortices with chiralities opposite to each other are energetically favored to be aligned while those of a
vortex and antivortex to be orthogonal, and then these vortices attract each other. They are attached by chiral
domain walls in the presence of the mass and axial anomaly terms explicitly breaking axial and chiral
symmetries. We numerically show that two chiral non-Abelian vortices with chiralities opposite to each other
are connected by a chiral domain wall, consisting a mesonic bound state which is nothing but a non-Abelian
semisuperfluid vortex. We also show that Abelian and non-Abelian axial vortices attached by chiral domain
walls are all unstable to decay into a set of chiral non-Abelian vortices. Furthermore, we find that chiral non-
Abelian vortices exhibit unique features: One is the so-called topological obstruction implying that unbroken
symmetry generators in the bulk are not defined globally around the vortices, and the other is color nonsinglet
Aharonov-Bohm (AB) phases implying that quarks encircling these vortices can detect the colors of magnetic

fluxes of them at infinite distances.

DOI: 10.1103/PhysRevD.104.094052

I. INTRODUCTION

What states of matter are at extreme conditions is one of
the challenging problems in modern physics. The ground
state of the cold QCD matter at high densities is expected
to exhibit color superconductivity, which may be realized
in cores of neutron stars [1]. Various phases have been
proposed for color superconductivity; the color-flavor locked
(CFL) phase [2] in three-flavor symmetric matter is realized
extremely high density limit, while the two-flavor super-
conducting (2SC) phase [3,4] was also proposed for two-
flavor symmetric matter. If a color superconductor is realized
in the core of neutron stars, there must appear quantum
vortices, i.e., vortices with quantized circulations, because of
rapid rotations. In color-superconducting quark matter,
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quantum vortices or color magnetic flux tubes appear, as
reviewed in Ref. [5]. In the CFL phase, Abelian superfluid
vortices are created by rotations [6,7], which are dynamically
unstable to decay into more stable vortices [8—10]. The most
stable vortices are non-Abelian semisuperfluid vortices
carrying color magnetic fluxes and 1/3 circulation of the
Abelian superfluid vortices [5,8,11-13], which are analo-
gous to non-Abelian vortices in supersymmetric QCD
[14-19] (see Refs. [20-23] as a review) and two-Higgs
doublet models [24-28]. A non-Abelian vortex confines
massless particles in its core; one type is bosonic Nambu-
Goldstone CP? modes originated from spontaneous break-
ing of the CFL symmetry in its core [5,8,29,30], and the
other is gapless Majorana fermions with more a topological
origin [31-33]. Under a rapid rotation, there appear a huge
number of vortices (about 10" for typical neutron stars).
They will form a vortex lattice [34] that behaves as a
polarizer of photons [35]. One of the most recent pieces of
progress is vortices penetrating through crossover between
the CFL phase and hyperon nuclear matter within a quark-
hadron continuity [9,36—42]. While it was suggested that one
superfluid vortex in the hyperon nuclear matter is connected
to one non-Abelian vortex in the CFL phase [36], it was
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proved in Refs. [37,38] that three superfluid vortices meet
three non-Abelian vortices at a point called a Boojum [9].

The CFL phase is characterized by the two diquark
condensations of left and right-handed quarks g g,
(PLR) e ™ eaﬂyeabcqff’RqﬁR with the color indices
a,f,y =r, g, b and the flavor indices a,b,c = u, d, s.
In the ground states, they both develop VEVs as ®; = —®x.
Thus, with defining ® = ®; = —®g, one has discussed
non-Abelian vortices in terms of ® and gauge fields.
However, since the relation ®; = —®y holds only in the
ground state, we do not have to assume it for excited states
such as vortices. In fact, a similar situation can be found in
two-component condensed matter systems: two-gap super-
conductors [43—46] and two-component Bose-Einstein con-
densates (BECs) [47-53]. In these systems, there are two
condensations @, and ®,. For a singly quantized vortex both
fields have the winding ®; = ®, ~ ¢ with azimuthal angle
@. However, they also admit so-called half-quantum vortices
(®,,D,) ~ (e,1) or (®,D,) ~ (1, ), denoted as (1, 0)
or (0, 1), respectively. It is called half-quantum since it
carries a half magnetic flux in superconductors or half
circulation in BECs." When the system contains an inter-
action term ®j®, 4 c.c. known as a Josephson term in
superconductors or Rabi coupling in BECs, (1, 0) and (0, 1)
vortices are connected by a sine-Gordon soliton [44,45,47]2;
they are confined to form a singly quantized vortex. When
there are no such terms, they are deconfined and are weakly
interacting each other. Thus, one may wonder if the same can
be considered for vortices in the CFL phase.

In this paper, we investigate non-Abelian vortices having
windings only in left @; or right ®; condensation, while the
previously known non-Abelian vortices have windings in the
both components simultaneously. We call them “chiral non-
Abelian vortices” in the sense that quarks of only left or right
chirality participate in the vortices. A single non-Abelian
semisuperfluid vortex can be decomposed into chiral non-
Abelian vortices of chiralities opposite to each other. Chiral
non-Abelian vortices carry half color magnetic fluxes of
those of non-Abelian semisuperfluid vortices and 1/6
quantized superfluid circulations of Abelian superfluid
vortices. We find that a single chiral non-Abelian vortex
carries CP? orientational moduli in the internal space
corresponding to its color magnetic flux. As the case of
the Josephson or Rabi term for two-component condensed
matter systems, a chiral non-Abelian vortex is attached by a

'Strictly speaking, they are half quantized when the VEVs of
@, and @, are the same. When their VEVs (@) = v, (®,) = v,
are different, they are fractionally quantized as v{/(v} + v3) and
v3/ (v} + 03).

*While the Josephson coupling is inevitable in superconduc-
tors, the Rabi coupling is in general absent in BECs and one can
introduce it as an experimentally controllable parameter.

chiral domain wall [5,54] in the presence of mass and axial
anomaly terms explicitly breaking axial and chiral sym-
metries. We also study energetics of two chiral vortices in the
absence of mass and axial anomaly terms. In the coexistence
of a set of two chiral vortices with opposite chiralities, their
CP? moduli must be aligned energetically and they attract
each other. On the other hand, in the coexistence of a chiral
vortex and an antichiral vortex, their CP? moduli are
energetically orthogonal to each other, and they attract each
other. We show that in the presence of mass or axial anomaly
term, chiral non-Abelian vortices of opposite chirality are
connected by a chiral domain wall and are linearly confined.

Other interesting features that we find in this paper are
so-called fopological obstruction (see the Appendix A 4)
[55-62] and non-Abelian Aharonov-Bohm (AB) phases.
First, the topological obstruction that chiral non-Abelian
vortices exhibit implies that generators of the unbroken
symmetry in the ground state are not globally defined
around the vortices. Second, the chiral non-Abelian vortices
exhibit color nonsinglet (generalized) AB phases so that the
quarks can detect the colors of magnetic fluxes of these
vortices at large distances. The bound state of two chiral
non-Abelian vortices with the opposite chiralities, equiv-
alent to a single non-Abelian semisuperfluid vortex at large
distance, exhibits only color singlet (generalized) AB
phases so that the quarks cannot detect the color magnetic
flux of such a bound state at large distances.

Finally, we will point out that chiral non-Abelian vortices
are the most fundamental elements among topological
solitons formed during the chiral symmetry breaking.
The CFL phase is accompanied by spontaneous breaking
of the chiral symmetry since the diquark condensations
@ r of left and right-handed quarks g g both develop
VEVs. This breaking admits several vortices without color
magnetic fluxes. When the U(1), axial symmetry is
spontaneously broken, it admits an axial vortex winding
around U(1) . This vortex is attached by 2N domain walls
because of the anomaly term explicitly breaking the U(1),
axial symmetry, in contrast to an analogous axial string in
the linear sigma model for chiral symmetry breaking which
is attached by N domain walls [63]. The U(N); x U(N)g
chiral symmetry breaking admits a non-Abelian axial
string, which is attached by one (or two) chiral domain
wall(s) depending on the form of mass terms, analogous to
one in the linear sigma model for chiral symmetry breaking
[12,64-67]. The U(1), Abelian axial vortex mentioned
above is dynamically split into N non-Abelian axial strings
by domain wall tensions, where each non-Abelian string is
attached by one (or two) chiral domain wall(s), as an
analogous decay was studied in the linear sigma model for
chiral symmetry breaking [5,54]. We find that a single non-
Abelian axial string decays into a pair of a chiral non-
Abelian vortex and an antichiral non-Abelian vortex, while
a single Abelian axial string decays into a set of N chiral
non-Abelian vortices and N antichiral non-Abelian
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vortices. Thus, chiral non-Abelian vortices are the most
fundamental strings.3

This paper is organized as follows. In Sec. II, we review
the Ginzburg-Landau (GL) theory paying attention to sym-
metries, and give the order parameter manifold (OPM) which
is a new result. In Sec. III, we review superfluid vortices:
Abelian U(1)g superfluid vortices and non-Abelian semi-
superfluid vortices (color flux tubes). In Sec. IV, we discuss
Abelian and non-Abelian axial vortices. In Sec. V, we
construct chiral non-Abelian vortices in the absence of chiral
symmetry breaking terms, and show that they exhibit the
topological obstruction and (generalized) AB phases of
quarks encircling them. In Sec. VI, we discuss energetics
of a single chiral non-Abelian vortex, non-Abelian semi-
superfluid vortex, non-Abelian axial vortex, and more general
composite vortices. We find that the CP? orientations of two
chiral vortices with the opposite chiralities are energetically
favored to be aligned to each other and then they attract each
other, while those of chiral vortex and antivortex with the
opposite chiralities are energetically favored to be orthogonal
to each other and then they attract each other. In Sec. VII, we
show that Abelian and non-Abelian axial vortices are
attached by chiral domain walls in the presence of axial
and chiral symmetry breaking terms, and discuss decay of
these vortices. In Sec. VIII, we construct a mesonic bound
state of two chiral non-Abelian vortices with the opposite
chiralities. Section IX is devoted to a summary and dis-
cussion. In Appendix A, the terminologies used in this paper
are summarized. In Appendix B, we give detailed discussions
on symmetry breakings in the CFL phase, and determine
associated OPMs. In Appendix C, chiral non-Abelian vor-
tices in the CFL phase are compared with non-Abelian Alice
strings [68—70] in the 2SC + dd phase of two-flavor quark
matter proposed recently [71,72].

II. COLOR-FLAVOR LOCKED PHASE OF THREE
FLAVOR QUARK MATTER

In this section, after we review the color-flavor locked
phase of dense QCD, we give OPMs and their topology as a
new result.

The (approximate) symmetry of N flavor quark matter is
(up to discrete groups)

G = SU(N)c x U(1)g x U(1), x SU(N), x SU(N)y.
(2.1)

The chiral non-Abelian vortex can be considered as a hybrid
of a non-Abelian semisuperfluid vortex (color flux tube) and a
non-Abelian axial string: the former winds around ®; and @y
with the same windings, the latter winds around them with the
opposite windings, and the chiral non-Abelian vortex winds
around only either of ®; and @y, achieved by a half non-Abelian
semisuperfluid vortex (color flux tube) and a half non-Abelian
axial string.

where SU(N) is the color gauge group, and the rests are
global symmetries: U(1)g, U(1),, and SU(N); x SU(N)g
are baryon number, axial, and chiral symmetries, respec-
tively. See Appendix B for a more precise description
including discrete groups. The light quarks ¢; p = (LR ) aq
with a=1,2,....N (a=r, g b for N=3), a=
1,2,....,N (a=u, d, s for N =3), and heavy quarks
OrLr = (OLR), transform under G as

i03/2 p=i04/2

qr — € 9eqr U

(2.2)

i0g/2 i0A /2 % T
qL — €"%/2e032géq, UT,

O~ 9?:QL7 Or — QéCIR,

where we have not introduced heavy quark flavor sym-
metry, and have assigned no U(1)g and U(1), charges on
the heavy quarks.4 The case of N = 3 corresponds to the
CFL phase of dense QCD, in which case the light quarks
constitute diquark condensations as (®pR)q, ~ €qpy
eabcqf{’Rq{fR. Hereafter, we mostly consider the conden-
sates (@ r),, as N by N matrices of complex scalar fields
on which the symmetries G act as

q)L N €i63+i6Ang)LUE,
Jc € SU(N)C,
e e U(l),.

Dy — e~0r g DU
Upr € SUNN)Lg. €% eU(1)g,
(2.3)

The vector symmetry SU(N); g given by U = Uy is a
subgroup of the chiral symmetry SU(N); x SU(N ), and
the rest of generators outside SU(N); , defines the coset
space [SU(N). x SU(N)g]/SU(N)_ g = SU(N) which
we sometimes denote SU(N); _r although this does not
form a group.

In this paper, we use the static GL free energy for
studying vortices. The GL Lagrangian for the CFL phase
was obtained as [73-75]

1 .. . .
£ = Tr —ZFUF[j +D1(DEDI(DL +D,(I)1§qu)R - V,

(2.4)

*The antifundamental representation * of quarks for the color
group is a convention to make the representation of the con-
densations @  introduced below to be fundamental in Eq. (2.3),
below. The situation in our mind is that only the light quarks are
condensed by forming diquark pairs while the heavy quarks are
not. Thus, we use the terminology “U(1)y baryon symmetry” for
the spontaneously broken baryon symmetry associated only with
the light quarks with no charges for the heavy quarks, while the
heavy quarks are also charged under the conventional baron
symmetry.
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2
, A
V=- %Tr[d)[(DL + Op Py + ZITT[@]T}DL)Z

. A
+ (PRPr)?*| + Zz (Tr[®] @, ]* + Tr[@f Pg]?)

A ; A
+ 53Tr[c1>{ch]Tr[<1>];<1>R] + §4Tr[<DLCD{<I>R<I>£}

+ [ Tr(®] @) + 7, Tr[(D] Pg)?]

+ 73 det(®] @g) + (c.c.)], (2.5)
where the GL coefficients depending on the temperature,
density, and so on can be found in Refs. [73-75]. Among
the global symmetries, the axial U(1), and chiral sym-
metries are explicitly broken in the presence of the last
terms for y;,3 # 0 with U(1)g x SU(N) g remaining
exact. The GL theory is valid only near the transition
temperature 7.. Beyond the GL theory, we need
Bogoliubov—de Gennes (BdG) formulation [31,32].
The ground state is given by

m ) (2.6)

B — Dy = vly, =(— "
L R= VN Y </11+N/12+N/13

for small y’s. The symmetry G is spontaneously broken
down to the CFL symmetry given by

H = SU(N)C+L+R’ gc = UL - UR' (27)

The chiral symmetry, U(1), and U(1)g symmetries are
spontaneously broken.

According to Appendix B, the full OPM for the
symmetry breaking can be written, with taking into account
discrete groups, as

G UN)c—wsry+s X UN)L_pia
- H (Z2)asn
My X M,
- (ZZ)A+B '

(2.8)

where (Z,).p is generated by (—1,—1)e€ U(1)gx
U(1),, and F X B denotes a fiber bundle with a fiber F
over a base manifold B. Here, we have defined the sub-
OPMs for the vector symmetry breaking and for the axial
and chiral symmetry breakings by

U(1)g x SU(N)C—(L+R)
(Zn)c—4r)+B
U(1), x SU(N); g

(ZN)L—R+A

My = U(N)C—(L+R)+B =

’

Ma 2 U(N)L_gsn

, (2.9)

respectively, with coset spaces

SU(N)c X SU(N)p g
UMt =S W

e e

(2.10)

For the details of derivation, see Appendix B.

The (Z,),p in the denominator of Eq. (2.8) was not
recognized before (see Eq. (2.26) of Ref. [5]), and this is a
key point to understand chiral non-Abelian vortices found
in this paper. The nontrivial first homotopy groups of the
sub-OPMs

ﬂl(Mv)ZZ, JTI(MA)ﬁz (211)
support non-Abelian semisuperfluid vortices (Sec. 11l B)
and non-Abelian axial vortices (Sec. IV B), respectively,
but they are not the minimum vortices. On the contrary, the
nontrivial first homotopy group of the full OPM

n(M)=Z (2.12)
supports chiral non-Abelian vortices as the minimum
vortices.

Here, one comment is in order. Considering N = 1 in the
full OPM in Eq. (2.8), we obtain the OPM for two-
component BECs or superconductors, see Ref. [76], allowing
half-quantized vortices. Thus, our case is a non-Abelian
generalization of such two-component condensed matter
systems.

For later conveniences, we define gauge invariants

T=0 P detd, detdy. (2.13)
Here, X is the chiral symmetry breaking order parameter.
These gauge invariants transform under the flavor sym-

metry as

Y - 2 URZU!
det q)L g eNieB TNiOy det q)L’

det q)R d eNieB_NiGA det (DR‘ (2 14)

In the following sections, we classify various vortices in
the CFL phase as summarized in Table I. To this end, let us
introduce labels of vortices by

(m,n): det® ~e™?, det®p ~ e, (2.15)
with winding numbers n and m of the gauge invariants
det®; and det®dg, respectively. Here ¢ is the angle

coordinate of the polar coordinates in two dimensional
space perpendicular to the vortex.
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TABLE I. A summary table for various vortices and color magnetic flux tubes. The N = 3 case corresponds to
those in the CFL phase of dense QCD. NA denotes “non-Abelian.” “OPM” implies the sub-OPM that vortices are
supported by nontrivial first homotopy groups z; (OPM), except for color flux tubes which are topologically trivial:
7 (SUN)c) =0. My, M,, and M are the OPM for vector symmetry breaking, OPM for axial and chiral
symmetry breakings, and full OPM defined in Egs. (2.9) and (2.8). See Appendix B for details of these OPMs.
“Chiral circulation” would imply an amount of magnetic fluxes if the chiral symmetry is gauged, where the

PHYS. REV. D 104, 094052 (2021)

normalization is taken such that a closed loop in SU(N); _g gives a unit flux.

U(l)g Color U(l)a Chiral
Vortex OPM Label circulation magnetic flux winding circulation
Pure color magnetic flux tube SU(N)c 0, 0) 0 1 0 0
Abelian superfluid vortex U(l)g (N,N) 1 0 0 0
NA semisuperfluid vortex My (1, 1) L x 0 0
Abelian axial vortex U(l), (N,=N) 0 0 1 0
NA axial vortex My (1,-1) 0 0 x x
Chiral NA vortex M (1, 0) or (0, 1) 5 > S 5

III. SUPERFLUID VORTICES AND COLOR
MAGNETIC FLUX TUBES

In this section, we review superfluid vortices in the CFL
phase: Abelian superfluid vortices and non-Abelian semi-
superfluid vortices.

A. Abelian superfluid vortices

The simplest vortex is an Abelian superfluid vortex
winding around U(1)g [6,7], given in the polar coordinates

(r, ) by

D = —@p = e f(r)ly = %@ f(r)ly,  (3.1)

with ¢%(#) = ¢ and the profile function f with the
boundary conditions f(r=0)=0 and f(r= o) = .
This is unstable to decay into N non-Abelian semisuper-
fluid vortices introduced in Sec. III B [8-10].

In this notation of Eq. (2.15), the Abelian
superfluid vortex is labeled by (N,N) because of
det ®; ~ det Dy ~ eV?. The gauge invariant T is T = 21,
having no winding.

B. Non-Abelian semisuperfluid vortices

In this subsection, we review non-Abelian semisuper-
fluid vortices (color magnetic flux tubes) for comparison
with chiral non-Abelian vortices introduced in Sec. V.
The ansatz for a single non-Abelian semisuperfluid vortex
winding around the sub-OPM My =~ U(N)c_q4r)4p for
the vector symmetry breaking is given in the polar
coordinates (r, ) by

0 g(r) 1y
_ choghoTy (f () 0 >
0 g(r) 1y
= ¢ U(p) (f(r) 0 )
0 g(r) Iy,
x/
Ai eijNgSrz(l —h(r))TN (32)
with
Ty = diag.(N - 1,-1,...,—1) (3.3)
and
ef(9) — pio/N . U(p) = en?Tv, (3.4)

with the boundary condition for the profile functions f, g
and h

(f-g-h)r==1(0.0.1).  (f.9.h),—o = (v,2.0). (3.5)

Explicit numerical solutions were constructed in Ref. [13].
This carries a 1/N U(1)g circulation compared with a unit
circulation of an Abelian superfluid vortex given in
Eq. (3.1), and a color magnetic flux which is 1/N of that
of a pure color flux tube generated by a closed loop in the
SU(N) gauge group [77]. The latter is unstable to decay
into the ground state due to the trivial first homotopy group
m[SU(N)¢] = 0. In terms of the gauge invariants, the non-
Abelian semisuperfluid vortex is labeled by (1, 1) because
of det®; ~ det Dy ~ €.
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More generally, the SU(N )¢,y . transformation on the
ansatz in Eq. (3.2) yields a continuous family of solutions.
They are characterized by the moduli space [5,8,12]

SUN)ci1ir

CPY = SN = 1) < U

(3.6)

These modes are normalizable [5,30], and their effective
world-sheet Lagrangian was constructed in a singular
gauge [5,30] and a regular gauge [78]. The gauge invariant
¥ is T = diag(f2, ¢, ..., ¢*) having no winding. This can
represent the CPV~! orientation in Eq. (3.6) at r = 0:
(r = 0) = diag(0, *, ..., *) with % being a nonzero con-
stant in the case of the orientation in Eq. (3.2). Or, we may
define the orientational vector ¢p € C" by ¢ - £ = 0, giving
rise to ¢ = (x,0,...,0) in the case of the orientation in
Eq. (3.2) [19,21].

The Abelian superfluid vortex is dynamically unstable to
decay into N non-Abelian semisuperfluid vortices [8§—10].
This decay process can be expressed as

(N.N) = N(1,1). (3.7)

IV. ABELIAN AND NON-ABELIAN AXIAL
VORTICES

In this section, we discuss Abelian and non-Abelian axial
vortices, which are global vortices without any color fluxes.

A. Abelian axial vortices

First, let us turn off the axial and chiral symmetry
breaking terms by y; =y, =y3 =0. A single Abelian
axial vortex winding around U(1), is given by

O =~ = e7f(Nly = O f(Nly. (4.1)
with ¢2(?) = ¢ and the profile function f with the
boundary conditions f(r=0)=0 and f(r= o0)= .
This vortex is labeled by (N,—N) because of det®; ~
eNi* and det g ~ eV,

In the presence of the axial and chiral symmetry breaking
terms, y;,3 # 0, domain walls are attached to the vortex.
To see this, we consider an infinitely large circle with the
spatial angle ¢ encircling the axial vortex. Then, let us
substitute the ansatz in Eq. (4.1) to the potential V in
Eq. (2.5), with replacing the spatial angle ¢ by a function
¢(p) depending on the angle ¢ with the boundary con-
dition ¢(¢ =0) =0 and ¢(@ =2x) =2x. Then, the
potential can be evaluated at spatial infinities as

V = 2Ny, cos(2¢(¢)) + 2Ny, cos(4¢(e))

+ 2y3¢cos(2No()). (4.2)

Along the large circle at infinity encircling the axial vortex,
there is also the gradient term. Thus, the effective energy for

¢ at the large circle becomes Ep = N 1}2((9(/,45)2 + V. This
is a variant of an N-ple sine-Gordon model.

In the case of (y1,72,73) = (0,0,73), the Abelian axial
vortex is attached by 2N domain walls. In this case, this
vortex is unstable to decay into N non-Abelian axial
vortices introduced in Sec. IV B, each of which is attached
by two domain walls. See discussion in Sec. VII B.

If we turn on y,,, these 2N domain walls would
constitute a composite wall in general. It is an open
question whether the decay is suppressed or not in such
a case.

Before closing this subsection, let us mention a relation
to analogous axial vortices in the context of chiral sym-
metry breaking at low density. In that case, the axial vortex
is attached by N domain walls [63], and it decays into non-
Abelian global strings each of which is attached by one
domain wall [5,54]. To compare these two cases, it is
convenient to see the gauge invariant X in Eq. (2.13). In
terms of this gauge invariant, the axial vortex in Eq. (4.1)
can be rewritten as

T = =2 f2(r)1y = =@ 2 (P)1y (4.3)
Thus, one can see that the minimum winding of the axial
vortex in the CFL phase corresponds to the double winding
of the axial vortex at low density [5,54,63].

B. Non-Abelian axial vortices

Here we discuss non-Abelian axial vortices winding in
the sub-OPM M, = U(N); _g, A for the axial and chiral
symmetry breakings. An analogue of this at low density
was discussed in linear sigma models in Refs. [12,64-67].
First, let us turn off the axial and chiral symmetry breaking
terms by y; =y, =73 =0.

The ansatz for a single non-Abelian axial vortex is given
in the polar coordinates (7, ¢) by

P (ﬂg g(r)zN_l)

_ o <f E)’) (r)(;N_l )eﬁm
= i) <f E)’") g(r)(iN_l ) Ulg).
(7 )

= e N(ﬂ <f(r) 0 )e—ﬁ'quN
0 g ”)IN—l
o—i0r(0 f r

)U*w), (44)

1N1

with
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efr(@) = oiv/N U(p) = ex?Tn, (4.5)
The boundary condition is
(f.9.1),—=(0,0,1),  (f.9.h),—eo = (v,2,0). (4.6)

Explicit numerical solutions can be found in Refs. [65,67].
This vortex is a purely global vortex without any color
magnetic flux, carrying a U(1), winding number which is
1/N of that of the Abelian axial vortex in Eq. (4.1). The
non-Abelian axial vortex is labeled by (1, —1) because of
det®; ~ ¢ and det Dy ~ ™.

A set of solutions has CPY~! moduli, which are non-
normalizable since the SU(N); . transformation changes
the boundary.

In the presence of the axial and chiral symmetry breaking
terms, y; 53 # 0, domain walls are attached to the vortex. In
order to understand domain walls attached to the non-
Abelian axial vortex, let us substitute the ansatz in Eq. (4.4)
to the potential V in (2.5), with replacing the spatial angle ¢
by a function ¢(¢p) depending on the angle ¢ with the
boundary condition ¢(¢ =0) =0 and ¢(p =27) = 2x.
Then, the potential can be evaluated at spatial infinities as

V =2(r1 +73) c0s(2¢(9)) + 2r2 cos(4¢(9)).  (4.7)

Together with the gradient term, the effective energy for ¢
on the large circle at infinity encircling the non-Abelian
axial vortex becomes & = 112(8(/,415)2 -+ V. This is the
double sine-Gordon model with a half periodicity z instead
of the usual case of 2z.

In the case of (y,72,73) = (71,0, 73), one non-Abelian
axial vortex is attached by two domain walls. These two
domain walls are attached from the opposite sides of the
vortex. This vortex is unstable to decay into two chiral non-
Abelian vortices introduced in Sec. V, each of which is
attached by one domain wall.’ See discussion in Sec. VII B.

If we turn on y,, how these two domain walls attach to
the vortex depends on the parameters y, y, as classified in
Refs. [24,25] in the context of two-Higgs doublet models.
In some case, these two domain walls constitute a
composite wall. It is an open question whether the decay
is suppressed or not in this case.

In terms of the gauge invariant X in Eq. (2.13), the ansatz
in Eq. (4.4) can be rewritten as

*In the context of chiral symmetry breaking at low density, the
axial vortex is attached by one domain wall [64], and decays do
not occur.

==("%" aon)

0 G(rly

0 >U(¢), (438)

F
— Q2i0x(0) 7
‘ @) < 0 G(r)1y_

with F = f? and G = ¢%, and U and 6, in Eq. (4.5). It is
obvious that this vortex has a double-winding compared
with the corresponding one in the linear sigma model. In
fact, the one with unit winding in X discussed in Sec. 10 of
the review paper [5] corresponds to the chiral non-Abelian
vortex introduced in the next section.

V. CHIRAL NON-ABELIAN VORTICES

In this section, we introduce a novel vortex of non-
Abelian kind, that is, chiral non-Abelian vortices. Here, we
restrict ourselves to the case in the absence of the chiral
symmetry breaking terms: y; =y, = y3 = 0 in which the
axial and chiral symmetries become exact. We then discuss
the topological obstruction and AB phases around these
vortices.

A. Solutions of chiral non-Abelian vortices

Chiral non-Abelian vortices introduced in this section are
the minimum vortices in the CFL phase. There are two
kinds of chiral non-Abelian vortices, namely of left and
right chiralities, given by

Left(1,0):
Right(0, 1):

det (DL ~ ei‘p, det CI)R ~ 1,

det®; ~ 1,det®y ~ €', (5.1)

respectively. In order to construct these configurations, we
note the relations for labels

(1,0) =5 [(1. 1) + (1, =1)],

[(1,1) = (1, =1)].

N = ] =

0,1)= (5.2)

These imply that a chiral non-Abelian vortex can be
constructed as a sum of a half non-Abelian semisuperfluid
vortex and a half non-Abelian axial vortex. We thus reach
the ansatz for a chiral non-Abelian vortex of the left
chirality (1, 0), given in the polar coordinates (7, ) by
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o= ("7 o)

) ) ) r 0 )
= ezN‘/’e2N‘/’eZN‘/’TN (f( ) ) eﬁ‘/’TN
)1N 1

1 )U(w),

1N1

— lHB )+i0A (@ (
%= (% wons)
o ml
c(r) 0

= ezN[/’e 2N‘pezN(/’TN ( )e_ﬁ(/’TN
0 d(r)ly,

A A c(r) 0
= ¢it(@=0\@) () < >UT(¢)
0 d(r)lN_l
¥/
A= —€ijm(1 —h(r))Ty (5.3)
with
eif3(9) — oig/2N efr(#) = (iw/2N
(9c = Ul = Ug =)U(gp) = exx". (5.4)

The equations of motion for the profile functions are given
by

(N

’ —1)h+ (N+1))? m?
f +7

4AN?p? f+7f

S+ )+

— 1)/1292 + /136‘2

(N = DAd]f =0, (5.5)
g (h=1?* m?
1 A S _
g+ r 4AN?y? 9+ 2 g
1
3 af? + (A + (N = 1)Ap)g* + Aac?
+ (N = 1)ad?lg = 0, (5.6)
¢ (N=12h=172  m?
1 - .
Ty TR
1
3 Aaf* + (N = 1) A + (4 + ) c?
+ (N = Dipd?c = 0, (5.7)

d (h—l)2 m?
u - _
d'+ r 4AN?p? d+ 2 d

- % af? + (N
+ (1 + (N =1)A)d’ld =0,

— 1)&392 + AQCZ
(5.8)

W 2g

W=L (N =1+ (N = 1)+ &)

+(N+1)fP—g - (N=1)c?2-d*] =0.

(5.9)

The boundary condition is

(f’ g/v Cl? d/’ h)r:O
(f’ g, ¢, d7 h)r:oo

=(0,0,0,0,1),

= (v,v,v,0,0). (5.10)

Numerical solutions for several typical parameter combi-
nations in the case of N = 3 are plotted in Fig. 1.

Compared with the ansatz for the usual non-Abelian
semisuperfluid vortex in Eq. (3.2), the U(1)g and SU(3)
actions are halves of those of the ansatz in Eq. (3.2)
winding in the sub-OPM My = U(N)c_q 4r);p> and the
rests are complemented by going through the other sub-
OPM M, = U(N); _g. 4 for the axial and chiral symmetry
breakings, which are halves of non-Abelian axial vortices
in Eq. (4.4). A closed loop surrounding the chiral non-
Abelian vortex is mapped onto a closed loop in the full
OPM M given in Eq. (2.8), and consequently, this carries
1/2N U(1)g circulation and the color magnetic flux, both
of which are halves of those of the usual non-Abelian
semisuperfluid vortex. The color magnetic flux is 1/2N of
that of a pure color flux tube.

In the above ansatz in Eq. (5.3), we have considered the
winding in the (1, 1) component. Instead, we can embed it
in other diagonal components, thus finding N solutions of
the same energy, as the case of the usual non-Abelian
semisuperfluid vortex. Again, more generally, the
SU(N)cyp g transformation on the ansatz in Eq. (5.3)
yields a continuous family of solutions, again characterized
by the moduli space

SU(N)ciiir

ePrt = TSUN-1) xU(1)

(5.11)

Likewise, we also can construct a vortex of the right
chirality (0, 1) winding in @y in the same way:
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ool | 1.12f>, 0.96 o
- \ 1.10 N 0.94 0
\ Tosl N 0.92 &
\ : AN 0.90}
0.4F \ 1.06 "N, 0.88} .¢
\ 1.04 e r"
\ S 1 2 3 4 5
0.2} \ b1 2 3 47-s
Y
it T - " . p " . " i L r
2 4 6 8 10 12 14 6 8 10 12 14
FIG. 1. i i i

Numerical solutions of a single left (right) chiral non-Abelian vortex for N = 3. The black-solid, red-solid, green-dotted, blue-
dashed, and orange-dashed lines correspond to f(r)

(r), ¢(r), d(r), and h(r), respectively. The label at top of each panel shows the
parameter combination {m, Ay, 45, 43 }. The profiles ¢(r) and d(r) are almost degenerate for all the cases, and the insets show small
deviation between ¢(r) and d(r) near the origin

P <E>) d(r)olN_1>

the U(1), and SU(N),; _g transformations are opposite to
those of the left one in Eq. (5.3):

— P o~ aw? e TN (C(}’) 0 >e_2;1‘”TN eifsle) — eif/}/2N’ eifale) — e—if/'/ZN’
oy (s = Ur = Uy =)Uly) = e 5.13)
= i) +ibale ( ) (C(I’) ) UT(¢)
0 d(r)ily_, A continuous family of solutions is parametrized by a copy
o _ <f(r) > of the moduli space in Eq. (5.11).
—Qp =
0 g(r) 1N 1

In terms of the gauge invariant X in Eq. (2.13), the chiral

non-Abelian vortex of the left chirality (1, 0) in Eq. (5.3)
f(r) N can be rewritten as
— e?N(/’ezNwezp/(ﬂTN €2NWTN
0 ( )IN 1 F(r)e*”” 0
. fr 0 -z =
= €% (@)=0A(0) [ () U(p), 0 G(r)1y_,
0 g(r)ly,
i T F(}’) 0 LT
xj — eN? e PN e PN
Ai = —euw(l —h(r))TN, (512) 0 G(r)lN—l
gsT
) F(r 0
= ezzeA(w)U(<p)< (()) 691 )U((p), (5.14)
r)ly_
with the same profile functions as those in Eq. (5.3) and the N
same boundary conditions for them with Eq. (5.10). This

carries the same U(1)y circulation and the same color

with F = fc, G = gd, and U(gp) and ¢*%:) in Eq. (5.4)
magnetic flux with those with the left one in Eq. (5.3), but

while the one of the right chirality (0, 1) in Eq. (5.12) can be
rewritten as
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= ("7 o)

: Gmmqym@,<mx

with F = fc, G = gd, and U(g) and ¢*%:%) in Eq. (5.13).
These two just look like an antivortex to each other. In other
words, vortices labeled by (1, 0) and (0, —1) have the same
form of X. However, the vortices (1, 0) and (0,—1) are
distinct because the color magnetic fluxes that they carry are
opposite to each other, which are invisible in X.

With this regards, vortices in the linear sigma model in
terms of X discussed in Sec. 10 of the review paper [5]
actually describe chiral non-Abelian vortices discussed in
this section and should carry magnetic fluxes (invisible in
the linear sigma model), although this fact was not
recognized in Ref. [5].

B. Topological obstruction

Here we discuss the so-called topological obstruction
(see Appendix A4 for its definition) common for the
vortices with the left and right chiralities in Egs. (5.3) and
(5.12). If we encircle the vortex, the generators T,
(A=1,...,N>—1) of the SU(N). gauge group transform
accordingly as

Ta(p) = U(p)TAU ()

ip .
= exp [ﬁdlag.(N -1,-1, ...,—1)} T,
X exp {—%diag.(N— 1.-1, ...,—1)]
(Ta)i; | e+i(p/2(TA)lj
=\ (5.16)
e 75T y)i ‘ (Ta)i;

with i, j = 2, ..., N. After complete encirclement (¢ = 2x),
these become
|

(T | =Ty,
~(Twa | (Ta)y

nw=%h( )#nwzm,@n>

implying that the off-diagonal blocks are not single-valued
around the vortex. Those off-diagonal blocks correspond to
the broken generators of the CPY~! moduli in Eq. (5.11).
This phenomenon is known as the topological obstruction.
More precisely, the obstruction is present for the CFL
symmetry in Eq. (2.7) rather than the gauge symmetry itself.

The two complete encirclements give

Talp =4n) =Tx(p =0). (5.18)

This also implies that there is no obstruction around the
usual non-Abelian semisuperfluid vortex in Eq. (3.2).

For vortices with different color magnetic fluxes corre-
sponding to the CPV~! moduli in Eq. (5.11), corresponding
broken generators have the obstruction.

C. Generalized Aharonov-Bohm phases

AB phases around the usual non-Abelian semisuperfluid
vortices were studied for the electromagnetism [79], and for
color gauge field [37-39]. Here, we do not consider
electromagnetism. Let us discuss generalized AB phases
around a single chiral non-Abelian vortex. In the CFL
phase (N = 3), the light quarks g and heavy quarks Q
receive the following transformations from Egs. (5.3) and
(5.4) when they encircle the vortex.

The heavy quarks not participating condensations
receive ordinary AB phases contributed only from the
gauge symmetry as

i .
01 = 9c(9) Q1 = exp [—%dlag.(N— 1,-1, -..,—1)} 0.

Or — gz‘:(go)QR =exp [—%diag.(N— 1,-1, ...,—1):| ORr.
(5.19)

After complete encirclement (¢ = 2x), these phases
become

Q) — exp [—lﬁﬂdiag.(N —1,-1,..., —1)] O, = diag.(e Ve, ...,€)01,

Ok — exp [—’N”diag.(zv— =1, —

with € is the 2N-th root of the unity,

€ = exp(ni/N),

1)] Qg = diag.(e ™M ¢, ...,€)OR,

(5.20)

(e =1). (5.21)

These form a Z,y group. This is a color nonsinglet, implying that heavy quarks can detect the color of the magnetic flux
of the vortex from infinite distances. Note that, after two successive encirclements (¢ = 4x), they become
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Qp — diag.(e72N*2 €2,

)0 = €0y,
Qg — diag.(e7 M2, €%, ..., €%)Or = €*Og. (5.22)
Thus, even numbers of manipulations give a Zy group,
which is a color singlet.

On the other hand, the light quarks participate condensa-
tions, thus receiving generalized AB phases consisting of two
contributions from the vortex winding and AB phases purely
coming from the color gauge group, as was studied for usual
non-Abelian semisuperfluid vortices in the CFL phase [37,38]
as well as non-Abelian Alice strings in the 2SC+(dd) phase
[68-70] (see Appendix C). In our case, generalized AB phases
around a chiral non-Abelian vortex are

g = BN g (5)gy UT ()

= /2N exp {—%diag.(N -1,-1,..., —1)] qr

exp {—%diag.(N— 1,-1,..., —1)]

B e_i((zN—s)/ZN)w(qL)“ | e‘i((N'3)/2N>‘”(QL)1j
N\ e (=32 (g ‘ e!G2N)e (g ) ’

ij
qr — €%(02e=0D2 gt () qr UL (9)
ip .
= exp [—ﬁdlag.(N —-1,-1, ...,—1)} qr

exp {—l—%diag.(N -1,-1,..., —1)]

_ < (gr) 11 | e_i(p/z(QR>lj> (5.23)
eﬂ(/)/z(CIR)n ‘ (QR)U
with 7, j = 2, ..., N. After complete encirclement (¢ = 27x),

they become

0 - ( (@N=3)/N)mi (g, ), | e_i((N_3)/N)”i<CIL)1j>
- e (N=3)/Nmi (g, ), ‘ e3ﬂl/N(QL)ij

)

B (qu)n | (gL 1j o
- (o | —(qL>I,> (for =3,

e (L0 i _<(q>)>

(5.24)

For the case of N = 3, even numbers of encirclements
give a trivial action.

VI. ENERGETICS OF VORTICES

In this section, we calculate the leading contributions to
tensions of vortices, in particular of chiral non-Abelian
vortices (1, 0) and (0,%1), non-Abelian semisuperfluid
vortices (1, 1), and non-Abelian axial vortices (1,—1). We

also calculate the tension of a composite state of two chiral
non-Abelian vortices (1, 0) and (0, 1) with different CPN~!
orientations, to show that these orientations are energetically
favored to be aligned to each other, while CPY~! orientations
of two chiral non-Abelian vortices (1, 0) and (0,—1) are
energetically favored to be orthogonal to each other.

A. Two vortices with parallel CPY~! orientations

Since all vortices discussed in this model have global
U(1)g windings, the leading contributions to their tensions
are logarithmically divergent with coming from the kinetic
term of @y 1, as usual for global vortices.

We consider the following asymptotic configuration
characterized by a set of two integers {k, kg }:

@, — vdiag (e*1?,1,...,1), (6.1)

&y — vdiag (e**?,1,...,1), (6.2)
as r — oo0. We have taken the CPV~! moduli of the (1, 0)
vortex of the left chirality to be oriented to the first
component without loss of generality, and we assume that
of the (0, 1) vortex of the right chirality to be aligned to the
(1, 0) vortex in this subsection. The case that they are not
aligned is discussed in the next subsection.

The gauge fields should be chosen in such a way that the
kinetic energy of ®; p is minimized:

Jj
A — —¢, T ke)x!

Tt (63)

Then, the scalar kinetic energy reads

K = Tr[D;®] D;®, + D,®}D,®g]

LY 2N + l
r2 2N (kL7 kR)’ (64)
where Fy is given by
2(N-1)
Fy(ky k) = ki — ﬁkLkR + ki
= (ky, — kg)? ky kg. 6.5
(ky, = kgr) +N+1 LR (6.5)

We thus find that the leading term of the tension is given by

A 2
K:Zﬂ/ drrlC:MF

N n(kp.kg)logA,

(6.6)

where A is an IR cutoff parameter, or the size of the system.

We have Fy(1,0) = Fy(0,1) =1 for a single chiral
non-Abelian vortex (1, 0) or (0, 1), and Fy(1,1) =
4/(N + 1) for a single non-Abelian semisuperfluid vortex
(1, 1). Comparing these two, we find Fy(1,0) < Fy(1,1)

094052-11



MINORU ETO and MUNETO NITTA

PHYS. REV. D 104, 094052 (2021)

for N <2, Fy(1,0) = Fy(1,1) for N =3 (relevant to
QCD), and Fy(1,0) > Fy(1,1) for N > 4.

By using these results, we can discuss whether two
separated chiral non-Abelian vortices with the opposite
chiralities (1, 0) and (0, 1) are energetically bound to a
single non-Abelian semisuperfluid vortex (1, 1) or not. To
this end, we note that when the vortices (1, 0) and (0, 1) are
infinitely separated, the tension of such a composite state is
proportional to a sum of the tensions of individual vortices:
Fy(1,0) 4+ Fy(0, 1) = 2. Comparing this with Fy(1,1) of
a single non-Abelian semisuperfluid vortex, we find

:FN(171)22 forN:l

FN(1,0)+FN(0,1)(=2){>FN(1 )=+ forN>2"
’ N+1 -

(6.7)

This implies that two chiral non-Abelian vortices with the
opposite chiralities (1, 0) and (0, 1) attract each other for
N > 2, while there is no force between them at this order
for N = 1. The latter corresponds to two-component BECs
in which the absence of the leading order interaction is in
fact known [76].

In a similar way, we can discuss the stability of a non-
Abelian axial vortex (1,—1). When the vortices (1, 0)
and (0, —1) are infinitely separated, the tension of such
a composite state is proportional to Fy(1,0)+
Fy(0,—1) =2. Comparing this with Fy(1,—-1)=
4N /(N + 1) of a single non-Abelian axial vortex, we find

=Fy(l,-1)=2 forN=1

FN(1,0)+FN(0,—1)(—2){<FN( —1)=2N forN>2’
N+1

(6.8)

implying that two chiral non-Abelian vortices with the
opposite chiralities (1, 0) and (0, —1) repel each other for
N > 2, while there is no force between them at this order
for N = 1. We thus have found that for N > 2 the non-
Abelian axial vortex (1,—1) is unstable to decay into
(1, 0) and (0, —1) chiral non-Abelian vortices.

B. Two vortices with orthogonal CPY~! orientations
In this subsection, we take the CPY~! moduli of the
(1, 0) and (0O, 1) vortices to be orthogonal to each other,
which is possible for N > 2. To this end, without loss of
generality, we consider the following asymptotic configu-
ration characterized by the set of two integers {k, kg },

@, — vdiag (v 1,...,1), (6.9)

@y — vdiag (1,e*? ... 1), (6.10)

as r — oo. In this case, the gauge fields should be chosen in
such a way that the kinetic energy of @ g is minimized:

kLXj kRXj

A, - —¢ Ty — ”2N

R P STy, (6.11)

with T}, = diag(-1,N —1,-1, ...,
kinetic energy reads

—1). Then, the scalar

N + 1
,C ﬂ?WGN(kL’kR)v (612)
with G defined by
GN(kL? kR) — ki N + 1 kLkR + k2 (613)

Thus, the leading contribution to the tension of the
composite state can be calculated, to give

(N+1)m0?

N GN(kL,kR)IOgA.

A
K:27r/ drrkK= (6.14)

The tension of a set of two non-Abelian chiral vortices
(1, 0) and (0, 1) with the CPN~! orientations orthogonal
to each other is thus found to be proportional to
Gy(1,1) =2+ 1/(N + 1). Since we have an inequality

1
Fy(1,1) = <Gy(1L1) =2+

— (619)

N+1

for all N(>2), the chiral non-Abelian vortices with
aligned CPV~! orientations are energetically more favored
than those with orthogonal orientations, implying that
their CPY~! moduli attract each other, to be aligned.
Again, in a similar way, we can discuss the case of two
chiral non-Abelian vortices with the opposite chiralities

(1, 0) and (0,—1). In this case, we have an inequality
4N 1
1,-1 1,-1)=2—-—— 6.16
Fa(l=1) = 25> Gy(1,-1) =2- 2 (6.16)

for all N(>2). Thus, two chiral non-Abelian vortices
(1, 0) and (0, —1) with orthogonal CPN~! orientations are
energetically more favored than those with aligned ori-
entations, implying that their CPN~! moduli repel each
other. If we separate them infinitely, the tension becomes
Gy(1,0) + Gy(0,—1) = 2. The inequality

1
1,0 0,-1)=2 I,-1)=2—-———
Gu(1.0) + Gy (0.-1) = 2> Gy(L.=1) =2 =

(6.17)

implies that the two chiral non-Abelian vortices (1, 0)
and (0,—1) with orthogonal CP¥~! orientations attract
each other, forming a bound state. It is, however, a highly
nontrivial dynamical question remaining as a future
problem.
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VII. VORTEX-DOMAIN WALL COMPOSITES

We consider the case of 4, 75,73 # 0 in which the axial
and chiral symmetries are explicitly broken. This breaking
induces domain walls attached to the vortices.

A. Chiral non-Abelian vortices attached by chiral
domain walls

Let us turn on y;,7,,73 #0 to see their effects on
vortices. In this subsection, we consider a chiral non-
Abelian vortex. In Fig. 2, we present numerical simulations
in the case that either of y{, y,, 73 is nonzero. We can clearly
see that one chiral non-Abelian vortex is attached by one or
two domain walls. The three columns correspond from the
left to the right to (y;,72,73) = (x,0,0), (0,%,0), (0,0, %),
respectively. In the middle column y, # 0, the vortex is
attached by the two domain walls with the same tension,
and thus the configuration is stable. In left-most and right-
most cases, the vortex is attached by one domain wall from
one side. The wall pulls the vortex and the configuration is
unstable, but it is static in the comoving frame.

To see why this happens, we consider an infinitely large
circle parametrized by the spatial angle ¢ encircling
vortices. Let us substitute the chiral non-Abelian vortex
ansatz of either the left chirality in Eq. (5.3) or the right
chirality in Eq. (5.12) to the potential term in Eq. (2.5), with
replacing the spatial angle ¢ by a function ¢(¢) depending
on the angle ¢ with the boundary condition ¢(¢ = 0) =0
and ¢(@ = 2z) = 2x. It can be evaluated at spatial infin-
ities as

V =2(y1 +73)cos (@) + 2y, cos(2¢(p)).  (7.1)

Together with the gradient term, the effective energy for ¢
on the large circle at infinity encircling the chiral non-
Abelian axial vortex becomes & = 112(0(/,(]5)2 + V. This is
the double sine-Gordon model. Note that the periodicity is
27 in contrast to the case of non-Abelian axial vortices in
Eq. (4.7) in which the periodicity was z.

First, let us consider the absence of y3 (y3 = 0). The
case of (y1,72,73) = (y1,0,0) corresponds to the sine-
Gordon model, the case of (y1,72,73) = (0,7,,0) to the
sine-Gordon model with a half periodicity, and the case of
(71,72,73) = (71,72, 0) to the double sine-Gordon model.
In the first case, a single chiral non-Abelian vortex is
attached by a single sine-Gordon soliton, and thus is
confined as shown in Figs. 2(al)-2(a7). In the second
case, it is attached by two sine-Gordon solitons (or
domain walls) of the same tension from the opposite
sides, and therefore the composite state is stable, see
Figs. 2(b1)-2(b7). This case is a non-Abelian generali-
zation of chiral P-wave superconductors, for which the GL
theory is described by a U(1) gauge theory coupled with
two complex scalar fields ®; and ®, with a potential term
V ~ (@7)}(®,)? +c.c. [80,81]. In the third case, it is

attached by two sine-Gordon solitons (or domain walls),
but how they attach depends on the parameters y, y, as
classified in Refs. [24,25] in the context of two Higgs
doublet models. In these cases, the domain walls attached
to the chiral non-Abelian vortex are non-Abelian sine-
Gordon solitons carrying CPV~! moduli [82,83]. This can
be clearly seen in Fig. 2; The component ®;! has the
vortex winding [(al) and (b1)]. If one looks at the right
condensation along the domain wall, one finds that <I>llzl I
concave [Figs. 2(a3) and 2(b3)] while @3 and ®;’ are
convex [Figs. 2(a4) and 2(b4)]. The same happens in the
left condensations along the wall far apart from the vortex
[Figs. 2(al), 2(a2), 2(bl), and 2(b2)]. Thus, the SU(3)
symmetry is spontaneously broken down to SU(2) x U(1)
along the domain wall, resulting in the CP> NG modes
localized on the wall or attributing the CP?> moduli. These
moduli match those in Eq. (5.11) of the vortex along the
junction line of the vortex and domain walls.

When only y3 is present, (y;,72,73) = (0,0,73), one
sine-Gordon soliton is attached to one chiral non-Abelian
vortex as shown in Fig. 2(c1)—(c7). This is Abelian,
carrying no moduli. Indeed, the profile functions |q)1(f,'1lz) |?
behave almost the same along the domain wall far from
the vortex core. This implies that ®@;  are proportional to
the identity, and so no symmetries are broken by the
domain wall.

When all y, , 5 are present, there appears either attraction
or repulsion among the domain walls attached to the vortex,
depending on its sign. If it is attraction, the domain walls
form a composite domain wall [5,54], thus confining the
chiral non-Abelian vortex. If repulsion, the chiral non-
Abelian vortex is attached by two domain walls with
different tensions from opposite sides. Such details of
the domain wall structure are worth studying on their
own, but are not relevant in the following subsections for
vortex molecules, as explained below.

If we do the same for the usual non-Abelian semi-
superfluid vortex in Eq. (3.2), there is no potential term,
implying that no domain wall is attached to the usual non-
Abelian semisuperfluid vortex.

B. Decay of Abelian and non-Abelian axial vortices

Here we discuss that Abelian and non-Abelian axial
vortices are all unstable to decay into a set of chiral non-
Abelian vortices once the axial and chiral symmetry
breaking terms are turned on.

One non-Abelian axial vortex discussed in Sec. IV B is
attached from the opposite sides by two [or four for
(71,72,73) = (0,7,,0)] domain walls extending to infin-
ities, and thus decays into two chiral non-Abelian vortices
each of which is attached by one (or two) chiral domain
wall(s) as in Fig. 3(a); one of the left chirality and the other
of the right chirality with the opposite winding. This decay
process can be written as
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FIG. 2. The profile functions |<I>](i’li>|2 (i=1, 2, 3) of the vortex-wall composites. The left-most, middle, and
right-most columns have (y,7,,73) = (—0.1,0,0), (0,-0.1,0), (0,0,—0.2), respectively. The other parameters are common for
all cases as (m, 21,4y, A3, 44, 9) = (v/2,1,1,1,0, 1).

(I,=1) > (1,0) + (0, -1). (7.2) (N,-N) - N(1,-1) - N(1,0) + N(0,-1).  (7.3)
It is interesting to observe that there was no flux in the Another example is a doubly-wound chiral non-Abelian
initial state while the final states contain fluxes. Similarly,  vortex with the same chirality, say left. This is also attached
the Abelian axial vortex is also unstable to decay as by two [or four for (yy,72,73) = (0,7,,0)] chiral domain
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FIG. 3.

Pairs of chiral non-Abelian vortices (a) attached by domain walls extending to infinities, leading to the instability against a

decay, and (b) forming a chiral non-Abelian vortex molecule connected by a domain wall. For both cases, left (right) chiral non-Abelian
vortices placed at L and R are encircled by the closed loops b; — r and by + r, respectively. (a) They have the opposite windings (1, 0)
and (0, —1), and are attached by domain walls extending to infinities, leading the instability against decay. (b) These vortices have the
same windings (1, 0) and (0, 1), and are connected by a domain wall denoted by a red broken line to form a vortex molecule.

walls extending to infinities (but vortices of the same
chirality are placed at both L and R), and therefore it is also
unstable against decay into two chiral non-Abelian vortices
each of which is attached by one (or two) chiral domain
wall(s) as in Fig. 3(a). This decay process can be written as

(2,0) - 2(1,0). (7.4)
Similarly, an Abelian axial string having the minimum unit
winding in X can decay as

(N,0) - N(1,0). (7.3)

This decay was numerically simulated in the linear sigma
model [5,54].

VIII. NON-ABELIAN VORTEX MOLECULES

A. Structure of chiral non-Abelian vortex molecules

Before discussing the effect of explicit breaking terms
7123 # 0 for general case, let us make a comment on the
interaction between chiral non-Abelian vortices for y; 5 3 =
0 in the case of N = 1, in which the system reduces to two-
component BECs. In this case, the interaction energy
between (1, 0) and (£1,0) vortices at distance R is well
known E;,; ~ £log R. Thus, a vortex and (anti)vortex repel
(attract) each other as usual for single component global
(superfluid) vortices. On the other hand, the interaction
energy between (1, 0) and (0, 1) vortices at distance R
vanishes at the leading order, to be consistent with
Eq. (6.8), and the next leading order is E;, ~ Alog R/R?
[76] with A being A3 and/or 4, in Eq. (2.5) (reducing the
same term for N = 1). Thus, it can be either repulsive
(4 > 0) or attractive (4 < 0). Once we introduce the explicit
breaking terms y; , 3 # 0, a pair of (1, 0) and (0, 1) vortices
forms a molecule in which constituents are separated at
finite distance, when they are repulsive (1 > 0) [48,51].
They collapse to form an Abelian vortex (1, 1) when they
are attractive (4 < 0).

Here, we show that the chiral non-Abelian vortices (1, 0)
and (0, 1) can form a molecule. They have the same color
magnetic fluxes. Now we put a (1, 0)-vortex on the left at
“L” and a (0, 1)-vortex on the right at “R” in Fig. 3(b). We
assume that the CPV~! orientations of these vortices are
the same. The loop by + r encircles the (0, 1)-vortex while
the one b; — r encircles the (1, 0)-vortex. The large loop
bg + by, encircles the both of them.

Along each of the large half circles b and by, the vector
transformations, i.e., the color gauge transformation and
U(1)g transformation act as

bL.br: gelg) = e @FTx  F(0)=0, F(z)=2x
(8.1)
es(#) = ¢B¥)  B(0)=0, B(z)=x/N, (8.2)

respectively, where F and B are monotonically increasing
functions (linear functions). On the other hand, along the
path r, we have

ri Ul =Ug =0T R(—c0) =0, R(+o0)=27
(8.3)

e0a0) = iAW), A(=o0) =0, A(+o) = z/N,
(8.4)

respectively, where we have parametrized the path r by the
coordinate y, and R and A are monotonically increasing
functions.

Therefore, along the path r, there appears a (composite)
domain wall stretching between the (1, 0)- and (0, 1)-vortices
once y4 » 3 are turned on. The internal structure of the domain
wall depends on the values of y;,;, as discussed in
Sec. VIIA. In the presence of only y, 3, there exists one
domain wall between the vortices, while there are two
domain walls in the presence of y,. Nevertheless, all domain
walls must be stretched between the two vortices since there
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FIG. 4. The profile functions |<I)(L’]? [> (i = 1,2, 3) of a pair of the (1,

0) and (0, 1) chiral non-Abelian vortices. They are stretched by a

chiral domain wall(s). The parameter choice of the left-most, middle, and right-most columns are (7, 7,,73) = (0.01,0,0), (0, 0.01, 0),

(0, 0,0.2), respectively. The other parameters are common for all cases as (m, A;, 4y, 43, 44, 9) = (\/i 1,1,1,0,1).

is no wall along the path b; + b, encircling the whole
configuration. Dynamically, the domain wall tension pulls
these chiral non-Abelian vortices and combine them to a
single non-Abelian semisuperfluid vortex. Thus, these chiral
non-Abelian vortices are confined to a “mesonic” configu-
ration, which is nothing but a non-Abelian semisuperfluid
vortex. We can express this confining process by

(1,0) + (0,1) = (1, 1). (8.5)

In Fig. 4, we present numerical simulations of a pair of
chiral non-Abelian vortices (1, 0) and (0, 1) separated at
finite distance. Clearly one can see that the domain walls
are stretched between them. In the case of (yy,y,,73) =
(,0,0) (the left column), a single non-Abelian

sine-Gordon kink is stretched between them. In the case
of (71,72,73) = (0, %,0) (the middle column), two domain
walls are stretched between them forming a ring, like vortex
molecules in a chiral P-wave superconductor, see foot-
note 7.1. Finally, in the case of (y;,72,73) = (0,0, %) (the
right column), a single Abelian sine-Gordon kink is
stretched between them.

The two vortices are linearly confined and these con-
figurations are on a way to collapse. It is an open question
whether, as the case of two-component BECs (N = 1),
these constituents can be separated at finite distance and an
internal structure of the molecule is visible in certain
parameter regions. Possibly, it may occur when A4(> 0)
is large enough for which the (1, 0) and (0, 1) vortices

094052-16



CHIRAL NON-ABELIAN VORTICES AND THEIR CONFINEMENT ...

PHYS. REV. D 104, 094052 (2021)

would repel each other at short distances. Explicitly
constructing numerical solutions remains a future problem.

B. Generalized Aharonov-Bohm phases

Let us discuss generalized AB phases around a vortex
molecule in Fig. 3(b). We restrict to N = 3 relevant for the
CFL phase.

When the light quarks encircle the (1, 0)-vortex at L
along the path b; — r, they receive the generalized AB

phases
_(QL)II (QL)lj
e ( (40 —<qL>ij>’
(qr)1; —(QR)U
® = <—(CIR)i1 (CIR)ij ) (8.6)

These constitute a Z, group, which is a color nonsinglet.
On the other hand, when they encircle the (0, 1)-vortex at R
along the path by + r, they receive the generalized AB
phases

" - < (qu)n | —(qL)l,-)’

—(qu)i ‘ (L)
—(qr)11 | (QR)U
== ( (qr) i _(QR>ij>’ ®.7)

constituting a Z, group, which is a color nonsinglet.

Thus, when they encircle the both vortices along the
large circle b; + by, they receive the generalized AB
phases

qL =~ —qvL, qr 7 —4Rr> (8.8)
constituting a Z, group. This is a color singlet. These
generalized AB phases are precisely those of a single non-
Abelian semisuperfluid vortex [31,32]. Interestingly, the
light quarks can detect the color of fluxes of the chiral
non-Abelian vortices (1, 0) and (0, 1) at the large distance by
the generalized AB phases in Egs. (8.6) and (8.7) which are
color nonsinglets, but they cannot detect the color of the flux
of the whole molecule by the generalized AB phase in
Eq. (8.8) which is a color singlet.

As for heavy quarks, they detect only gauge fields. Thus,
they do not distinguish the (1, 0)- and (0, 1)-vortices unlike
the light quarks, since the gauge structures are identical
between these two vortices carrying exactly the same color
magnetic fluxes. Therefore, when they encircle either of the
(1, 0)- and (0, 1)-vortices, they receive the AB phases in
Eq. (5.20) which is a color nonsinglet, while when they
encircle the both of them along the path by + by, they
receive the AB phases in Eq. (5.22) which is a color singlet.

The latter forming a color singlet Z5 group are precisely
those of a single non-Abelian vortex [37].

In summary, chiral non-Abelian vortices are not confined
and can exist alone when y ; 3 = 0, while they are confined
when y,,3 #0. In the deconfined phase, chiral non-
Abelian vortices exhibit color nonsinglet (generalized)
AB phases so that the light/heavy quarks can detect the
colors of magnetic fluxes of these vortices at large
distances. In the confined phase, chiral non-Abelian vor-
tices exhibit only color singlet (generalized) AB phases so
that the light/heavy quarks cannot detect the colors of
magnetic fluxes of these vortices at large distances. Thus,
stable states exhibit color-singlet (generalized) AB phases.

The opposite is not always true. Not all states with color-
singlet (generalized) AB phases can exist stably in the
confined phase. For instance, the two examples (1, —1) and
(2, 0) in Sec. VII B exhibit color-singlet (generalized) AB
phases; the (2, 0) made of two (1, 0) with the same color
magnetic fluxes exhibits the singlet AB phase for heavy
quarks in Eq. (5.22) and the trivial phases for light quarks
obtained from two successive phases of Eq. (5.24);
(QL’ QR? qL.» QR) - (€2QL7 €2QR’ qL, qR)’ which are color
singlet. Nevertheless, they are attached by the two chiral
domain walls extending to infinities as in Fig. 3(a), and are
unstable against decay into two chiral non-Abelian vortices
each of which is attached by one (or two) chiral domain
wall(s): (1,-1) - (1,0) 4+ (0,—1) and (2,0) — 2(1,0).
The (N,0) vortex made of N (1, 0) vortices with all
different color magnetic fluxes give generalized AB phases

as (Qr, Or. 91, qr) = (OL, Or> =41, qr)> Which are color
singlets. It is, however, broken as (N,0) — N(1,0).

IX. SUMMARY AND DISCUSSION

In the CFL phase of dense QCD, we have found chiral
non-Abelian vortices winding only around either of left or
right diquark condensation ®; or ®y labeled by (1, 0) and
(0, 1), respectively. As can be expected from (1,0) =
(1, 1) 4+ (1,-1)] and (0,1) =1[(1,1) = (1,=1)], they
carry half color magnetic fluxes and half U(1)g circulation
of those of a non-Abelian semisuperfluid vortex labeled by
(1, 1), and half U(1), winding and half chiral circulation
[around the sub-OPM M, = U(N);_p ]l of a non-
Abelian axial vortex labeled by (1,—1). A single chiral
non-Abelian vortex carries CPY~! orientational moduli in
the internal space corresponding to its color magnetic flux.
We have discussed the energetics of vortices and have
found that CPY~! orientations of two chiral non-Abelian
vortices (1, 0) and (0, 1) are energetically aligned, while
those with a chiral vortex (1, 0) and antivortex (0, —1) are
energetically orthogonal to each other. Then, the two chiral
non-Abelian vortices attract each other forming bound
states. We have shown that chiral non-Abelian vortices
exhibit the topological obstruction implying that the
unbroken symmetry generators are not defined globally
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around the vortices, and color nonsinglet (generalized) AB
phases implying that quarks at large distances can detect
the colors of magnetic fluxes by encircling these vortices.
In the presence of the axial and chiral symmetry breaking
terms y;,3 # 0, these vortices are confined by chiral
domain walls, while they are deconfined in the absence
of those terms. In the confined phase, two chiral non-
Abelian vortices (1, 0) and (0, 1) with chiralities opposite to
each other are connected by a chiral domain wall, con-
stituting a mesonic bound state (1, 1) which is nothing but a
non-Abelian semisuperfluid vortex, exhibiting only color
singlet (generalized) AB phases implying that the quarks
cannot detect the color of magnetic flux of such a bound
state at large distances. We also have shown that the
Abelian axial vortices (N,—N) and non-Abelian axial
vortices (1,—1) attached by chiral domain walls are both
unstable to decay into a set of chiral non-Abelian vortices.

Before closing this paper, let us address several dis-
cussions and future directions.

The confinement does not imply that the mesonic bound
state necessary collapses to an axisymmetric non-Abelian
semisuperfluid vortex. It remains as a future problem to
numerically construct solutions of vortex molecules in
certain parameter regions, in which the constituent (1, 0)
and (0, 1) vortices are separated at finite distances. At least
the axial and chiral symmetry breaking terms should be
relatively small. At finite temperature, it does not have to
be the case at least in 2 + 1 dimensions because of the
Berezinskii-Kosterlitz-Thouless (BKT) transition. The
BKT transition was explicitly shown in Ref. [53] by
numerical simulations for the Abelian case N = 1.

In this paper, we have constructed numerical solutions
for single chiral non-Abelian vortices (1, 0) or (0, 1), in the
absence of the axial and chiral symmetry breaking terms:
7123 = 0. In the presence of these terms, chiral domain
walls are attached to them. We have constructed solutions
in the case that only one of y, ;3 is nozero. In particular, if
we turn on all y; , 5’s, the situation is close to the two-Higgs
doublet models [24,25]. Explicitly constructing numerical
solutions of such domain-wall vortex composites in general
cases remains as one of future problems. A particularly
important problem is to construct a vortex molecule
(1,0) 4+ (0,1). This would reduce to a single non-
Abelian semisuperfluid vortex in the most parameter region
because of the domain wall tension, but we should examine
whether these two constituents can be separated in some
parameter region particularly for small y, , 3’s and/or small
gauge coupling g, for which there is a repulsion between
constituent vortices. This problem is important in a relation
with higher-form symmetries discussed in the next para-
graph. Finally, we also should numerically verify decays of
axial and chiral vortices as discussed in Sec. VII B, such as
a non-Abelian axial vortex (1,—1) — (1,0) + (0,—1) and
an Abelian axial vortex (N,—N) — N(1,0) + N(0, 1), as
we did a similar problem in the linear sigma models [5,54].

In particular, in the presence of the mass terms y, , # 0, 2N
domain walls attached to one Abelian axial vortex (N, —N)
constitute a composite wall as can be expected from
Eq. (4.2), and it is an open question whether this fact
suppresses the decay. To perform simulations, we may do
either a relaxation method or real time dynamics. For the
latter, we need a time-dependent GL theory.

Higher-form symmetries [84] related with a linking
between Wilson loops and vortices are an indispensable
tool to study phases of matter such as the so-called
topological order. Higher form symmetries in the presence
of non-Abelian semisuperfluid vortices and the absence or
presence of a topological order of the CFL phase were
studied in Refs. [39—42,85]. In this case, a linking between
a Wilson loop and a non-Abelian semisuperfluid vortex is
rather trivial in the sense that AB phases are color singlets.
Contrary to this, a linking between a Wilson loop and a
chiral non-Abelian vortex is nontrivial because AB phases
are color nonsinglets as we have seen in Sec. V C. Thus,
the phase separating a non-Abelian semisuperfluid vortex
(1, 1) into two chiral non-Abelian vortices (1, 0) and (0, 1)
may be characterized in terms of a higher-form symmetry.

As mentioned in introduction, in the context of quark-
hadron continuity, vortices penetrate through the CFL
phase and hyperon nuclear matter [9,36—42]. In particular,
from the AB phases of quarks around vortices, one can
conclude the existence of a boojum at which three hyperon
vortices and three non-Abelian semisuperfluid vortices
must meet [9,37,38]. This structure is modified if the
deconfined phase is realized in the CFL phase. In fact,
this situation is similar to two-flavor quark matter (see
Appendix C).

Beyond the GL description, we could study fermion
structure by the BdG formulation. In fact, fermion zero
modes were studied for non-Abelian semisuperfluid vor-
tices in the BdG equation [31-33], in which triplet
Majorana fermion zero modes were found. Such
Majorana fermions endow these vortices non-Abelian
exchange statistics in d = 2 + 1, turning them into non-
Abelian anyons [86,87]. Apparently, it is a very interesting
question whether fermion zero modes exist on chiral non-
Abelian vortices and if so what their exchange statistics are.

The CP? modes of the chiral non-Abelian vortex are
probably non-normalizable, unlike those of a single non-
Abelian semisuperfluid vortex [5,30]. However, around a
constituent of a vortex molecule (1, 1), these modes may be
normalizable because of a cutoff introduced by the pres-
ence of the other. The CP?> modes are normalizable on
the chiral domain wall [82,83] that connects the (1, 0) and
(0, 1). This fact together with the fact that the CP? modes
are normalizable on a single non-Abelian semisuperfluid
vortex [5,30] may suggest that these modes are still
normalizable around the vortex molecule (1, 1).

In this paper, we have turned off the electro-magnetic
interaction and the strange quark mass. Turning them on
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can be incorporated in the CP? effective world-sheet
Lagrangian of a single non-Abelian semisuperfluid vortex
in Refs. [88,30], respectively. This method may be applied
to the case of a chiral non-Abelian vortex as well.

Finally, there are some interesting directions for studying
chiral domain walls. One is a decay of chiral domain walls
by quantum or thermal tunneling. In this case, a hole
created on the domain wall world volume is surrounded by
an axial vortex (see Sec. 10.5 of the review paper [5]). For
the minimum element of a chiral domain wall, a hole
should be surrounded by a chiral non-Abelian vortex
studied in this paper. The other direction is given by is
the chiral non-Abelian semisuperfluid vortices under mag-
netic field background which would be also interesting in
connection with the chiral anomaly. The domain wall
connecting (1, 0) and (0, 1) is made of the 7/ meson
related to U(1),, and #/ nontrivially changes along the
direction perpendicular to the #/ domain wall. Therefore,
under the presence of magnetic field, the domain wall
should be magnetized as found in Refs. [89,90], see also
Sec. 10.6 of Ref. [5]. Physical consequences of these
domain walls are interesting to explore.
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APPENDIX A: TERMINOLOGIES

In this Appendix, we summarize terminologies in this
paper, which may be sometimes confusing.

1. Abelian and Non-Abelian

The terminology “Abelian vortices” is used for vortices
having winding in a U(1) group. In this paper, such a U(1)
group is either the baryonic symmetry U(1)g or axial
symmetry U(1),. A vortex winding around U(1)g is called
an Abelian superfluid vortex (Sec. III A), while one wind-
ing around U(1), is called an axial vortex (Sec. IVA).

In this paper, the terminology “non-Abelian” is used for
vortices with non-Abelian magnetic fluxes and those
accompanied with non-Abelian Nambu-Goldstone modes,
as is common in dense QCD [5,11], supersymmetric QCD
[14—-19] (see Refs. [20-23] as a review), and two-Higgs
doublet models [24-28].

Global analogues are also called non-Abelian. In this
paper, vortices winding in chiral symmetry breaking
U(N)., xU(N)g = SU(N)_,g are called non-Abelian
axial vortices, see Sec. IV B.

However note that the same terminology “non-Abelian”
is sometimes used for a different meaning in the literature.
It is used for vortices with non-Abelian holonomies in
Refs. [56-58], which differs from our terminology. Note
that the above mentioned non-Abelian vortices in dense
QCD, SUSY QCD and two-Higgs doublet models are
Abelian in this language since holonomies are Zy (N =3
for dense QCD and N = 2 for two-Higgs doublet models).
Chiral non-Abelian vortices found in this paper are accom-
panied by non-Abelian holonomies, and thus they are non-
Abelian in this language as well.

2. Superfluid/semisuperfluid

Abelian superfluid vortices have integer windings
around U(1)g. They do not carry any color magnetic
fluxes.

Semisuperfluid vortices have fractional windings around
U(1)g. For single-valuedness, they must be accompanied
with color gauge transformation for single-valuedness of
fields, and thus they are inevitably non-Abelian.

3. Chiral

We call vortices “chiral” when only @®; or ®y has
windings. We label it by (1, 0) or (0, 1).

4. Topological obstruction

Here, we explain the topological obstruction [55-62].
When a symmetry G is spontaneously broken down to its
subgroup H, the OPM is a coset space G/H. Note that the
unbroken symmetry H is not unique. When the VEV v =
(@) of a field ¢ is transformed to v' = gv with some group
element g € G, the unbroken symmetry H is also trans-
formed to H' = gHg™".

A problem may happen in the presence of a vortex. When
we put a vortex, the asymptotic value of the field ¢» depends
on the azimuthal angle ¢ around the vortex: ¢(¢) ~ g(¢)v.
Around the vortex, the unbroken symmetry H depends on the
azimuthal angle ¢ as H,, = g(¢)Hog(g)™" with H, being H
at ¢ =0. From the single-valuedness of ¢, we have
¢(p = 2r) = ¢(p = 0). However, this does not necessarily
imply g(p =27) = g(p =0). In general, g(¢p =2x) #
9g(p = 0), and thus the unbroken symmetry is not single-
valued: H,_,, # H,—o = Hy. This is the topological
obstruction. An example can be found in an Alice string [55].

APPENDIX B: ORDER PARAMETER
MANIFOLDS

Let us describe the full OPM in this Appendix. To this
end, we neglect explicit breaking terms, y;,3 = 0, thus
axial and chiral symmetries becoming exact.

The symmetry G acts on the condensates ®; g, which are
N by N matrices of complex scalar fields, as
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TABLE II. Summary table of the discrete symmetries. w is the N-th root of the unity: @ = exp(2zi/N). Note
(ZN)cisr = (Zn)cys-

SU(N)c SU(N)L SU(N)g U(l), U(l), (s U(1)a
(Zy)c wk 1 1 1 1 1 1
(Zy), 1 ok 1 1 1 1 1
(Zy)r 1 1 o 1 1 1 1
(Zy) 1 1 1 ok 1 -k ot
(Zy), 1 1 1 1 wk o o
(Zy)g 1 1 1 w*k wk wk 1
(Zyn)a 1 1 1 w7k ok 1 ok
(ZN)cyisr ok 1 1 ot ot w™* 1
(ZN)1 1 o 1 ok 1 o o
(ZN)Rsr 1 1 w* 1 w* w? W™
(Zn)cin ok 1 1 ok ok ok 1
(ZN)Lir+B 1 w* w* w* w* w* 1
(ZN)L-r+A 1 ot o~k ok ot 1 ot
(ZN)C+L+R ok wt w* 1 1 1 1
(ZN)c-ir) 1B o o™ o™ w? w? w2k 1
(Zy) arn 1 1 1 1 1 -1 -1

g = gePr UL
UL.R € U(N)Lg-

O - g U],

gc € SU(N)c. (B1)

With taking into account discrete groups, G can be

faithfully written as

SU(N)cxU(N)LxU(N)g
(ZN>C+1+r
:SU(N)C xU(1);xU(1),xSU(N); xSU(N)g

(ZN) e X (Zn) L X (Zy)rosr

G:

with

_ U(1), x SUN),
Zwhn
U(1), x SUN)g
: |

Zz )R+r <B3)

Here, the discrete groups Zy are defined in Table II, and the
two U(1) groups can be explicitly written as

U(l),:
U(l),:

(q)L’ q)R) -
(q)L’ q)R) -

(e_i61®L7 (I)R)’
((I)L, e_i9f®R).

Let us rewrite the two U(1) groups in Eq. (B4) by the
baryon and axial U(1) groups as

U(I)B: (@]_n ®R> - eieB ((DL’(DR)a

U(1)x: (@, @r) — (e2®p, e Dy), (BS)

where the relation is given by

0, + 6, 0, -0,
Op = — , O = . B6
b= = (B6)
Note that
U(1 U(1

U(])lxy(l)rzw (B7)

(Z2)ass

where (Z,),,p generated by (—1,—-1) € U(1)g x U(1),
is redundant and must be removed. Then, the symmetry G
acting on the condensates as

O, > €i6B+i6AgC<DLU£7
gc € SU(N)c.
eiGA (S U(l)A

op — emB_iaAgC(DRU;
UL,R (S SU(N)L,R’ eiQB (S U(I)B,
(B3)

can be rewritten as
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G = SU(N)c xU(1)g x U(1), x SU(N)., x SU(N)g
 (Za)ass X (Zn)csn X (Zn)iris X (Zn)1—r+a
SU(N)c xU(1)g x U(1), x SU(N). x SU(N)g

= , (B9)
(Z2)avs X (Zn)cirir X (ZN)c—@ary+B X (Zn)L-r+A

with the discrete groups in the denominator, defined in Table II. In Eq. (B9), the direct product of the two groups have been
rewritten by taking the product of the former groups as (Zy)cip X (Zy)11r+p = (Zn)csrir X (Zn)c—@+r)+p for later
convenience.

The unbroken subgroup H on the ground state @ ~ ®p ~ vly is

_ SU(N)cyrsr X (Zn)c—qsr)+n X (ZN)1—r+4a _ SU(N)cipir

(Zw)errir X (Zn)e—wirysn X (@n)iria  (Zw)ciiir

: (B10)

where the same rearrangements of the discrete groups with Eq. (B2) have been taken in the denominator.
Thus, the full OPM can be obtained as

SU(N)e x U(1)g x U(1), x SU(N), x SU(N)g

G
M = — = .
H  SUN)ciLir X (Zn)c—wir)y18 X (Zy)L-ria X (Z2)asn

(B11)

Note the relation

SUN), x SUN)y
SU(N)Lir
~SU(N)Lir X SU(N) . (B12)

SU(N), x SU(N)g = SU(N)p;r X

where F X B denotes a fiber bundle with a fiber F over a base manifold B.° We can further rewrite it as

U(l)p X SU(N)~_ U(1 SU(N
M = ( )B ( )C (L+R) % ( )AX ( )L—R /(Zz)A+B
(ZN)c—w+r)+B (ZN)1-r4A
UN)e—wiryss X UN)Lgia My X My

(Z2)a+8 ~ (Zo)ae

(B13)

Here, we have defined the OPMs for the vector symmetry breaking and for the axial and chiral symmetry breakings by

U(l)g x SUN)c X SU(N)L,r N U(1)g x SU(N)C—(L+R) N

M= ~ ~ UN)e- iy
Y (ZN)C—(L+R)+B X SU(N)cyrLir (ZN>C—(L+R)+B C-(L+R)+B
U(1), x SUN); x SUN)x U(1), x SUN);
My =~ EZ)A) (X)gU(N) (N)r ~ ( )(AZ ) (N)Lr =~ UN)\_poa. (B14)
N)L-R+A L+R N)L-RtA

with coset spaces

SU(N)e x SU(N),.x _SU(N), x SU(N)
SUC(N)c+L+R o SUNLe SUL(N)LJrR )

SU(N)c_(L+r) =

(B15)

®In general, when a Lie group G is spontaneously broken down to H, the OPS parametrized by Nambu-Goldstone modes is a coset

space G/H. In this situation, the original group G can be regarded as a (principal) fiber bundle H X B over the base space B ~ G/H with
afiber H. In our case, H = SU(N), ;g and G/H = W ~ SU(N), _g. Here, note that G/H is not endowed with a product but
isomorphic to a Lie group that we denote by SU(N)| _g.
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APPENDIX C: SIMILARITIES AND
DIFFERENCES WITH VORTICES IN
TWO-FLAVOR DENSE QCD

Let us make comments on possible similarities with
recently found non-Abelian Alice strings in two-flavor
dense QCD.

Recently, two-flavor dense QCD relevant for quark-
hadron continuity was proposed [71,72], consisting of the
2SC condensation of up and down quarks in addition to a
P-wave condensation of down quarks. This phase is referred
as the 2SC + (dd) phase and is further classified into
deconfined and confined phases of vortices. In the decon-
fined phase, the most stable vortices are non-Abelian Alice
strings which are superfluid vortices carrying color magnetic
fluxes [68—70]. The amount of these color magnetic fluxes
are half of those of non-Abelian semisuperfluid vortices in
the CFL phase.

These are non-Abelian analogue of Alice strings [55-61],
and in particular are an SU(3) x U(1) extension of Alice
strings in SU(2) x U(1) gauge theory [91-94].

One of the characteristic features of non-Abelian Alice
stings is that unbroken symmetry generators are not
globally defined around the strings, and in general they
are multivalued (topological obstruction). Another char-
acteristic feature, which is more important, is that particles
encircling these strings can detect the colors of the strings
from infinite distances by color nonsinglet AB phases.

In the confined phase, non-Abelian Alice strings are
confined by the so-called AB defects [93-95] appearing to
compensate a discontinuity originated from nontrivial AB
phases of the 2SC condensation [70]. As a result of vortex
confinement, there can exist only baryonic and mesonic

bound states of the Alice strings, which exhibit color singlet
AB phases of particles encircling them; The baryonic
bound state consists of three Alice strings with different
(red, blue, green) color magnetic fluxes with total color
canceled out, which are connected by a domain wall
junction resulting in a single Abelian superfluid vortex,
while the mesonic bound state consists of two Alice strings
with the same color magnetic fluxes, which are connected
by a single domain wall resulting in a doubly-wound non-
Abelian string. Although the latter carries a color magnetic
flux, it can exist because of color-singlet AB phases, that is,
the color cannot be detected from infinite distance by AB
phases of particles encircling it. The amount of the color
magnetic flux that the mesonic bound state of the Alice
string (or doubly-wound non-Abelian vortex) in two-flavor
quark matter is the same with that of a non-Abelian string in
the CFL phase.

Moreover, both of a mesonic bound state of the Alice
string (or doubly-wound non-Abelian vortex) in two-flavor
quark matter and a non-Abelian string in the CFL phase
exhibit Z5 color-singlet AB phases of heavy quarks, and Z,
color-singlet generalized AB phases of light quarks.
However, a crucial difference between them is that non-
Abelian Alice strings are confined by the AB defects
spontaneously appearing in the formation of the 2SC
condensate while chiral non-Abelian vortices are confined
by chiral domain walls existing due to the explicit breaking
(mass and anomaly terms) of the axial and chiral sym-
metries. Thus, we can summarize that a salient distinction is
whether the appearance of the domain walls confining the
vortices is due to spontaneous (the 2SC + (dd) phase) or
explicit (the CFL phase) breaking.
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