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Dense quantum chromodynamic matter accommodates various kind of topological solitons such
as vortices, domain walls, monopoles, kinks, boojums, and so on. In this review, we discuss
various properties of topological solitons in dense quantum chromodynamics (QCD) and their
phenomenological implications. Particular emphasis is placed on the topological solitons in
the color—flavor-locked (CFL) phase, which exhibits both superfluidity and superconductivity.
The properties of topological solitons are discussed in terms of effective field theories such as
the Ginzburg—Landau theory, the chiral Lagrangian, or the Bogoliubov—de Gennes equation.
The most fundamental string-like topological excitations in the CFL phase are non-Abelian vor-
tices, which are 1/3 quantized superfluid vortices and color magnetic flux tubes. These vortices
are created at a phase transition by the Kibble—Zurek mechanism or when the CFL phase is
realized in compact stars, which rotate rapidly. The interaction between vortices is found to
be repulsive and consequently a vortex lattice is formed in rotating CFL matter. Bosonic and
fermionic zero-energy modes are trapped in the core of a non-Abelian vortex and propagate
along it as gapless excitations. The former consists of translational zero modes (a Kelvin mode)
with a quadratic dispersion and C P? Nambu—Goldstone gapless modes with a linear dispersion,
associated with the CFL symmetry spontaneously broken in the core of a vortex, while the lat-
ter is Majorana fermion zero modes belonging to the triplet of the symmetry remaining in the
core of a vortex. The low-energy effective theory of the bosonic zero modes is constructed as a
non-relativistic free complex scalar field and a relativistic C P? model in 1+1 dimensions. The
effects of strange quark mass, electromagnetic interactions, and non-perturbative quantum cor-
rections are taken into account in the C P? effective theory. Various topological objects associated
with non-Abelian vortices are studied; colorful boojums at the CFL interface, the quantum color
magnetic monopole confined by vortices, which supports the notion of quark—hadron duality,
and Yang—Mills instantons inside a non-Abelian vortex as lumps are discussed. The interactions
between a non-Abelian vortex and quasiparticles such as phonons, gluons, mesons, and pho-
tons are studied. As a consequence of the interaction with photons, a vortex lattice behaves as a
cosmic polarizer. As a remarkable consequence of Majorana fermion zero modes, non-Abelian
vortices are shown to behave as a novel kind of non-Abelian anyon. In the order parameters of
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chiral symmetry breaking, we discuss fractional and integer axial domain walls, Abelian and
non-Abelian axial vortices, axial wall-vortex composites, and Skyrmions.
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1. Introduction

Topological solitons are a subject of considerable interest in condensed matter physics [240]. Their
properties have been studied extensively and it has been found that they play quite important roles
phenomenologically. One such example is in superfluidity. Superfluidity emerges in a wide variety of
physical systems such as helium superfluids [361] or ultracold atomic gases [273,274,354]. Super-
fluids are known to accommodate quantized vortices as topological solitons, which are important
degrees of freedom to investigate the dynamics of superfluids [90,352,353,361]. The observation
of quantized vortices has worked as the evidence of superfluidity for ultracold atomic gases such
as Bose—Einstein condensates (BECs) [1] and Fermi gases in the BEC/Bardeen—Cooper—Schrieffer
(BCS) crossover regime [390]. A rotating superfluid is threaded with numerous vortices and they
form a vortex lattice. Vortices are also created at phase transitions by the Kibble—Zurek mechanism
[169,203,388,389]. Superfluid vortices also play pivotal roles in quantum turbulence in super-
fluid helium and atomic BECs [267,351,353,357]. In lower dimensions, vortices are essential in
Berezinskii—Kosterlitz—Thouless (BKT) transitions [49,50,212].
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Fig. 1. Examples of topological solitons in dense QCD. For details, see the relevant sections. (a) Vortex ring
(Sect. 4.2) (b) Vortex lattice and photons (Sect. 6.3) (¢) Colorful boojum (Sect. 7) (d) Axial domain wall
junction (Sect. 10.4)

Topological solitons also manifest themselves in the condensed matter physics of quantum chromo-
dynamics (QCD), which is the theory of the strong interaction. The stability of topological solitons is
closely related to the structure of the vacuum. QCD matter exhibits a rich variety of phases at finite
temperatures and/or baryon densities [138]. Depending on the symmetry breaking patterns, QCD
matter accommodates various kind of topological solitons (see Fig. 1 for some examples), some of
which are listed in Table 1. Since topological solitons affect the bulk properties of the matter, it is
important to investigate their basic properties and phenomenological implications. They could affect
the properties of the matter created in heavy-ion collisions or the matter realized inside compact stars.
Theoretical studies suggest that quark matter is expected to exhibit color superconductivity, trig-
gered by quark—quark pairings, at high baryon densities and low temperatures [11,32,38,187,280].
It has been predicted in Refs. [11,12] that the ground state is the color—flavor-locked (CFL) phase
at asymptotically high densities, in which the three light flavors (up, down, and strange) of quarks
contribute symmetrically to the pairing. There are also various other phases, such as the two-flavor
superconducting (2SC) phase [32], the kaon condensation (CFL+K) phase [47], the crystalline super-
conducting phase [22,72], and the magnetic CFL (MCFL) phase [117,121,122]. For reviews of the
phase structure of QCD matter, see Refs. [6,13,138,279,283].

Among the various ground states of QCD matter, the CFL phase is an important phase, which is
realized at asymptotically high densities where weak coupling theory is applicable and theoretically
controlled calculations are possible. The CFL phase has an interesting property that it exhibits both
superfluidity and superconductivity, because of the spontaneous breaking of the global U (1)p baryon
number symmetry and the local SU (3)c color symmetry, respectively. As in superfluid helium, we
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Table 1. Topological solitons in dense QCD. For each topological soliton, we have summarized the phase in
which it appears, the relevant order parameter space, and relevant homotopy group. The types of topological
solitons are classified into “defects” or “textures”, denoted by D and T, respectively. The former are character-
ized by a map from the boundary dR" ~ §"~! of space R" to the order parameter space (OPS) and consequently
by the homotopy group 7,1 (M), while the latter are characterized by a map from the whole space R" to the
OPS and consequently by the homotopy group 7, (M), where n counts the codimensions of the solitons. Con-
fined monopole and trapped instanton imply a monopole and instanton inside a non-Abelian vortex, where
the order parameter space is CP2. For vortons in the CFL+K phase, U (1)gm symmetry is broken only inside
a U(1)y vortex. The section in which each topological soliton is explained in this review is also indicated.
Note that this table is not a complete list of topological solitons in dense QCD. “NA” is the abbreviation for
“non-Abelian” and “YM” is that for “Yang—Mills”. “relative” denotes a relative homotopy group [361].

Topological solitons Phase OPS M Type Homotopy 7, (M) Sect.
U (1) superfluid vortex CFL U(l)g D (M) ~7Z 3.1.1
NA semi-superfluid vortex CFL UQB)c-r+B D (M) ~Z 33
confined monopole CFL Zs3 (in CP?) D To(M) >~ Zs 5.4
trapped YM instanton CFL CP? T (M) ~7Z 5.5
U (1) axial vortex CFL U()a D T (M) ~Z 3.1.2
NA axial vortex CFL U@B)L-Rr+A D T (M) ~Z 10.3.2
U (1) integer axial wall CFL U(1)a T T (M) ~Z 10.1.2
U (1), fractional axial wall CFL Zyin U(1)a D To(M) ~ Zs 10.1.1
Skyrmion (qualiton) CFL UQB)L_riA T (M) >~ 7 10.7
boojum CFL edge UQB)c—_riB D relative 7
2SC domain wall 2SC U()a T T (M) ~Z 11.1
U (1)y supercond. vortex CFL+K U(ly D T (M) ~Z 11.2
(drum) vorton CFL+K U)y, U(1)em D - 11.2
kaon domain wall CFL+K U(l)y T T (M) ~Z 11.2

can expect the existence of topological vortices from consideration of the ground-state symmetry
[128,183]. Vortices in the CFL phase will be created if the matter is rotated, as is observed in rotat-
ing superfluids in condensed matter systems. Thus, if the CFL phase is realized in the cores of dense
stars, vortices are inevitably created since the stars rotate rapidly. The superfluid vortices discussed
in Refs. [128,183] have integer winding numbers with respect to U(1)g symmetry, and they are
dynamically unstable, since they can decay into a set of vortices with lower energies. It was first
pointed out by Balachandran, Digal, and Matsuura [35] that the stable vortices are so-called non-
Abelian vortices, which are superfluid vortices as well as color magnetic flux tubes. Since they
carry 1/3 quantized U(1)p circulations, an integer U (1)g vortex decays into three non-Abelian
vortices with different color fluxes canceled in total [242]. The color magnetic flux tubes studied
before [183] are non-topological and unstable, and have a color flux triple of a non-Abelian vortex.
The properties of non-Abelian vortices have been studied using the Ginzburg—Landau (GL) the-
ory [110,112,115,170,242,309,315] or in the Bogoliubov—de Gennes (BdG) equation [134,378]. A
remarkable property of non-Abelian vortices is that both bosonic and fermionic zero energy modes
are localized in the core of a non-Abelian vortex and propagate along it as gapless excitations.
Bosonic zero modes are found in the GL theory; one is the Kelvin mode, which also appears in
vortices in superfluids, and the other is the orientational zero modes, characterizing an orientation of
avortex in the internal space [110,242]. Both of them are Nambu—Goldstone modes; the Kelvin mode
is associated with two translational symmetries transverse to the vortex, and the orientational modes
are associated with the spontaneous symmetry breaking of the CFL symmetry SU (3)c4F into its
subgroup [SU (2) x U (1)]c+r inside the vortex core. There is only one Kelvin mode for each vortex
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although two translational symmetries are spontaneously broken, because it has a quadratic disper-
sion and is a so-called type-II Nambu—Goldstone mode. The orientational zero modes have a linear
dispersion and are so-called type-I Nambu—Goldstone modes. The low-energy effective field theory
of Kelvin modes is a non-relativistic free complex field with the first order time derivative in the 1 + 1
dimensional vortex world-sheet [207]. The low-energy effective field theory of the orientational zero
modes is written as the relativistic CP2 model inside the 1 4+ 1 dimensional vortex world-sheet,
where CP? ~ SU(3)/[SU(2) x U(1)] is the target space spanned by the Nambu—Goldstone modes
[110]. On the other hand, Majorana fermion zero modes belonging to a triplet of the core symmetry
SU (2)c+r have been found in the BAG equation and the low-energy effective theory in the 1 + 1
dimensional vortex world-sheet has been derived [378]. The existence of these fermion zero modes
is ensured by topology, which can be seen as the index theorem [134]. One remarkable consequence
of the Majorana fermion zero modes is that non-Abelian vortices obey a novel kind of non-Abelian
statistics [172,379] if they are parallel or are restricted to 2 + 1 dimensions.

While CP? zero modes appear as Nambu—Goldstone gapless (zero) modes in the 1 + 1 dimen-
sional vortex world-sheet, exactly speaking they have to be gapped (massive) because of the
Coleman—Mermin—Wagner theorem [78,239], which prohibits Nambu—Goldstone modes in 1 + 1
dimensions. This problem is solved once non-perturbative effects are taken into account in the C P>
vortex world-sheet theory. There appears a quantum mechanically induced potential in the 1 + 1
dimensional CP? model. As a consequence, there appear quantum magnetic monopoles confined
by non-Abelian vortices [116,150]. They provide a partial proof of the quark—hadron duality. In the
confining phase, quarks are confined and monopoles are conjectured to be condensed. As a dual of
this, in the CFL phase, monopoles are confined and quarks are condensed. As another example of
topological solitons inside a non-Abelian vortex world-sheet, we introduce Yang—Mills instantons,
which stably exist inside a non-Abelian vortex as lumps or sigma model instantons inthe d = 1 + 1
dimensional C P? model in the vortex world-sheet.

The interactions between a vortex and quasiparticles can be treated as couplings between the 1 + 1
dimensional vortex effective theory and fields propagating in the bulk. The U (1) phonon field can be
mapped to a two-form field by a duality or the Hubbard—Stratonovich transformation. The interaction
between a vortex and the U(1)g phonons can be described as point particle interaction between a
vortex and the two-form field [170], as is usually done for superfluid vortices or global cosmic strings.
On the other hand, gluons can be dualized to non-Abelian two-form fields [314]. The interaction
between a vortex and gluons can be described by the interaction between the orientational zero modes
and the non-Abelian two-form fields. Since the U (1)gm electromagnetic symmetry is embedded in
the flavor SU (3)p symmetry that acts on the CP? model as an isometry, the interaction with the
electromagnetic fields (photons) can be incorporated by the U (1)gm gauged C P2 model, where the
U (1)gm field propagates in the bulk. This model is similar to Witten’s superconducting strings [371],
in which the U (1)gm bulk gauge field couples to a U (1) zero mode on a string and consequently a
persistent superconducting current flows along the string. In our case, non-Abelian vortices are not
superconducting because of the difference between the zero modes. Instead, an interesting property
is found. When an electromagnetic wave enters a vortex lattice, the magnitude of the electric field
parallel to the lattice is reduced; consequently, the vortex lattice acts as a polarizer [171]. This may
give an observational signal if a rotating CFL matter exists.

Apart from the CFL phase or other color superconductors, it is likely that the npe phase is present
in the interiors of neutron stars. The npe phase is composed of a neutron superfluid and a proton
superconductor [42], where the neutron pairing is likely a spin triplet at high density. There, superfluid
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neutron vortices and superconducting proton vortices should exist under a rapid rotation and a strong
magnetic field of a neutron star, respectively. Such vortices are expected to explain the pulsar glitch
phenomenon [19]. If the CFL phase is realized in a neutron star core, it may be surrounded by the
npe phase. Then, one can ask how these vortices in the npe phase are connected to the CFL phase.
The endpoints of vortices at the interfaces of various superfluids are known as boojums. There appear
colorful boojums at the interface between the CFL phase and the npe phase, between which there
may be other phases such as the CFL+K, 2SC phases and so on. Three neutron vortices and three
proton vortices meet at the colorful boojum at which three non-Abelian vortices in the CFL phase join
with the total color magnetic flux canceled out. This boojum is accompanied by colored monopoles
appearing on non-Abelian vortices due to the presence of strange quark mass, a Dirac monopole of
the massless gauge field, and the surface current of the massive gauge field.

This paper is intended to be a catalog of topological solitons in dense QCD. We discuss various
properties of topological solitons and their phenomenological implications. Particular emphasis is
placed on the CFL phase, which accommodates a wide variety of topological solitons like vortices,
domain walls, kinks, monopoles and so on. The paper is organized as follows.

In Sect. 2, we review the effective theories for high density QCD, in terms of the Ginzburg—Landau
theory (for around the critical temperature) and the chiral Lagrangian (for zero temperature). In
Sect. 2.1, the CFL ground state, the pattern of symmetry breaking, the order parameter manifold
of the CFL phase, and the mass spectrum are discussed. The effect of finite strange quark mass,
the electromagnetic interaction, and the mixing of gluons and photons in the CFL ground state
are also discussed in the GL theory. We then give the time-dependent Ginzburg—Landau (TDGL)
Lagrangian. In Sect. 2.2, chiral symmetry breaking, U (1)g phonons, and CFL mesons are studied in
the framework of the chiral Lagrangian valid at zero temperature.

In Sect. 3, we turn to vortices in the CFL phase. In Sect. 3.1, we first study Abelian vortices,
i.e., U(1)p superfluid vortices and U (1) axial vortices. In Sect. 3.2, we introduce non-topological
color magnetic flux tubes. In Sect. 3.3, we describe non-Abelian vortices. The numerical solutions,
asymptotic behaviors of the profile functions at large distances, and the tension of the minimal
stable non-Abelian vortices are obtained [112]. We also discuss non-minimal (unstable) non-Abelian
vortices. In Sect. 3.3.3, we discuss orientational zero modes (collective coordinates) of a non-Abelian
vortex. These modes are gapless modes propagating along the non-Abelian vortex and play important
roles in the dynamics of non-Abelian vortices.

In Sect. 4, we study the dynamics of non-Abelian vortices. In Sect. 4.1, we construct the effective
field theory of translational zero modes, known as Kelvin modes, and study the dynamics of a single
vortex string in terms of the low-energy effective theory [207]. We also discuss Magnus and inertial
forces exerted on vortices. In Sect. 4.2, the interaction between two non-Abelian vortices at large
distances is shown to be repulsive, independent of orientational modes, and 1/3 of that between two
Abelian superfluid vortices [242,243]. We also review the dynamics of two vortices and a vortex
ring. In Sect. 4.3, we discuss decays of a U(1)p vortex and an M, vortex into three and two non-
Abelian vortices, respectively. In Sect. 4.4, colorful vortex lattices under rotation are discussed. In
Sect. 4.5, we discuss a relation between relativistic strings in relativistic scalar theories and superfluid
vortices by following Refs. [85,128,223], in which the dynamics of superfluid vortices is reproduced
in relativistic theory with a constant three-form field.

In Sect. 5, we discuss the dynamics of the orientational zero modes of non-Abelian vortices, which
is one of the main parts of this review paper. In Sect. 5.1, we first construct the low-energy effective
theory of the orientational zero modes of a non-Abelian vortex in the limit of zero quark masses
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and neglecting electromagnetic interactions, which is the CP? model [110]. This model describes
gapless propagations of the CP? orientational zero modes along the vortex string. In Sect. 5.2, we
take into account the strange quark mass, which induces an effective potential in the CP? vortex
effective theory [115]. It turns out that all vortices decay into one kind immediately by this potential
term. In Sect. 5.3, we take into account the electromagnetic interactions [356]. First, the tension
of the non-Abelian vortex has a finite correction, which appears as the effective potential in the
C P? vortex effective theory. Second, the low-energy effective vortex theory becomes a U (1) gauged
CP? model. As stationary solutions of the effective potential, there exist the Balachandran—Digal—
Matsuura (BDM) vortex, which is the ground state in the absence of quark masses, metastable C P!
vortices, and the unstable pure color vortex. We present the decay probability of metastable CP'!
vortices into the BDM vortex through quantum tunneling. In Sect. 5.4, we take into account the
quantum corrections in the low-energy effective theory in the vortex world-sheet in the high density
limit, in which strange quark mass can be neglected. There appears a quantum mechanically induced
potential in the low-energy CP? vortex effective theory through non-perturbative effects, which is
consistent with the Coleman—Mermin—Wagner theorem [78,239]. One of the important consequences
is the appearance of quantum monopoles that are confined by non-Abelian vortices [116,150]. They
provide proof of some aspects of the quark—hadron duality [116], i.e., in the confining phase, quarks
are confined and monopoles are condensed while in the CFL phase, monopoles are confined and
quarks are condensed. In Sect. 5.5, Yang—Mills instantons trapped inside a non-Abelian vortex are
discussed. They become lumps or sigma model instantons in the d = 1 + 1 dimensional C P? model
in the vortex world-sheet.

In Sect. 6, we study interactions of non-Abelian vortices with quasiparticles. In Sect. 6.1, the inter-
actions between a non-Abelian vortex and phonons and gluons are discussed. The interaction with
phonons is obtained by a dual transformation in which the phonon field is dualized to a Abelian two-
form field, while the interaction with gluons is achieved [170] by non-Abelian dual transformation in
which the gluon field is dualized to a non-Abelian massive two-form field [314]. The latter provides
interaction between two non-Abelian vortices at short distances intermediated by gluons. We also
give the orientation moduli dependence of the intervortex force mediated by exchange of massive
gluons, which is a new result in this paper. In Sect. 6.2, we also provide the chiral Lagrangian of the
mesons in the presence of a non-Abelian vortex, which is also a new result in this paper. In Sect. 6.3,
we study the interaction between a non-Abelian vortex and photons, which is described by a U (1)
gauged CP? model. As an interesting consequence, we show that a lattice of non-Abelian vortices
behaves as a polarizer [171].

In Sect. 7, we study the interface of the CFL phase and the confining phase and find colorful
boojums [76]. Boojums appear at the interface of various superfluids as the endpoints of vortices.
In the interface between the CFL phase and the confining phase, there appears a colorful boojum, at
which three non-Abelian vortices join with canceling the total magnetic flux in the CFL phase; three
neutron vortices and three proton vortices join in the npe phase. In the CFL phase side, non-Abelian
vortices decay into one kind by the strange quark mass producing color magnetic monopoles, and
U (1)pm magnetic fluxes of proton vortices are decomposed into massless and massive fluxes. The
former forms a Dirac monopole and the latter forms the surface current. The shape of a colorful
boojum is calculated in a simplified model.

In Sect. 8, we study microscopic theory, i.e., the Bogoliubov—de Gennes (BdG) theory, which is
valid at any temperature, while the GL theory is valid only just below the critical temperature and
at the large distance scale. In Sect. 8.1, the BdG equations are discussed in the background of a
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non-Abelian vortex, in order to study structures of vortices far from the critical temperature and/or
core structures of the vortices. Fermions trapped inside the core of the vortex are found. Inside
the vortex core, the SU (2)c4+r symmetry remains, so that localized fermions are classified by the
representations of SU (2)c4r. Triplet Majorana fermion zero modes, which are localized and normal-
izable, and a singlet Majorana fermion zero mode, which is localized but non-normalizable, are found
[378]. In Sect. 8.3, we construct the low-energy effective theory of the localized gapless fermions
propagating along the vortex string [378]. The chemical potential dependence of the velocity of gap-
less modes is obtained. In Sect. 8.4, we show the absence of supercurrent by Majorana fermion zero
modes as a new result of this paper, unlike the case of Witten’s superconducting fermionic strings.
In Sect. 8.5, we study the index theorem for the fermion zero modes in the background of a non-
Abelian vortex [134]. We calculate the topological and analytical indices and find the agreement
between them. In Sect. 8.6, the characterization of color superconductors as a topological supercon-
ductor is discussed [253]. Topological superconductors are a the topics of considerable interest in
condensed matter physics these days.

In Sect. 9, as a novel application of Majorana fermion zero modes of a non-Abelian vortex, we
study the exchange statistics of non-Abelian vortices ind = 2 + 1 dimensions. Zero-mode Majorana
fermions inside vortices lead to a new kind of non-Abelian anyons [172,379].

In Sect. 10, topological objects associated with chiral symmetry breaking, axial domain walls,
non-Abelian and Abelian axial vortices (strings) and Skyrmions, are discussed. In Sect. 10.1,
axial domain walls are discussed. In the chiral limit with massless quarks, the instanton-induced
potential term allows a fractional axial domain wall with 1/3 U(1)s winding. In the presence
of quark masses, this domain wall cannot exist alone, and only an integer axial domain wall,
made of a set of three axial domain walls with the unit U(1)s winding, is allowed as a com-
posite wall. In Sect. 10.3, Abelian and non-Abelian axial vortices are discussed in the absence
of quark masses and instanton effects [33,34,111,244,261]. These vortices are also accompa-
nied by CP? orientational zero modes, but these modes are non-normalizable, unlike those of
non-Abelian semi-superfluid vortices. In the presence of the instanton-induced potential in the
chiral limit, each non-Abelian axial vortex is attached by one axial domain wall, while each
Abelian axial vortex is attached by three axial domain walls [33] and decays into three non-
Abelian axial vortices each of which is attached by an axial domain wall. In the presence of
quark masses, an Abelian axial vortex is attached by a composite domain wall consisting of
three axial domain walls. In Sect. 10.5, we discuss decays of axial domain walls through quan-
tum tunneling. In Sect. 10.6, we discuss the effects of axial anomaly on axial vortices and
axial domain walls. The axial current flows along U (1)p vortices, and the electric magnetic cur-
rent flows along axial vortices, producing large magnetic fields perpendicular to axial domain
walls in the presence of the external magnetic field. In Sect. 10.7, Skyrmions as qualitons are
discussed [175].

In Sect. 11, we review the topological solitons in phases other than the CFL phase. The CFL phase
is the ground state at high densities where all three flavors can be treated as massless. If one lowers
the density gradually, the strange quark mass should be taken into account. Then it is expected that
kaons form a condensation in addition to the CFL condensates. This is called the CFL+-K phase [47].
If the density is further decreased, only the light flavors (# and d) contribute to the condensate, which
is called the 2SC phase [32]. In Sect. 11.1, we discuss the domain walls and color magnetic fluxes
in the 2SC phase. In Sect. 11.2, we review the superconducting strings, vortons, domain walls, and
drum vortons in the CFL+K phase.
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Section 12 is devoted to a summary and discussions. A lot of future problems including possible
applications to neutron star physics are addressed.

In Appendix A, we summarize the properties of non-Abelian vortices in supersymmetric QCD as a
comparison. In Appendix B, we give a brief review of the toric diagram, which is useful to understand
the CP? zero modes of non-Abelian vortices. In Appendix C, we give a detailed derivation of the
low-energy effective action of the CP? zero modes, which was not explained in detail in the original
papers. In Appendix D, we give the derivation of the dual Lagrangian for phonons and gluons, which
describes the interaction of vortices with those particles. In Appendix E, we give a detailed derivation
of the fermion zero modes, which were not explained in the original paper.

This review paper is based on our papers on non-Abelian semi-superfluid vortices [76,110,112,115,
116,134,170-172,242,243,356,377-379], non-Abelian axial vortices and axial domain walls [102,
111,244,261], superfluid vortices [207], and other developments, but this paper also contains several
new results in Sects. 4.3, 4.4, 6.1.2, 6.2, 8.4, 10.1.2 and detailed calculations, which were not given
in the original papers, in Appendices C and E.

2. Low-energy effective theories for high density QCD

In this section, we give a brief review of effective descriptions of the color—flavor-locking (CFL)
phase in high density QCD, i.e., the Ginzburg—Landau (GL) theory, which is valid around the critical
temperature T ~ T¢, and the effective theories of massless Nambu—Goldstone bosons, which are
valid at zero temperature 7 = 0. In Sect. 2.1, we first explain the Ginzburg—Landau (GL) theory, and
take into account the finite strange quark mass and the electromagnetic interaction. We then extend
the GL theory to incorporate the time dependence of the fields. In Sect. 2.2, we first briefly review the
effective field theories for U (1)p phonons at zero temperature, and we introduce the effective theory
for chiral symmetry breaking, i.e., the chiral Lagrangian describing the (pseudo) Nambu—Goldstone
bosons, the CFL pions, and the n’ meson.

2.1. Ginzburg—Landau theories

2.1.1. The CFLphase. Letus start with giving a briefreview of the GL free energy [143,181,182],
which is a low-energy effective theory for the CFL phase in the color superconductivity of massless
three-flavor QCD at sufficiently high baryonic densities. We first ignore the masses of the quarks,
which are taken into account in the subsequent sections.

The order parameters are the diquark condensates &1, r defined by

(DL)A ~ €apcernc{(qL)ECqL)S), (2.1)
(PR). ~ €apcerpc{(qr)EC(GR)E), (2.2)

where g r stand for the left- (right)-handed quarks with the indices a, b,c = 1,2,3 =r, g, b being
those of colors while A, B, C = 1,2,3 = u, d, s are those of flavors, and C is the charge conjugation
operator. The diquark Cooper pairs are induced by an attractive interaction via one-gluon exchange
in the s-wave color antisymmetric channel. The flavor indices must also be antisymmetric because
of Pauli’s principle. The most generic form of the GL free energy for uniform matter is

Qo = ap Tr[®] dL] + aor Tr[Of Pg]
" 2 . 2 .
+ b (THO] @11) "+ big (TH O @R1)” + bar Tr (@] b1)?]

+ bR T (P} DR)%] + b3 Tr[®] DL DL Dr] + b Tr[®] dpITr[ D] Dr]. (2.3)
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The color symmetry SU (3)c, the flavor symmetry SU (3)L x SU (3)Rr, the U (1)g symmetry, and the
U (1) 5 symmetry act on @, and $R as

o1, — ei9B+i9AUCq>LUL,
DR — ' BTIOAUCDRUR, (2.4)

with ¢! € U(1)g, e/ € U(1)a, Uc € SU(3)c, and UL r € SU(3)L r. Hereafter, we omit the last
two terms since they can be neglected in the high baryon density region'. Although the interactions
induced by the perturbative gluon exchanges do not distinguish the positive diquark condensates
from the negative one, the non-perturbative instanton effects do. It was found that the state with
positive parity is favored compared to the one with negative parity as a ground state [12,280]. We
then choose the positive-parity state in what follows,

O = —Pgr = 0. (2.5)

For later convenience, let us explicitly show the structure of indices of the 3 x 3 matrix field (®),4
q)gbds cngsu ¢gbud

d = cDbrds @y, M (Dbrud , (26)
cbrgds qugsu qugud

with the color indices a, b, c = 1, 2, 3 = gb, br, rg and the flavor indices A, B, C = ds, su, ud. Let
us next give a GL free energy for the inhomogeneous condensate @, which includes gradient energies
and gluon fields to 2 given in Eq. (2.3),

1 £
Q="Tr [@ G+ §F02i + K3D,-<I>TD,~d>] +V,
2
V = aTr (clﬂcb) + B [Tr(clﬂ‘cb)}2 4 BoTr [(CDT(D)Z] P 2.7)
4(B1 + 3B2)

where A3 is a magnetic permeability, and &3 is a dielectric constant for gluons, i, j = 1,2, 3 are

indices for space coordinates, and the covariant derivative and the field strength of gluons are
defined by

Dp® = 9, P — igsALT O, (2.8)

Fup=0,A, —0,A, —igs[Au, Ayl 2.9)

Here, ., v are indices for spacetime coordinates and gy stands for the SU(3)c coupling constant.

The coupling constants «, 81 2, Ko 3 are obtained from the weak-coupling calculations, which are
valid at a sufficiently high density as [143,181]

oa=4N(u) log%, (2.10)
B _
fr=pr= g NG =B, (2.11)
E36)
K3 = WN(M)’ (2.12)
M=eg=1, IM=€e=1, (2.13)

!'The coefficients b3 and b4 in (2.3) come from two loop diagrams in which bubble graphs are connected by
the gluon propagator; see Ref. [236] for details.
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where u stands for the quark chemical potential. We have introduced the density of state N (u) at the

Fermi surface

12

Np) = —.
W) =5
The Lagrangian (2.7) has the same symmetry as QCD except for the chiral symmetry, which is

(2.14)

spontaneously broken to the diagonal one, reflecting the fact that the positive parity state is favored in
the ground state as Eq. (2.5). When only @1, (®R) condenses, the color SU (3)¢ and the flavor SU (3),
(SU (3)Rr) are spontaneously broken down to their diagonal subgroup SU (3)c+r, (SU (3)c+r)- The
ground state can be found by minimizing the potential energy in Eq. (2.7),

o
88’
up to a color and flavor rotation. This is the so-called color—flavor-locking (CFL) phase of the QCD.

& = diag(AcFL, AcFL, AcrL), AckL = (2.15)

The chiral symmetry is spontaneously broken as SU(3)L x SUB)r — SU(3)L+r as explained
above. Since the condensate matrix @ is proportional to the identity matrix, the diagonal symmetry
of the color SU (3)c and the flavor SU (3)1 +r remains as the genuine symmetry in the CFL phase.

Let us see the detailed structure of the spontaneous symmetry breaking in CFL. Firstly, recall the
actions of the symmetries on the order parameter @,

¢ — BUDOUE, (2.16)

with ¢/ € U(1)g, Uc € SU(3)c, and U € SU (3)L4+r. There is a redundancy in the action of the
symmetries, and the actual symmetry group is given by

_ SUB)c x SUB)r x U(1)p

; (2.17
(Z3)c+B X (Z3)F+B )
where the discrete groups are defined by
(Z3)csn - (a)k13, 1, afk> e SUB)e x SUB)E x U(1)g, (2.18)
(Z3)Fsp : (13, W13, a)_k> e SUB)e x SUB)E x U(1)g, (2.19)
with k = 0, 1, 2 and w being
w=e*mi3, (2.20)
Note that the discrete groups can be rearranged as
(Z3)c+B X (Z3)p+B = (Z3)c+F X (Z3)C—F+B (2.21)
with
(Za)cir : (015,07 13,1) € SUG)C x SUG)E x U(D)g, (2.22)
Ak k —2k
(Z3)C—F1B : <a) 15, 13, @ ) € SUB)e x SUB)E x U(1)g. (2.23)
In the ground state, the full symmetry group G is spontaneously broken down to
_ SUQ)c+rF % (Za)c-F+B _ SUB)c+r (2.24)
(Z3)c+ X (L3)res (Za)cr '
Thus, we find the order parameter space of the ground state as
G SUQB)c-rxU()
— Sl B >~ U@B)c—F+B- (2.25)

H (Z3)c—F+B
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This U (3) manifold is parametrized by 9 would-be NG modes, among which 8 are eaten by the gluons
via the Higgs mechanism and only one massless scalar field (referred to as the H boson) associated
with the U (1) symmetry breaking remains in the physical spectrum?.

Including the broken U (1)a symmetry and the chiral symmetry, the full order parameter space

(OPS) in the CFL phase is given by
McrL = UB)c—r+B X UB)L-R+A- (2.26)

The GL Lagrangian (2.7) describes only the first part, while the second part describing the NG modes
associated with the broken U (1) and the chiral symmetry is discussed in Sect. 2.2.2.

The spectrum of the GL theory (2.7) can be found by expanding the order parameter ® around the
ground state given in Eq. (2.15) as

d1(x) +ig(x) Pg(x) +ic(x) _,
15 + TC.

V2 V2
The fields proportional to 13 and 7 belong to the singlet (1) and adjoint (8) representations of the
CFL symmetry given in Eq. (2.24). The small fluctuations {“(x) are absorbed by the gluons and
@(x) remains the massless U(1)gp NG mode (phonon). The masses of the gluons, @1, and ¢g are

®(x) = AcrLlz +

(2.27)

given respectively as follows:

my =2)38; Agp K3, mi = Bt (2.28)
From this, together with Eq. (2.13), we find the following relation
mg ~ \/Egsu, m) = 2mg ~ 2ACFL. (2.29)
Note that gt > AcpL at the high density limit, so that we have
K18 = T < 1 (2.30)

mg
This implies that the CFL phase is in the type I superconductor [144].3
Note that the lightest mode in the GL Lagrangian (2.7) is the NG mode. As explained above, this
exists because of the U (1) symmetry spontaneously broken by the condensations, implying that the
CFL phase is the U(1)p superfluid. Namely, the CFL phase of the color superconductivity of high
density QCD has the peculiarity of the coexistence of superfluidity and superconductivity.

2.1.2.  Including strange quark mass.  So far, we have considered the CFL phase at the asymptoti-
cally high density where all the quark masses m,, g s are negligible compared to the baryon chemical
potential w. In this subsection, let us consider the effect of the finite non-zero strange quark mass
while the masses of the u and d quarks are kept at zero,

0=myq <mg KL [ (2.31)

The effects of non-zero quark masses become important at smaller baryon chemical potentials. It
was found [179] that the non-zero quark mass together with the S-equilibrium and the electric charge

2 To be precise, the U (1)g is broken to Z,, which flips the signs of L and R quarks (¢, — —q; and gz —
—qg)- This Z, cannot be described in the GL theory.

3 This does not mean that a state with vortices is unstable in the CFL phase. NG bosons for the U(1)g
symmetry breaking induce a repulsive force between vortices, which stabilizes the multi-vortex state.
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neutrality changes the CFL phase to the modified CFL (mCFL) phase where the color—flavor-locking
symmetry is further broken as

SUB)ciiir — U(1)% (2.32)

The important difference between the CFL and mCFL phases is that the quark chemical potentials
Wu, 4, s take different values. Hence, there appear difference between the Fermi momenta and the
gaps of the diquark condensation take different values as [179]

Aud > Ads > Aus- (2.33)

This is responsible for the symmetry breaking in Eq. (2.32). The correction to quadratic order to the
GL potential in Eq. (2.7) was obtained as [178,179]

2

8V = ZeTr [cb*cb] teTr [qﬂx3cb] , (2.34)
m? n

e =N(u)—log—, (2.35)
122 T.

X3 =di 0 L1 (2.36)

= dia , =, —= . .
3 g )
The first term in Eq. (2.34) can be absorbed into the definition of « as
, 2
o =a+ 58. (2.37)

If we ignore the second term in Eq. (2.34), all the results in the previous sections are still valid under
the understanding of the replacement o with &’ in all equations. For instance, Acgr is replaced with

Ap = [——. (2.38)

Therefore, an essential difference from the massless case is given rise to by the second term in
Eq. (2.34). Since the term is sufficiently small if my <, we will treat it as a perturbation in Sect. 5.2.

2.1.3.  Including electromagnetic interactions. ~Let us next include the electromagnetic interaction
that is realized as a U (1) action from the right-hand side on ® as

@ — DT TEM _ \/gTS — diag (—%, L 1) : (2.39)
3 333
The covariant derivative of ® is changed from Eq. (2.8) to
Dy® =0, ® — ig ALT® —ie AN ST, (2.40)
and the field strength is
Fitt =8, A0M — 9, A5M. (2.41)

The GL thermodynamic potential is modified as

F+ K3D,-c1ﬁ1>,~q>]

Q=Tr| L p2 48
=Tr| —F~ =
4y 0T

1 EMy2 , 80 . EM.2
+4_)L0(Fij ) +3(F0i )+ V., (2.42)
where V is the same as the one in Eq. (2.7) and Ag and ¢ are the magnetic permeability and the

dielectric constant for the electromagnetic field.
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There is mixing between A?M and A? in the CFL phase, since the electric charge is proportional

to Ty as shown in Eq. (2.39) [12]. Let us first rescale the gauge fields by
1 1
Ab = —— A4, ARM = pEM 2.43
f= oAl AN = = (243)

This redefinition changes the kinetic terms of the electromagnetic fields and the gluons into the
canonical forms as —%Tr[(}} j)z] — %f(]—"gM)z. Then, the covariant derivatives are rewritten as

Did = 8;® — i/A3gs AT ® — i/ rped AFMTEM, (2.44)

When the order parameter @ is diagonal (in particular in the ground state), the covariant derivative
acting on the @ can be rewritten as

Di® = 8;® — i/A3gs AST D — i \/aogm AN TEM @, (2.45)
323

= [e24+ 22262 2.46

&M e” + 205 (2.46)

™ = 7EM (2.47)

witha = 1,2, ..., 7, in terms of rotated gauge fields defined by

M _ EM | 8
A" = cos x A7 +sin x A7, (2.48)
0 _ o EM 8
A7 = —sin x A7 4 cos x A, (2.49)
with the mixing angle defined by
323
2 0 8s
tan y = Y220 (2.50)
e

We have rewritten 7FM by 7™ in order to remember that it acts on ® from its left while 7FM acts
on its right. One can see from Eq. (2.45) that .Ai.w couples to ® and so is massive in the ground state
[see Eq. (2.52), below], while A? decouples from @ and so is massless. However, one should note
that this rotation is valid only when ® is diagonal, and it is meaningless for general ®.

The ground state of the theory is unchanged with respect to the case without the electromagnetic

interaction:
(@4 = AcpLs . (2.51)
Because of the nontrivial mixing, the masses of gluons are modified in the CFL phase as
4
m; 5 = 20380 Agp K3, mg = gkogl%dA%FLK3, (2.52)

where a runs from 1 to 7 and mg \ is the mass of the gluon corresponding to the generator T8.

One of the important effects of introducing electromagnetic interactions is the explicit breaking
of the SU (3)r flavor symmetry, even if we still consider all quarks to be massless. Introducing elec-
tromagnetic interactions is equivalent to gauging the U (1) subgroup generated by TFM inside the
SU (3)r flavor symmetry. Therefore, the flavor SU (3) is explicitly broken as

SUG)F 5 SUQ)E x U1, (2.53)

where SU (2)p is a subgroup of SU (3)r commuting with Tgy. The full set of symmetries of the CFL
phase of QCD with electromagnetic interactions is thus given by the following (apart from the chiral
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symmetry):
G=U) xU()gy x SUB)c x SUQR)E. (2.54)

Apart from the unbroken gauge U (1) symmetry, the CFL ground state Eq. (2.51) has the following
diagonal color—flavor symmetry:

Hpy = SU(2)C+F- (2-55)

This reduced symmetry is crucial to understanding the property of non-Abelian vortices with
electromagnetic coupling.

2.1.4. Time-dependent Ginzburg—Landau theory. In this section, let us discuss the time-
dependent Ginzburg—Landau Lagrangian (TDGL) for the CFL phase [4]. The time-independent part
of the TDGL is the same as Eq. (2.7). Then, the TDGL is given by

€3 0i 1 ij €0  -EM EM0i 1 EM EM\ij
L=Tr|-=FyF" — —F;F | — Z(F*M)y;(F — —(FEMy, (FEMyiJ
r|: 5 0i 42 ij i| 2( )0i ( ) 4)»0( )lj( )

S Tr [2iyKo(D0q>Tq> — " Dyd) + KgDod DD + Kgp,-qﬁpicb] _v, (2.56)

with
Ko =3K3. (2.57)

Ko has not been calculated in the literature, but can be derived following the same procedure as in
Refs. [2,287].

At zero temperature, there is no dissipation. However, the dissipation is present at finite tempera-
ture, which cannot be incorporated in the Lagrangian. Instead, the Euler—Lagrange equation can be
modified as

o 8L
D— =
ot sP*

(2.58)

with a real GL parameter Kp = Kp(T, ), which has not been calculated from microscopic theory.
Formally, this term can be obtained by replacing 2i Koy d/dt by (2i Koy — Kp)d/dt in the Euler—
Lagrange equation of the Lagrangian in Eq. (2.56).

Let us construct the U (1)g Noether current:

J& =y KoTr(®T®) + 2i Ko Tr [Doclﬂcb - <I>TDo<I>] ,

jB =2iK3Te(D; ' & — &™D; ). (2.59)
The Noether current satisfies the continuity equation:
djd -0 j2 =o0. (2.60)
The Noether charge defined by
oF = fd3xjé3 2.61)

is a conserved quantity.

17/149



PTEP 2014, 012D01 M. Eto et al.

When we ignore the second derivative with respect to the time coordinate, the charge density is
reduced as

JE~yKoTro'd = p, (2.62)
where p is called the superfluid density. Then, the superfluid velocity is defined by dividing the spatial

components of the Noether current by the superfluid density:

B _ 2iK3 Tr(Di®Td — 07D )

; 2.63
! vy Ko Tr(®Td) (2.63)
The vorticity is defined by the rotation of the superfluid velocity
1 B
w; = Ee,-jkajjk . (2.64)
The conjugate momentum of ® is
Mo = Ko (Doqﬁ - 2iy<1>T) : (2.65)
and the Hamiltonian is given by
£ 1
H =Tr| = (Fo)* + —(F;j)* + Ko [Do®@I? + K3 |D; @[
2 4r s -
4o L peap Ly (2.66)
2 dhg Y

2.2.  Effective theories for light fields at zero temperature

Thus far, we have explained the GL theory, which is valid around the transition temperature 7 ~ T¢.
In this section, we introduce the effective Lagrangians for Nambu—Goldstone modes associated with
spontaneous symmetry breaking, which are valid around the zero temperature 7 ~ 0. We study the
low-energy effective theory for U (1) phonons in Sect. 2.2.1 and the chiral Lagrangian describing the
CFL mesons and the n” meson in Sect. 2.2.2. In general, the effective theory for Nambu—Goldstone
modes can be constructed by nonlinear realizations up to decay constants [66,79]. At low baryon
densities, the decay constant of the chiral Lagrangian is determined experimentally. On the other
hand, at high baryon densities, the decay constant can be microscopically calculated from QCD, as
explained below.

2.2.1.  Effective theory for U (1) phonons at zero temperature. In the CFL phase the baryonic
U(1)p symmetry is spontaneously broken, so that a corresponding massless Nambu—Goldstone
boson ¢p appears. It will play important roles since it is deeply related to superfluidity. In this
section we give an brief review of low energy effective theories at high density and zero temperature
[71,331,333,334] of the U (1)g Nambu—Goldstone mode.

Let us first take the phase of the diquark condensate g ¢ as the Nambu—Goldstone field. An effective
action takes the form

Ly = 12£3 [ Gogs + 2% — w3 Bign)?). (2.67)
where the coefficients were calculated [333,334] as
3u? 1
2 _ 2 _
/5= 32’ Vg = 3 (2.68)

and p is the quark chemical potential. Note that the time derivative is not dg but dg + 2. This
is needed for the effective theory to have the same symmetry as QCD. This can be understood as
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follows. The Lagrangian of QCD in the medium is given by

Locp = Gind")g + 1g'q = Gliy* Dy)g, (2.69)

where we introduced a covariant derivative D, = 9, + i B, with a fictitious (spurion) gauge field B,
which corresponds to the baryon current [128]. B, will be set to B,, = (i, 0, 0, 0) in the end. The
QCD Lagrangian is invariant under the U (1)p rotation
g — ¢Bq, ¢ — ¢p+268, B, — B, —d,08. (2.70)
We now require the low energy effective field to have this symmetry; one then reaches the Lagrangian
(2.67).

There is another derivation of the effective theory in gauge invariant fashion [331] by taking the
phase of the gauge invariant operator gqggqqq as the U (1)g Nambu—Goldstone field. In Ref. [331],
it was found that the effective field theory takes the form

, _ NcNg

2
B~ 1ox2 '

[ o — 6110 — (ign)?] @.71)
Expanding this Lagrangian and taking terms to the quadratic order in the derivative with
Nc = Nr = 3, one reproduces the same Lagrangian as Eq. (2.67).

Although we have ignored the amplitude (Higgs) modes in this section, they have been taken into
account in Ref. [23] and interactions between the U (1) mode and the amplitude modes have been
studied.

2.2.2.  Chiral Lagrangian of the CFL mesons: pions and the n' meson. In this subsection, we
study the chiral Lagrangian describing the Nambu—Goldstone modes for chiral symmetry break-
ing, i.e., the CFL mesons and the n" meson. So far, we have not considered the spontaneous
symmetry breaking of the axial U (1)s symmetry, since it is explicitly broken by quantum effects
(the chiral anomaly). Instantons induce vertices that break the U(1)s symmetry, since instantons
flip the chirality of fermions. The instanton effects becomes arbitrarily small at the high density
limit, so that the chiral anomaly is suppressed. Therefore, at high density, the spontaneous broken
U(1)a symmetry introduces a light meson, namely the n” meson. Accordingly, there appears an
order parameter corresponding to this. Including the axial U (1) symmetry, the flavor symmetry
SUQB)L x SUB)r x U(1)a of QCD acts on the gauge invariant

T = o o, (2.72)
as
T — g Tere®®, (gL, gr. %) € SUB)L x SUB)R x U(1)a. (2.73)

While discrete groups are not well discussed in the literature, here we discuss them in more detail.
There is a redundancy of discrete groups in this action, and the actual flavor symmetry is

_ SUB)L xSUB)R xU(1)a N SUB)L x SUB)rR x U(1)a
B (Z3)L+4A X (Z3)R4+A  (Z3)14R X (Z3)L-R4A

, (2.74)
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where the redundant discrete groups are

Zaia © (@'13,15,07%) € SUGIL x SUGIR x U(Da, (2.75)
(Zarn © (13,0515, 07) € SUGL x SUGIR x U(Da, (2.76)
Ziir ¢ (015,075, 1) € SUGHL x SUGR x U(Da, 2.77)
Zria ¢ (015,015, 07%) € SUGHL x SUGR x U, (2.78)

with @ in Eq. (2.20). Here the suffix A always implies U (1)s. With the same group structures as
Egs. (2.24) and (2.25), the unbroken symmetry in the ground state ¥ ~ 13 is

_ SUBL4R X (Z3)L-R+a  SUGIL+R

Hr -~ (2.79)
(Z3)14+A X (Z3)R+A (Z3)14+r
and the order parameter space is found to be
Gr _ SUQB)L-r x U(1)a
~ ~ UB)L—R+A- (2.80)

He  (Z3)L-r+A

The low-energy effective field theory for the U (3)L. —r+a NG modes, the chiral Lagrangian at high

baryon density and at zero temperature, was first obtained in Ref. [71]. Let us first restrict the generic
field ¥ in Eq. (2.72) by the constraints®

S =d dr, DD = PrD) = 1. (2.81)
Furthermore, we decompose X into SU (3) and U (1) parts as
S =S, £ =0 o (2.82)
Then, the chiral Lagrangian is given by [71]
Iz T - i Y YN
L= TTr VoXEVoX' —v;0;20; X" | + a4 doVayV —vn,a,valv
+ (AT [ MET| v+ he) + (BTAM S T M E Y
+ BT METMEV + BsTe[ME T (M ] + h.c.> +., (2.83)

where we have omitted the electromagnetic interaction. Here M = diag(m,, mq, ms) is a mass
matrix, . stands for the octet chiral field, and V is the axial U (1), field

~ 7eTe . 27/
¥ =exp (i ) , V=% =exp <i ) , (2.84)
i NGYi

with fr and f being the octet and singlet decay constants. The covariant derivative of the time
derivative for ¥ is defined by [47]

s . (MM - (MM
Vo = +i|— | S —iZ | ——]. (2.85)

2p

4 Note that the GL theory can correctly describe physics at slightly lower temperatures than the transition
temperature. Only there does expansion in terms of the gap Acpr, work well because Acgp is sufficiently small
and can be treated as an expansion parameter. On the other hand, the chiral Lagrangian is an effective theory
including only the derivative of massless zero modes; it can describe physics at zero temperature even if it is
not close to a transition temperature.
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The decay constants and speed of mesons are obtained as [333,334]

» _ 21—8log2 p?

2 /vL2 2 2 1
g s 52 fc= 277 Vy =V = <. (2.86)

T3

AW

The mechanism of chiral symmetry breaking in the high baryon density is very different from that at
low densities. Indeed, the dominant contribution is not the usual (/) but a four fermion operator
((Y¥)?) ~ ()2, Thus, dominant contributions from the quark mass terms appear as quadratic
terms of M in the chiral Lagrangian, namely the terms proportional to B;. These coefficients are
obtained as [303,333,334]

_ 3A%FL

B =—-B, = An2 B3 =0, (2.87)

with Acpr, being the gap in the quasiparticle spectrum. The terms linear in M appear when (/)
is not zero. Although they vanish at the asymptotically high density limit, they appear through non-
perturbative effects, instantons [233,301,302,335,336]. The coefficient A is calculated by Ref. [302]
to the one-instanton level as

4 2\ T2 2 6 12
A, ST TO [wginACFL(u )} <8i) (g) A3 2.88)

3 36 . 272 g ) \n

with Cy = 0.466 exp(—1.679Nc)1.34VF /(Nc — 1)!(Nc — 2)!. Note that A is related to the chiral
condensate by A = — (Y1) /2 [302].

From the chiral Lagrangian (2.84), one can read the masses of meson spectra. For instance, when
all the quark masses are equal, M = m1s, setting ¥ = 13, we have

2

1 vy

E’?/ = 5(3077/)2 — 7”(8[7]/)2 - Vl—inst(n/)’ (289)
, 2Am  4m’BY\ .,
Vicinst(n) = f2 + f2 M) +---. (2-90)
Thus the mass of n’ is
4A 8B
2 _ 2

mn’ | —inst = Fm + Fm . (2.91)

Therefore, in the chiral limit, 1’ is massless at the one-instanton level [302]. The n’-mass in the chiral
limit is generated by the two-instanton contribution. Although it is hard to evaluate it, the potential
for ’ can be easily read as [302]

Vsym.(pa) = —6mA cos pa — 12m* B cos oA — 2C cos 3¢pa, (2.92)

where we have set the 6 angle of QCD to zero and B; = — By = B. The first term is the one-instanton
contribution and the last term is the two-instanton contribution. We leave C as a free parameter in
this work. “sym.” in the subscript indicates the flavor symmetric limit m, = mq = ms = m.
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Before closing this section, let us show the original derivation of the above chiral Lagrangian by
Ref. [71]. Let @1, and @R be coset fields for SU (3)c x SU (3)L and SU (3)c x SU (3)R, respectively:

L] = Prdy =13, det Py = det g = 1. (2.93)

Since an effective theory of QCD should have the same symmetry as QCD, the effective Lagrangian
derived in Ref. [71] is of the form

,C—ngCI)BT 3007 ) — 02 (Ged @ 9 07)
_—Tr ROCDR_CDL ()(I)L — U CI)R ,'q)R—CDL iCDL

2 + 2 . 2
_ Ca%Tr [(@Rai D+ DL O] +2igiAg) — v2 (PR B + PLYD] +2ig.A; ) }

352
4
Since we are interested in the low-energy dynamics, we integrate out the gluons A, which are heavy.

1
(|80V|2 - v§/|aiV|2) — JTr[Fu ). (2.94)

This can be done by neglecting the kinetic term of the gluons. Then, in this Lagrangian, the gluon is
just an auxiliary field and can be eliminated by its equation of motion. After eliminating the gluon,
we are left with the chiral Lagrangian

E——f’gTr Draodl — dLagd! ) — 02 (opddh — ool )
=7 ROOPR LO0®, o RO; Pp LOi ¥,
3f2
=== (100v 2 = o310V )
Jz Poaa e o] 37 22 a2
= T | #2008’ — g Za s | - == (100VF — o lavI7). (2.95)

Based on the formulations above, we discuss the topological solitons associated with the chiral
symmetry breaking in Sect. 10.

3. Vortices

In this section we explain various kinds of vortices in the CFL phase. While we use the Ginzburg—
Landau theory valid around the transition temperature 7 ~ T to study vortices, the chiral Lagrangian
before integrating out gluon fields, Eq. (2.94), valid at zero temperature 7 ~ O can alternatively be
used if we study vortices with singular cores at large distances. In Sect. 3.1, we discuss Abelian
vortices, i.e., U (1)p superfluid vortices, and U (1) vortices or axion strings. We also discuss non-
topological color-magnetic flux tubes in Sect. 3.2. In Sect. 3.3, we introduce non-Abelian vortices,
sometimes called semi-superfluid vortices. A peculiar feature of non-Abelian vortices, the existence
of internal orientational zero modes (collective coordinates), is explained in detail.

3.1. Abelian vortices

In this subsection, we give two concrete examples of Abelian vortices in the CFL phase. The first
one is Abelian U (1)p global vortices [128,183], which are topologically stable, while the second one
is U(1)a vortices or axion strings [128]. Since the authors in Ref. [128] used the effective theory
at T ~ 0 describing only massless particles, reviewed in Sect. 2.2.1, the core structures of vortices
cannot be described in the absence of massive particles. Here, we use the GL theory that can deal with
the core structures of vortices. We also study color magnetic fluxes [180], which are non-topological
and decay immediately.
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Fig. 2. A profile function f5(r) of a minimally winding (k = 1) U (1)p vortex. The parameters are @ = —1
and B = 2 for simplicity.

3.1.1. U(Q)p superfluid vortices. Letus discuss U (1)p superfluid vortices. The phases of diquark
condensates can be parametrized as

D = e PTBACE 13, Op = e AT AR 15, (3.1

The phases @4 and g are the phases of the U (1) and U (1)g symmetries, respectively. Both phase
symmetries U (1)g and U (1) are spontaneously broken when the diquarks are condensed, while the
U (1) 4 is also broken explicitly by the chiral anomaly, namely the instanton effects. The spontaneous
breaking of U (1) and U (1)4 gives rise to U (1) and U (1) global vortices, respectively.

The U (1)p global vortices can be easily found in Eq. (2.7) by requiring the condensate matrix
to be proportional to the unit matrix ®(x) = ¢ (x)13/ /3. Then, the Lagrangian is reduced to the
following linear sigma model for the complex scalar field ¢ (x):

— 4B 302
L K 2 219 412 _ 2 4
vMs O<|80¢| U9 9| ) |:a|¢| + 3 |91 :|+ 168’
K3 1 52
v prm— —_— = —_— )
? Ko 3

The effective field ¢ develops the VEV (¢) = V3AcpL in the ground state, so that the U(1)p is
spontaneously broken. Since the first homotopy group is nontrivial,

m U] = Z, (3.3)

there exist topologically stable k vortices in general with k € Z.
We make a standard ansatz for the axially symmetric k vortex strings, which are infinitely long
straight lines, say, along the x3 axis:

¢ (r,0) = V3AcrL f (r)e'*?, (3.4)

with the cylindrical coordinates (r,0, z), i.e., x' +ix?> = re’’. A numerically obtained profile
function fp is shown in Fig. 2.
The circulation of the superfluid velocity in Eq. (2.63) obeys the famous Onsager—Feynman
quantization
i B 4K3
cg=Qdx'JS =2n——k (3.5)
¥ Ko
with the vortex number k& € 71[U (1)g].
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The Hamiltonian density with respect to the amplitude function fg(r) is given by

3 12 K3k2
Huayy =3A¢pL | K3 /" + e

+ a) fg+ 4ﬂA%FLfé) : (3.6)

The k static global string solution is obtained by solving the following equation of motion:

3\ KK
Ks ( e %) — 2 o= (0 + 882 f) fo = O, (3.7)

with the boundary conditions fg(0) = 0 and fg(co) — 1. The tension of the string logarithmically
diverges as
L
Ty = 67‘[A%FLK3]€2 log E + -, (3.8)
where - - - stands for a finite contribution to the tension, L is an IR cutoff scale representing the

system size and & ~ ml_1 is a UV cutoff representing the size of the vortex core.
Asymptotic solutions of a minimally winding vortex are given by

fo=c1(r/VK3) +--, r— 0, (3.9)
2
fBZl_W+"', r — 0Q. (3.10)

Here the constant ¢ is known to be ¢; = 0.58 - - - [355].
Note that if one takes quantum anomalies into account, an axial U (1)a current runs inside the
U (1)p vortex [337]. This phenomenon is explained in Sect. 10.6.

3.1.2. U(1)a axial vortices. There exists another vortex string in the CFL phase that is associ-
ated with the broken U (1) symmetry at the high density limit. It is topologically stable because of
nontrivial homotopy [128,183]

m[U(1)a] ~ Z. (3.11)

Note that the instanton-induced potential given in Eq. (2.92) explicitly breaks U (1)4, so that a
U(1)a vortex cannot exist alone but is always accompanied by sine-Gordon domain walls at an
intermediate density. This is explained in Sect. 10.

3.2.  Non-topological color-magnetic fluxes

Here, we discuss color-magnetic flux tubes [180] that are non-topological because of a trivial
homotopy group’

T[SUB)c] = 0 (3.12)

and consequently are unstable. A color magnetic flux is generated by one generator of the SU (3)c
color group. Among all possible generators, Tg gives the lightest fluxes, because it can be mixed with
the electromagnetic U (1)gm acting on @ from its right. The corresponding massive gauge field is
given in Eq. (2.48).

3 More precisely, gauge symmetry is spontaneously broken as SU(3)¢c x U(1)gm — U(1)o, and the order
parameter for gauge symmetry is [SU (3)c X U(1)gm]/ U (1)g =~ SU(3). The first homotopy group is trivial
for this SU (3).
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To construct the vortex, we make the ansatz that all the off-diagonal elements of ® are zero and

denote

& (x) = diag (¢1< ) ‘ﬁ;(;) “53(;) ) . (3.13)
Then, the Hamiltonian density is reduced as

=4fW%Hu@P+mmﬁ+V, (3.14)
:aomﬂ++mﬁ)+ﬁ(wn?+Wﬂﬁz+ﬂQ¢|+W@'), (3.15)

with
1z¢1=BMn+w%§ﬂA¥¢h (3.16)
Digs = iy — i AN, (3.17)
Fit =0 A — 9, AN, (3.18)

and gm = \/ e? + 313g2/20 as defined in Eq. (2.46). In the ground state, the fields develop the VEV
as (¢1) = AcpL and (¢o) = = +/2AcFL, so that the AM in Eq. (2.48) is massive and A0 in Eq. (2.49)
remains massless, as discussed before.

Now, we are ready to construct the magnetic flux tube by making the axially symmetric ansatz by

G1(r,0) = fi(r)e ™, $a(r,0) = fr(r)e”,

A (r.0) = —%—x(r) (3.19)
with the boundary condition
J1(0) = f2(0) = x(0) =0,  fi(o0) = f2(00) = x(00) = L. (3.20)

The magnetic flux that this vortex carries can be calculated as

/
_6n
/d2 x FM = —/d2 U (3.21)

This solution was studied in Ref. [180]. The flux in Eq. (3.21) is quantlzed but the solution is unstable
and decays by turning on the other components of gauge fields.

For later convenience, let us set Ao = Az = 1 and decompose the flux in Eq. (3.21) into gluon
SU (3)c and electromagnetic U (1)gm parts as

F182 = Fll\éI sin¢, FI%M = Fll\éI cos ¢, (3.22)

and take the limit { = /2, namely the limit where the electromagnetic interaction is ignored. Then
we find that this flux tube has the pure color-magnetic flux

43
o8 = / d*x F8, = EL (3.23)

8s

Note that F' 182 is not a gauge invariant quantity but Tr [(F}2)?] = (F 182)2 is gauge invariant.
We should mention the stability of this flux tube. Since we chose one U (1) gauge orbit inside the
SU (3) group by hand, this flux tube is a kind of a trivial embedding of the U (1) local vortex in a
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non-Abelian gauge theory. Of course, there are no reasons for such vortices to be stable, because
they are not protected by topology. In order to clarify the stability, one should work out the small
fluctuation analysis expanded around this solution.

Unstable color-flux tubes were also studied in the 2SC phase [14,308]. Color-magnetic flux tubes
in quark—gluon plasma were studied in Ref. [219], where they are claimed to be metastable.

3.3.  Non-Abelian vortices: stable color-magnetic flux tubes

In this section, we study non-Abelian vortices in the CFL phase in the GL theory. While the use of
the GL theory is limited near the transition temperature where the gap Acpr is sufficiently small,
the existence of non-Abelian vortices is not restricted to that region. One can also construct these
vortices by using the chiral Lagrangian (2.94) before integrating out the gluons, although the chiral
Lagrangian cannot describe the short distance structure at the center of the vortex, and the vortex
configurations are singular at their core since we restricted | det 1 | = | det Dr| = 1. We also study
vortices in the BAG equation in Sect. 8, which is not restricted to any region.

3.3.1. Minimal (M) non-Abelian vortices. In this subsection, we explain the so-called non-
Abelian vortices, which are the most stable vortices in the CFL phase [35]. For simplicity, here
we omit the mixing of the color and electric charges by simply setting e = 0, which we take into
account in Sect. 5.3. We consider only static configurations. Therefore, we study solutions to the
Euler—Lagrange equations associated with the Lagrangian

. F?
L=Tr |:—K3D,-CI>'Dicl> - 4)73} _aTr (qﬂcp)
—B ([Tr(clﬂcb)}2 Ty [(qﬂcb)z]) n %, (3.24)

where we discarded the terms irrelevant for the discussions below. In the rest of this section, we will
set A3 = 1. In order to get a static straight vortex string along the x3-axis, we make the following
ansatz:

lfr)y 0 0

@(r,0) = AcrL 0 gry 0 |, (3.25)
0 0 g
j -3 00
€iiX
Ai(r,0) === A—-htrH| 0 1 0 (3.26)
r
&s o o0 !
Similarly, we can take
g(r) 0 0
O(r, ) =Acr| 0 €%Ffr) 0 |, (3.27)
0 0 g(r)
. L 0o o
eijxf 3 2
Ai(r,0) === A —-hrtrn|0 -3 0], (3.28)
8sr 1
0 0 3
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or
gry 0 0
O(r,0) =AcrL| 0 g(r) 0 : (3.29)
0 0 efr)
j 100
€;ji X
Ai(r,0) === A—-hrern]|0 1 0 |. (3.30)
8sr 2
0 0 -3

These vortices were first found by Balachandran, Digal, and Matsuuta in Ref. [35]. They call them
semi-superfluid non-Abelian vortices. For either case, the boundary conditions for the profile func-
tions f, g, h at spatial infinity should be determined in such a way that the configurations reach the
ground state. Therefore, we impose the boundary condition

f(o) =1, g(0)=1, h(c0)=0, (3.31)

where the last condition implies that we are in the pure gauge at infinity. We also need to fix the
values of the fields at the origin, which ensures that the solutions are regular there:

f(0)=0, g0)=0, hO)=1. (3.32)

The decomposition of the U (3) action in Eq. (3.25) to the U (1)p and SU (3)¢ actions can be found

as
e fr) e
® = AcrL g(r) = AcfLe3 e_%g(r) . . (3.33)
8(r) e Fg(r)

At the end & = 27 of the closed loop in the order parameter space, the U (1)g contribution becomes
w = exp(2mi/3). This factor is canceled by the SU(3)c part diag(w?, o~ !, ™) = w~'13. Only
the U (1) part with fractional winding cannot make a closed loop, while a contribution from the
SU (3)c part makes it possible to have a closed loop. One observes that the presence of the center
group 73 of the SU (3)c group is essential. This is the same for the other two configurations.

Let us discuss the shape of the profile functions f, g, h. The corresponding Euler-Lagrange
equations are given by

[A_ @h+1)? m}

2
1 (2 2 mg. .2 2 _
e e I ) TR

(h—12 mi, , ’ mg oo 5|
noom?
W= = ZE (-1 + f7Ch+ D) =0. (3.36)
r 3

Here the masses m, mg, and mg are given in Eq. (2.28).
To get the vortex configurations, we should solve the above coupled three ordinary differential
equations. Although it is impossible to solve them analytically, we can solve them numerically.
Before demonstrating the numerical solutions, let us examine the asymptotic behavior of the profile
functions that can be analytically solvable. From these asymptotics, we find several peculiar proper-
ties of the non-Abelian vortices in the CFL phase. To this end, we consider small fluctuations around
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the asymptotic values (f, g, h) = (1, 1, 0) and define
SF(r)=(f(r)+2g(r)—3, 6G@r)= f@r)—gkr)—0, 8h()=h@)—0. (3.37)

8 F'(r) is the fluctuation of the trace part of ® and 6G (r) is that for the traceless part proportional to
Tg as

1 2
® = AcrL13 + AcrL ’ ] 8F(x) + AcrL ’ —1 SG(r)+---.  (3.38)
| -}

The linearized field equations for the fluctuations are given by

(A —m? — i) SF = i, (3.39)
or2 3r2

(A —m§ — L) 8G = iah, (3.40)

or2 3r2
sh" — ‘STh/ — myh = %mééG. (3.41)

An approximate solution of the first equation is [112]

T 1
SF =gy | —mr _ 0 ( —4) . 3.42
7 2mqr ¢ 3171%;’2 + (mar) (3-42)

The first term is much smaller than the others, and is usually neglected, as in the case of the U (1)
global vortex. The dominant terms decrease polynomially, which is a common feature of global
vortices. At high baryon density where mg > m g, the solutions of Egs. (3.40) and (3.41) are

given by
2
2 m
G =qs |——e ™ Sh=—--—2F 3G (3.43)
2mgr 3 mé — m%

Here ¢ g are some constants that should be determined numerically. This behavior of §% is counter-

intuitive because the gluon has the magnetic mass m, by the Higgs mechanism in the CFL phase,
so naively one expects i ~ e~ ¢", Since the asymptotic behaviors of the vortex string are deeply
related to the intervortex forces, we expect that the intervortex forces of the non-Abelian vortices in
CFL are quite different from those in conventional metallic superconductors.® In the opposite case
mg <K mg, the asymptotic behaviors are changed from Eq. (3.43) as

2q, 1 T B Tmer _
G = ——= msr o Sh = Mgl 3.44
3 (m3— m)r2\ 2mgr ¢ Tey =5 ¢ (344)

In this case the asymptotic behaviors are governed by mg, which is smaller than mg. The coefficients

gs and g, depend on the masses m |, mg, and m, and can be determined numerically [112].

The full numerical solutions for Egs. (3.34), (3.35), and (3.36) were obtained in Ref. [112]. It was
found there that the shapes of the profile functions depend on the mass parameters m; g ¢. In par-
ticular, the value of g(0) at the origin is quite sensitive to the ratio m/mg. Roughly speaking, g(0)

® The exponential tails of the famous Abrikosov—Nielsen—Olesen vortices [3,251] in a conventional Abelian—
Higgs model are like exp(—m g ) for the massive Higgs field H with mass m y and exp(—m,r) for the massive
Abelian gauge boson with mass m,. The layer structures are exchanged for m, > my (type II) and m, < mpy
(type I). However, for the strong type Il region (m, > 2my), the tail of the gauge boson becomes exp(—2m gr)
[95,271,275]. The width of the gauge field cannot become smaller than half of that 1/my of the scalar field.
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Fig. 3. The non-Abelian vortex profile functions { f (r), g(r), h(r)} = {green, blue, red}. The mass parameters
are set to be {mgy, m, mg} = {5, 1,1}, {1, 5, 1}, {1, L, 5}. g(r) is almost flat when m; >~ msg.
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Fig. 4. Distributions of the energy density (red) and the non-Abelian magnetic flux (blue) for the minimally
winding non-Abelian vortex. The parameters are chosen to be (mg, m, mg) = (10,2, 1). While the energy
density has a long tail, the magnetic flux whose transverse size is of order mgl exponentially converges to 0.

becomes larger than 1 form > mg, and is smaller than 1 form| < mg; see Fig. 3. Since f(r) — g(r)
plays the role of an order parameter for the breaking of SU (3)c.r, information on the profile func-
tions f(r) and g(r) is important. For the high baryon density region, we have m| = 2mg < my.
Therefore, the non-Abelian vortex in the CFL phase has g(0) greater than 1, as shown in the right
panel of Fig. 3. The profile functions f(r), g(r), h(r), the energy, and the color-magnetic flux den-
sities for a particular choice of parameters (m, mg, mg) = (2, 1, 10) are shown in Fig. 4. Note that
mg is much greater than m g; nevertheless, the color-magnetic flux has almost the same width as
the scalar density distribution. One way to explain this counterintuitive behavior is the asymptotic
behavior of the profile functions that we explained above. The asymptotic tail of the gluon is ~ ¢="8"
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which depends only on mg when mg < m. Therefore, the width of the flux density is not of order
mg_1 ~ 10 but is of order mg_l ~ 1.

Let us compare the non-Abelian vortex explained in this section with the Abelian vortices in
Sect. 3.1. The U (1)p vortex is characterized by the first homotopy group 71[U (1)g]. As can be seen
from Eq. (3.4), the U (1)p vortex has an integer winding number. Therefore, this vortex is called an
integer vortex. The non-Abelian vortex is also characterized by 71 [U (1)g], but its winding number
takes the value of a fractional number. The minimal winding number is quantized by 1/3. The vor-
tices with fractional winding numbers are the so-called fractional vortices. To understand this, let us

write the asymptotic behavior of ® given in Eq. (3.33) at r — oo as
D ~ ACFLe% 13. (3.45)

Here “~” stands for the equivalence under the SU (3)c gauge transformation. This explicitly shows
that the minimally winding non-Abelian vortex has only 1/3 winding number in the U (1)p space.
Consequently, the circulation of the superfluid velocity in Eq. (2.63) obeys a fractional Onsager—
Feynman quantization
cp = fdfo,.B _ Ak, (3.46)
3 YKy
with the vortex number k € 71[U (3)c—p+B]. This is 1/3 of the circulation (3.5) of a U (1)p vortex.’
Finding the minimally winding solution is very important to find which configuration is the most
stable in the CFL phase. Since the non-Abelian vortex is a global vortex, its tension consists of two
parts: a logarithmically divergent part and a finite part.

TMl = 7:1iv;M1 + 7}1n;M1- (3-47)

A dominant contribution to the tension (logarithmically divergent) comes from the kinetic term as
Tiivim, = K3 | d“x Tr D; ®(D; ®)' = 9 x 6 Acp K3 log E (3.48)

This should be compared with the tension of the U (1)p integer vortex given in Eq. (3.8). Since the
minimal winding number of the non-Abelian vortex is 1/3, the tension of the non-Abelian vortex
is 1/3% = 1/9 times as large as that of the U (1)p integer vortex. Thus, we conclude that the non-
Abelian vortex is the most stable string configuration in the CFL phase. In Sect. 4.3, we discuss how
a U (1)p integer vortex decays into non-Abelian vortices.

Let us next consider the finite contribution to the vortex tension. We discuss the dependence of the
energy on the coupling constant gg. As shown in Eq. (3.48), the logarithmically divergent contribu-
tion to the tension does not depend on the gauge coupling. However, finite corrections to the energy
do depend in general on the gauge coupling and on the various coefficients in the potential energy.
These finite contributions have been numerically calculated as the behavior during a change in g
in Ref. [356]. Figure 5 shows that the tension decreases monotonically with increasing gauge cou-
pling. This behavior is generic and independent of the values of scalar masses. It can be intuitively
understood by noticing the 1/g2 dependence in the kinetic terms for the gauge potentials.

7 The rational Onsager—Feynman quantizations are known for superfluid *He [290,291,361], chiral p-wave
superconductors [185,192,290,291,361], and spinor BECs [173,206,264,312], while irrational Onsager—
Feynman quantizations are known for multi-gap or multi-component superconductors [27-29,152,258,329,
343,344] and multi-component (non-spinor) BECs [74,75,108,113,114,200,241,257].
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T‘fin;Ml

3900 [

Fig. 5. The monotonic decreasing of the finite contribution to the tension of the vortex as a function of
the gauge coupling g,. The plot is against the mass of the gauge bosons m,. The blue line corresponds
to the “realistic” parameters: u ~ 500 MeV, A ~ 200MeV, T, ~ 10MeV, T ~ 0.9T;, which correspond to
Acy, =7MeV, Ky =9, m; = 34MeV, mg = 17MeV. The red and green lines correspond respectively to
(my, mg) = (50MeV, 10MeV) and (m;, mg) = (10 MeV, 50 MeV). The logarithmically divergent tension has
been cut off at a distance L = 0.4 MeV~!. Notice that the choice of L is arbitrary. A different value would
correspond to a logarithmic shift in the total tension, but the monotonic decrease of the tension would be the
same, since it is only given by the dependence on g of the finite term 7. M, -

Let us next compare the color-magnetic fluxes of the non-Abelian vortices and non-topological
color fluxes discussed in Sect. 3.2. As shown in Eq. (3.23), the flux of the 8th direction in the SU (3).
space of the Abelian vortex (in the limit of £ = 7/2) is 4+/37/gs. With the ansatz (3.26), the amount
of flux of the non-Abelian vortex can be easily obtained as

A = —ﬁeiij (1-mT — @8, = /dzx FY = L x a8, (3.49)
3 gsr? 3

N
Thus, with respect to the color-magnetic flux, the non-Abelian vortex is the minimal configuration
in the CFL phase.

3.3.2.  Non-minimal (M>) non-Abelian vortices. A similar but slightly different vortex configura-
tion from the minimal (M) vortices, called M, vortices, was also found in Ref. [35]. The ansatz for
the M, vortex is quite similar to that in Egs. (3.25) and (3.26) as

q(r) 0 0
O(r,0)=AcrL| 0 €fp(r) 0 , (3.50)
0 0 e p(r)
J -3 00
€ijX 1
Ain0) =5 —he) [ 0§ 0f. (3.51)
: 0 0
The ansatz for ® can be rewritten as
NG 0\ (47 0 0
®(r,0)=Acres | 0 &% 0 0o pr 0 |. (3.52)
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This shows that an M, vortex has 2/3 winding in the U (1) space, which is twice as large as that
of an M vortex. For the rest, the ansatz goes into the SU (3)c orbit; more explicitly, S L'c SUB)c,
which is generated by 7g. In comparison with the M| vortex given in Egs. (3.25) and (3.26), one finds
that the circulation of the My vortex goes in the opposite direction in the SU (3)c orbit. Namely, the
color of the M; vortex in Eq. (3.25) is 7 = gb, while that of the M5 vortex in Eq. (3.52) is r = gb.
Like the M vortex, the tension of the M, vortex consists of a divergent part and a finite part. The
divergent part is given by

4 L
Tava, = 5 612 Al K3 log T (3.53)

This is four times as large as the divergent part of the tension of the M vortex. This implies that
an M» vortex with a red flux decays into two M vortices with green and blue colors with opposite
directions, as illustrated in Fig. 11(b).

On the other hand, the color-magnetic flux contributions to the tension are almost the same as those
of the M; vortex. This is because the differences are just 7 or r.

Notice that an M; vortex with winding number 2 has the same divergent tension as Zgiy;m,
because of

(€ 0 0\ [AH 0 0
O(r,0)=Acre’S | 0 T 0 0 g 0 |. (3.54)
- 20

0 0 '3 0 0 ()

For the finite contribution of the color-magnetic flux to the energy, the M, vortex has lower cost
since the M vortex with winding number 2 has a color-magnetic flux twice as great as that of an
M; vortex.

3.3.3.  Orientational zero modes of non-Abelian vortices. Minimal (M) non-Abelian vortices

The vortices in the CFL phase are called non-Abelian vortices because they carry color magnetic
fluxes, or equivalently the color gauge SU (3)c transformation participate in the loop in the order
parameter space. The three configurations in Egs. (3.25)—(3.28) carry corresponding color magnetic
fluxes. Since these configurations cannot be transformed into each other by the gauge transformation,
these are all physically different vortices. However, note that the above three vortices do not exhaust
all possible configurations. Indeed, there exists a continuous family of an infinite number of vortex
configurations. To see it, let us decompose the ansatz Egs. (3.25) and (3.26) as

. io [ F 2
o = ACpLdiag(fe’G, g,8) ~ AcpLe? <§13 + \/gGTS> , (3.55)

where we have introduced
F=f+23 G=f-g (3.56)

and have transformed the configuration by a certain SU (3)c gauge symmetry. Continuously degen-
erate configurations can be obtained by the color—flavor rotation as

io [ F 2
o — ACFLe?e <§13 + \/;GUTgUT) , U eSUQB)ct+L+R- (3.57)
The three configurations in Egs. (3.25)—(3.28) are particular diagonal configurations. It is now

obvious that the color—flavor SU (3)c4+1+r symmetry of the ground state in the CFL phase is spon-
taneously broken in the presence of a non-Abelian vortex because of the term proportional to 73 in

32/149



PTEP 2014, 012DO01 M. Eto et al.

Eq. (3.55). In the vortex core, there remains the unbroken symmetry

K =U(D)c+L+rR X SU2)c+L+R (3.58)

where U (1)c4p+Rr is the Abelian subgroup generated by 7g and SU (2)c4+pL+r 1S @ SU(2) sub-
group that commutes with U (1)cyr+r. Therefore, there appear, in the vicinizy of the vortex,
Nambu—Goldstone (NG) modes associated with this spontaneous symmetry breaking:

Hcpr SUB)c+L4+R
K U(Dc+L+r X SUQR)c+L4R
This space is known as the 2D complex projective space. These modes are called the orientational

~ CP2. (3.59)

moduli (collective coordinates) of the non-Abelian vortex. The existence of these modes was first
pointed out in Ref. [242] in the context of dense QCD, but it was known before in the context of
supersymmetric QCD, as summarized in Appendix A. Points on the C P? manifold correspond to
the different fluxes. One can move from point to point by SU (3)cL+R-

The order parameter of the breaking of SU (3)c4+L+r 1S |G| = | f — g|. Since both f and g asymp-
totically reach 1 at the boundary, the color—flavor-locked symmetry is not broken far from the
non-Abelian vortex. On the other hand, as can be seen in Fig. 4, |G| takes a maximum value at the
center of the non-Abelian vortex. Hence, we expect that the orientational NG modes are localized on
the non-Abelian vortex. In Sect. 5, we prove that the orientational modes are in fact normalized and
propagate along the non-Abelian vortex as gapless excitations. We construct the low-energy effective
theory of these modes on the vortex world-volume.

Non-minimal (M3) non-Abelian vortices

Let us next consider the orientation of the M, vortex. Going away from the M, vortex, one asymp-
totically reaches the ground state where the SU (3)c4+1+Rr color—flavor symmetry holds. On the other
hand, since the condensation field ® at the center of the M, vortex is

® o diag(1, 0, 0), (3.60)

the color—flavor symmetry that does not change this is the same as that for the M1 vortex. Namely,
U(D)ctL+r X SU(2)c+L+Rr- There the M5 vortex also has the orientational zero modes
Hcrr SUB)c+L+R
K U(Mc+L+r X SU2)c+L+R
However, the symmetry restored at the center of an My vortex is not U (1)c4p4+rR X SU(2)c4+L+R

~ CP%. (3.61)

but is enlarged to U(1)c+L+r X SU2)L+R X SU(2)c. The restoration of the gauge symmetry
SU (2)c is in sharp contrast to the M vortex, for which no gauge symmetries are recovered.

4. Dynamics of vortices

The dynamics of non-Abelian semi-superfluid vortices are generally similar to those of vortices in
superfluids and atomic BEC, which have been studied extensively [125,126,199]. (From a field the-
oretical point of view, see Refs. [231,265].) In Sect. 4.1, we construct the effective field theory of
translational zero modes, known as Kelvin modes, and study the dynamics of a single vortex string
in terms of the low-energy effective theory. In Sect. 4.2, the intervortex force between two non-
Abelian vortices is derived and the dynamics of two vortices and a vortex ring is summarized. In
Sect. 4.3, we discuss the decaying process of a U (1) Abelian superfluid vortex (M vortex) into a
set of three (two) non-Abelian vortices. The creation of vortices and formation of a colorful lattice
of non-Abelian vortices under rotation are discussed in Sect. 4.4. In Sect. 4.5, we discuss the relation
between relativistic strings in relativistic scalar field theories and superfluid vortices.
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4.1. The translational zero modes (Kelvin modes)

4.1.1. The effective theory of translational zero modes. In this subsection, we study the dynamics
of vortices in terms of the effective field theory. Here, we concentrate on translational zero modes,
which are common for U (1) Abelian vortices and non-Abelian vortices, so that we calculate in U (1)
Abelian vortices. The dynamics of orientational zero modes is studied in the next section.

The existence of a vortex spontaneously breaks the translational symmetry. When a vortex is placed
along the z-axis, it breaks two translational symmetries in the x—y plane. When the vortex string
fluctuates, the configuration can be written as

O = P, F= Jx-X2+0 -T2,

_ -Y
0 = tan"! <y_> , 4.1)
x—X

where X = X (¢, z) and Y = Y (¢, z) denote the position of the vortex in the x—y plane, which is a
field in the vortex world-sheet, and (7, ) are the polar coordinates from the vortex center. Inserting
Eq. (4.1) into Eq. (2.56), and integrating the Lagrangian density over the x—y plane, we obtain the
effective theory [207]

T
Leogt=—T +4nyKo(Y3, X — X8,Y) — 5[(81)02 +(3,Y)%], (4.2)

up to the quadratic order of X and Y and the leading order in derivatives. Here, 7 is the tension of the
vortex, given in Eq. (3.8) for a U(1)p vortex and Eq. (3.48) for a non-Abelian vortex. For a vortex
ind = 2 + 1, the second term can be found in Refs. [231,265]. The first and third terms in Eq. (4.2)
are consistent with the spatial part of the Nambu—Goto action [153,245] at this order:

Lng = =T 1 = (0.X)? — (0.1)". (43)

Let us remark on the effective Lagrangian in Eq. (4.2). Because the time derivative is at the first
order in the Lagrangian, X and Y are not independent fields; rather, they are momentum conjugate
to each other:

oL oL
Y

“aex) T T aar (“44)

X

Therefore, although two translational symmetries are broken, there appears only one independent
gapless Nambu—Goldstone mode, known a Kelvin mode or Kelvon if quantized. There are two typical
solutions of the effective Lagrangian (4.2):

X1 = Acos(k,z — wt +681), Y = Asin(k,z — ot + &), (4.5)
X = Asin(k;z + ot 4+ 82), Y2 = Acos(k,z + wt + 87), (4.6)
where §; and 8, are arbitrary constants. The first and second solutions show the clockwise and
counterclockwise spiral Kelvin waves propagating along the vortex string in opposite directions, as

illustrated in Fig. 6. The Kelvin waves have “chirality”: the (counter)clockwise waves can propagate
only in one (the other) direction, which is well known in superfluids.
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N>
= E

Fig. 6. Kelvin waves. The Kelvin waves in Egs. (4.5) and (4.6) propagate in definite directions indicated by
the arrows.

Since X and Y are not independent but are momentum conjugate to each other, there is only one
dispersion relation

T 2
w=——"k;, 4.7)
4 )/Ko
which is quadratic. The Kelvon is an example of type-1I Nambu—Goldstone modes.®
Defining ¢ = X +iY, the effective Lagrangian in Eq. (4.2) can be rewritten as
Legt = =T + 2wiy Ko(Y 0,y — o ) — 1ol (4.8)

The two comments are addressed here. The translational modes are exact Nambu—Goldstone modes
only for an infinite system size. For a finite system, a gap as a correction is present in the effective
theory [207]:

T
Laap = ﬁ(xz +Y?), (4.9)

which is “tachyonic.” However, this does not imply instability in non-relativistic cases. Instead, the
chirality is broken because of this term: Kelvin waves with wavelengths longer than some critical
length propagate in a direction opposite to that of modes with shorter lengths, which is contrary to
conventional understanding.

When one includes higher order terms as the next-leading order, one obtains the nonlinear term
V ~ |¢|* as the potential in the effective Lagrangian. The Euler—Lagrange equation of the total
Lagrangian is a nonlinear Schrédinger equation, which is integrable and and admits soliton solutions.
These solitons describe nonlinear waves propagating along the vortex string, known as Hasimoto
solitons [162].

8 When a continuous symmetry is spontaneously broken in relativistic field theories, there appear as many
Nambu—Goldstone modes as the number of broken generators (for internal symmetries), but this is not the case
for non-relativistic field theories. The type-I and II Nambu—Goldstone modes are defined as gapless modes with
linear and quadratic dispersion relations, respectively. For spontaneously broken internal symmetries, it has
been proved in Refs. [168,363] that one type-I Nambu—Goldstone mode corresponds to one broken generator
and one type-II Nambu—Goldstone mode corresponds to two broken generators, showing the saturation of the
equality of the Nielsen—Chadha inequality [250], N; + 2Ny > Ngg, where Ny, Ny, and Npg are the numbers
of type-I and type-II Nambu—Goldstone modes and spontaneously broken generators, respectively. However,
there is no general statement for space-time symmetries for either relativistic or non-relativistic theories. The
presence of a vortex breaks the rotational and translational symmetries but the former do not give independent
Nambu—Goldstone modes [ 186] (see also Ref. [77]), since a rotation can be reproduced by infinitesimal local
translations [222]. Then, the equality of the Nielsen—Chadha inequality is saturated for both the relativistic
and non-relativistic cases if one counts only translational modes [207]. See also Ref. [260] for a discussion of
Nambu—Goldstone modes for space-time symmetry in the presence of a vortex.
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4.1.2. Magnus and inertial forces. Here, we restrict ourselves to 2 4+ 1 dimensions. The trans-
lational zero modes X and Y are free fields in the leading order. Let us consider multiple vortices
with the position (X;, Y;) of the ith vortex. The effective Lagrangian of interacting vortices can be
written as

Lest = Y (=T + 4wy Ko(Y;d, Xi — X;0,YD)] — Eii(X;, Yi) (4.10)
i
where Ejy is the interaction energy among vortices, which is calculated in the next subsection.

The interaction of vortices with an external superfluid velocity can be introduced by the Galilei
transformation

(X' Y) =X, Y) = (JP, TP (4.11)
with an external superfluid velocity J; X
L= Y [T +4myKo(Yid, X; — X;,Y;)]
i

— En(X;. Y)) — 4wy Ko Yy _(GIES = X, 7B, (4.12)

l

The equations of motion in the presence of contributions from other vortices and an external flow
can be written as

X! 3 Ein

4 K, — k 4 K JB,ext
ﬂyoat +8Yl+71)/ox
aY! dE;
nyKo—- =~ a;ilt +amy KoJ P (4.13)

The first terms on the right-hand sides are called the inertial force.

The dissipation is present at finite temperature as the term proportional to Kp in Eq. (2.58). It
is known that the contributions from the dissipation can be taken into account in the equations of
motion in Eq. (4.13) as [125,126,199]

X' 9 Eing B,ext 9 Ein B,ext
47‘[]/](0? =+ 9y +4JT)/K0JX — Kp 9xi — KD-Iy s
aY! O E; AE;
4y Ko—- =~ aX“;‘ + 4wy KoJ ™ = Kp aylj“ + KpJBex, (4.14)

The third and fourth terms on the right-hand sides are called the Magnus forces, both proportional
to the coefficient Kp of the dissipation term in Eq. (2.58). In particular, the third term is a contribu-
tion from the other vortices and the fourth term is a contribution from the external flow. Note that
the Magnus forces exist only when the dissipation Kp is present at finite temperature. When a vor-
tex moves with velocity v, there is an external flow in the rest frame of the vortex. Therefore, the
vortex feels the Magnus force from the external flow as illustrated in Fig. 7. The trajectories of the
vortex and anti-vortex are bent into the directions of fyagnus, as a curve ball in fluid dynamics.

4.2.  Interaction between non-Abelian vortices

In this subsection, we study the interaction between two vortices with general orientation in the
internal space at large distance [242,243].
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(a) v b) v

B B
fMagnus J J fMagnus

vortex anti-vortex
Fig. 7. Magnus force. v is the velocity of a moving vortex or anti-vortex. fmagnus 1S the Magnus force. The

trajectories of the vortex and anti-vortex are bent into the direction of fyagnus, s a curve ball.

4.2.1. Intervortex force. We first take one vortex as a reference g,

) = diag(e'? £, g, g). (4.15)

Then, the other vortex ® with general orientation in CP? relative to the reference vortex should
be obtained by SU (3)c4+r transformation to 9. When we consider two vortices only, only an
SU(2)c+r (C SU(3)c+r) rotation is enough to be considered for relative orientation to &g without
loss of generality:

ei@f 0 _q 0 eieaf €i9bf 0
u
® = dgUp = 0 g/ F =|\-b'g a'g , (4.16)
0 g 0 g
a* _b . 2 2 . .
where up = b (with |a|” 4 |b|* = 1) is an element of SU (2)p. This corresponds to a
a

CP! submanifold in the whole CP2. Any color gauge transformation keeps the physical situation
unchanged if they are regular. Here we implement a rwisted color transformation of SU (2)c, given by

a* _beiQF(r)
MC(97 r) = (b*e_igp(r) (417)

a

with F(r) being an arbitrary regular function with boundary conditions F(0) = 0 and F'(oco0) = 1.
The former condition has been imposed to make the transformation regular at the center of the string.
This is possible because 71[SU (2)c] = 0. The upper left 2 x 2 minor matrix of ® in Eq. (4.16) is
transformed to

i0 i0 2 ¢ i0 2, i0F wp [ JiOF i0
uc(r’e)(e af ebf):<|a|fe + |bl*ge ab[e +fe]>

_b*g a*g ab* [_1 +fei(1—F)9] |a|2g+ |b|2fei(l—F)9
i0 0
~ (eO 1) for r> ml_l,mg_l,mg_l. (4.18)

This result means that ® ~ & for the large distance r > ml_l, mg !

orientation can be obtained by another color gauge transformation,

e—i@F(r) 0 feiO 0 .
0 PIOF (1) uc 0 g Up

~ (1 0) for > ml_l,mgl,mgl. (4.19)

Mg 1. Also, the fully opposite

0 ez@
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(r,0)

Fig. 8. A configuration of two semi-superfluid non-Abelian vortices with interval 2R in the polar coordinates
(r, ). r1» is the distance from the vortices ®; », and 6, 5 is the angle around them.

Note that one cannot change the topological number by use of this kind of regular gauge transfor-
mation. We have thus seen that spatial infinity of the string configurations is the same and does not
depend on the orientational zero modes. This is just a consequence of the fact that the orientational
zero modes are normalizable.

All semi-superfluid vortices with general orientation are equivalent to each other away from the
core. In other words, vortices rotated by the flavor SU (2)F revert to the reference vortex given by
Eq. (4.15) via the color gauge transformation at much longer distances than the coherence length.
This fact simplifies the problem of the static long range force between two strings significantly.

Here, we consider the interaction between arbitrary two vortices ®; and ®; placed at (r, ) =
(R, m) and (R, 0) in parallel along the z-axis; see Fig. 8. We eventually decide on the expression of a
long range static force between two strings, which is valid if the strings are sufficiently separated. The
interval between strings is much larger than both the coherence length and the penetration depth: R >

—1 —1
my -, m8

, mg_l. The first vortex @ is approximated everywhere by the asymptotic profile (4.15):
®| = diag (eiel, 1, 1). The second string @, has the profile (4.16) with general orientation relative
to @;. At the large distance of interest, however, it is equivalent to the reference string configuration
(4.15): @5 =~ diag (¢'®, 1, 1). @, » becomes an anti-string by changing the signs of 6 ».

The total profile of the two string system is given by the Abrikosov ansatz:

B = DDy, AL =AY + AS. (4.20)

The first ansatz does not depend on the ordering of the matrices because the second vortex transforms
to diagonal at large distances, as shown in Sect. 3. A?’z is the gauge field configuration accompanied
with the single string system of @1 ;. For an anti-vortex, A(f , changes the signs.

In order to obtain the static force between them, we first calculate the interaction energy density of
the two string system, which is obtained by subtracting two individual string energy densities from
the total configuration energy density;

Em(r.0, R) = Tr (ID®iaf> = |DD1* = [ D, %)
2

—+Z ,
3| R4+ r% —2R%r2cos(20)

4.21)

where we have neglected the potentials V (D) = V(®P1) = V(P3) =0 and the field strength
Fl.‘;.
for the vortex—vortex (vortex—anti-vortex) configuration.

F®J =0 at large distance [270]. Here and below, the upper (lower) sign indicates the quantity
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The tension, the energy of the string per unit length, is obtained for R <« L by integrating the
energy density over the x—y plane as

L 2
En(R,L) = :I:/ dr/ dOr&n(r, 0, R)
0 0

2 2 2
S [—log4—210gR+log(R +L )] (4.22)
where the system size L has been introduced as the IR cutoff. The force between the two vortices is

obtained by differentiating E by the interval:

9E. 27 (1 R 27
L) = LY (LI N P 423
fla. L) =F5% 3 \R R +1I2 3R (4.23)

where the last expression is for L — co. We can see that the force is repulsive (attractive) for the
vortex—vortex (vortex—anti-vortex) configuration. The overall factors 1/3 in Egs. (4.21)—(4.23) are
attributed to the fact that the tension of the fundamental non-Abelian vortex is reduced by 1/3
compared to the usual Abelian vortex, then leading to 1/3 erosion in the magnitude of the force.

Note that the result does not depend on whether the superconductivity is of type I or II. This
has an important meaning in the case of color superconductivity since, although the perturbation
theory indicates the color superconductivity is of type I for the whole density regime [ 144], the most
fundamental strings, semi-superfluid strings, can be stable at any density regime where the CFL
phase is realized. This result also implies that the global U (1) superfluid vortices [128,183] & =~
diag(e'?, '?, ¢'?), studied in Sect. 3.1.1, as well as the M vortices [35] ® =~ diag(1, e~?, e7¢) ~
(€%?, 1, 1), studied in Sect. 3.3.2, are both unstable to decay into 3 or 2 semi-superfluid vortices,
respectively, as discussed in Sect. 4.3.

This contrasts with the case of global non-Abelian vortices [244], discussed in Sect. 10, where the
U (1) Abelian string is marginally unstable, i.e., no force exists between two strings with opposite
orientations.

The force between two vortices at a short distance remains an important problem. In this regard,
the intervortex force at arbitrary distance was calculated in a related model in which U(1)g is
gauged [26].

4.2.2.  Dynamics of two vortices and a vortex ring. We denote the positions of two vortices by
(X1, Y1) and (X», Y>2). In the absence of the dissipation (Kp = 0) at zero temperature, the equations
of motion contain only the inertial force terms on the right-hand sides of Eq. (4.14). Then, the two
vortices separated by the interval 2R rotate around each other, as in Fig. 9(a):

X1 +iY) =—X, —iYs = Rexp(it/R?), (4.24)

where we set the coefficients at one. On the other hand, a vortex and an anti-vortex move parallel to
each other due to the inertial force, as in Fig. 9(b):

X1+iV1 =—-Xo+iYa=R+i(1/R)t, (4.25)

where we set the coefficients at one. The velocity of the pair is faster when the distance between them
is smaller.
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Fig. 9. Dynamics of two vortices. (a) Two vortices repelling each other rotate around each other by the inertial
force represented by f in Eq. (4.23). The velocity is faster as the radius of the circular orbit is smaller. (b) A
vortex and an anti-vortex attracting each other move parallel by the inertial force. The velocity is faster as the
distance between them is shorter.

J® JB

)

Fig. 10. A vortex ring. It moves in the direction perpendicular to the ring. The velocity is faster as the size of
the ring is smaller. The red, black, and white arrows denote the velocity, vorticity, and flow, respectively.

Let us mention what happens when the dissipation term is present (Kp 7 0) at finite temperature.
For a pair of vortices, the radius of the circle orbit gradually increases because of the Magnus force
from each other, the second terms of Eq. (4.14). For a vortex and an anti-vortex, the distance between
them gradually decreases due to the Magnus force from each other, and eventually they collide and
annihilate each other.

The situation of a vortex and anti-vortex pair ind = 2 + 1 dimensions can be extended to a vortex
ring in 3 4+ 1 dimensions, as illustrated in Fig. 10. The vortex ring moves by the inertial force and
is stable in the absence of the dissipation at zero temperature. In the presence of the dissipation at
finite temperature, the radius of the ring decreases in time due to the Magnus force and eventually it
decays. As the radius becomes smaller, the velocity becomes faster according to Eq. (4.25).

4.3.  Decays of U (1)p vortices and non-minimal M, non-Abelian vortices

The logarithmically divergent part of the tension of non-Abelian vortices is given in Eq. (3.48), while
the tension of a U (1)p integer vortex is given in Eq. (3.8). Therefore, the tension of a non-Abelian
vortex is 1/3% = 1/9 times as large as the tension of a U (1)p vortex. Since the total energy of the
constituent three non-Abelian vortices is 3 x 1/9 = 1/3 of that of the U (1) vortex when they are
infinitely separated, we conclude that the U(1)p vortex breaks up into three non-Abelian vortices
with three different color fluxes, say red, blue, and green color fluxes, with total fluxes canceled out,
as illustrated in Fig. 11(a):

b = ACFLdiag (eie, €i9, eig)

— AcrLdiag (¢, 1, 1) x diag (1, ¢/, 1) x diag (1, 1, ¢'®), (4.26)

40/149



PTEP 2014, 012DO01 M. Eto et al.

(a) (b)
U (1) vortex M, vortex ®

O —) 1/9 . —) 1/9
1 @ @ 4/9 ()
1/91/9 1/9

Fig. 11. Decays of a U (1) superfluid vortex and an M, vortex. (a) A global U (1)g superfluid vortex decays
into a set of three non-Abelian vortices with the total magnetic flux canceled out. (b) An M, vortex with a
red magnetic flux decays into two M; vortices with green and blue magnetic fluxes directed in the opposite
direction. The numbers represent the energy ratio when all of them are infinitely separated.

w b,

W™ b3

Fig. 12. Detailed configurations of decays of a U (1)g superfluid vortex. The U (1)g vortex initially located at
the origin O decays into three non-Abelian vortices, denoted by the red, green, and blue dots. by, b,, and b3 are
paths with angles 27r /3 at the boundary at spatial infinity, and r, r», r3 denote the paths from the origin O to
spatial infinities. For by, by, and b3, the U (1) 5 phase is rotated by exp[ifdiag(1, 1, 1)] with the angle 6 of the
polar coordinates.

where 61 » 3 is the angle of polar coordinates at each vortex. In fact, in Sect. 4.2, we have seen that
the interaction between two non-Abelian vortices is repulsive at large separation. There remains the
possibility of metastability of the U (1)p vortices, since each vortex in Eq. (4.26) must carry a color
magnetic flux that contributes finite energy corrections to the tension. However, they decay with
perturbations. After the decay, these three vortices rotate as in Fig. 9, because of the inertial force.
Without dissipation at zero temperature, they rotate forever, while the radius increases in the presence
of the dissipation at a finite temperature.

In the same way, a non-minimal M, vortex also decays into two non-Abelian vortices, as in
Fig. 11(b). Let us suppose that an M, vortex carries a red magnetic flux; it then decays into two
M; vortices with green and blue magnetic fluxes directed in the opposite direction.

Next, let us show a detailed configuration of the decay process of a U (1) Abelian vortex in Fig. 12.
The Abelian vortex initially located at the origin O decays into three non-Abelian vortices, denoted
by the red, green, and blue dots, carrying corresponding color fluxes. The red, blue, and green non-
Abelian vortices are encircled by the paths

by—r3+r, by—ri+r3y, bz—r+nr (4.27)

respectively. At the boundary of spatial infinity, the U (1)g phase is rotated by exp[ifdiag(1, 1, 1)]
with the angle 6 of the polar coordinates from the origin O. Therefore, the U (1) phase is rotated by
27 /3 along each of the paths by, by, and b3. Let us suppose that the three paths in Eq. (4.27) enclose
the three configurations in Eqs. (3.25), (3.27), and (3.29), respectively. Then, we find that the color
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gauge transformations g(r) € SU(3)c occur along the paths ry, 5, and 3 as

diag(1,1,1), r=0

r1:  g(r) =-expliu(r)diag(0, -1, 1)] = {
diag(1, 0", w), r =00

diag(1,1,1), r=0

, (4.28)
diag(w, 1, a)_l), r =00

ro:  g(r) =expliu(r)diag(1,0, —1)] = {

diag(1,1,1), r =0

r3:  g(r) =expliu(r)diag(—1,1,0)] = {
diag(a)_l, w,1), r=o00

respectively, with a monotonically increasing function u (r) with the boundary conditions u (r = 0) =
0 and u(r = 0o) = 27/3.” We find that the origin O is consistently given by

® = Acprdiag(w™ !, 1, w). (4.29)

From a symmetry, permutations of each component are equally possible. The configuration of
Fig. 12) is a U (1)p vortex encircled by the path b1 4+ b, + b3 corresponding to unit circulation at
large distance. However, at short distance, it is separated into a set of three non-Abelian vortices,
each of which is encircled by the paths in Eq. (4.27). The paths ; contribute to color magnetic fluxes
and each b; corresponds to 1/3 quantized circulation.

4.4.  Colorful vortex lattices under rotation

4.4.1. Vortex formation and vortex lattices as a response to rotation in conventional superfluids.
Here we consider the response of the CFL matter to rotation. Let us first recall what happens if
one rotates an ordinary superfluid. Suppose that one has a superfluid in a vessel; let us rotate the
vessel with angular velocity 2. The ground state of the system can be determined by minimizing
the free energy. In a rotating system, the free energy is modified as F/ = F — @ - L, where L is the
angular momentum vector. At low temperatures, the entropy term can be neglected and we just have
to minimize H' = H — @ - L, where H and H’ are the Hamiltonian in the rest and rotating frames.
The time evolution of a rotating system is generated by H'. Let us first recall the reason for this
using a simple example, a non-relativistic point particle in a rotating frame. The Lagrangian of a
point particle with mass m is written as L = mv?/2, where v is the velocity in the rest frame. The
conjugate momentum and the Hamiltonian are given by
oL mv?
p=—=mv, H=p-v—L=—. (4.30)
v 2
Now let us move to the description in the rotating frame at an angular velocity . Let v be the
velocity of the particle in the rotating system. The two velocities are related by

v=v +Qxr. (4.31)

Since the Lagrangian mechanics is covariant under general coordinate transformation, we can switch
to the rotating frame just by substituting v’ into v,

m

2
L= 5 (V+2xr). (4.32)

% This route for the decomposition of an integer vortex into three fractional vortices is exactly the same as
that of three-gap superconductors [258] and three-component Bose—Einstein condensates [75,113,257].
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The conjugate momentum and Hamiltonian in the rotating system are given by

/ aL / / / / plZ /
p=—=m(vV+Lxr(=p), H=p-v—L=——SZ-(rxp), (4.33)
v/ 2m
where we have used the cyclic property of the cross product, p’ - ( x r) = £ - (r x p’). Noting that
p' = p, we can rewrite the Hamiltonian in the rotating frame as

p/2

H/=%—Sl-(rxp/)
2
434
=2 9 wxp (434
—H-9-L,

which connects the Hamiltonians in the rest and rotating frames. The discussion above can be
straightforwardly extended to many-body systems, as long as the interaction potential is invariant
under rotation.

Now let us discuss the response of a superfluid to rotation. We consider the situation where a
cylinder with radius R is filled with a superfluid and there is one vortex in the center of the vessel.

Then the superfluid velocity is given by v = 5—ep with n the winding number. The energy of a

1 2 R

E= /d2x—,0 v =P og (—) , (4.35)
2 4 a

where p is the superfluid density and a is the core radius (R >> a). The angular velocity per unit

vortex per unit length is

length is written as

R
1
L = /dzx (r x (pv)), = / 2y - rplv| ~ EnpRZ, (4.36)
a
where the term proportional to a? is neglected. Thus, the energy in the rotating system is given by
2

R 1
E =10 (2) = ZQnor?. (4.37)

4 a 2

If this energy is less than 0, one vortex state is favored compared to the state without a vortex. We
can define the critical angular velocity €2,

Q= log (5>. (4.38)

= 27 R a

Thus, if Q > Q, the state with the vortex is more favorable than the trivial state.

If one further increases the rotational speed, multiple vortices are generated along the rotational
axis. They all have the same winding number, so the intervortex force is repulsive. All the vortices
repel each other, resulting in the formation of a vortex lattice. In the end, the vortex lattice co-rotates
with the vessel, which means that the superfluid velocity at the edge coincides with the speed of the
wall. Then the circulation I' can be calculated as 27 R - RQ2. This should be equal to the sum of the
circulations of all the vortices inside the vessel, I' = nN, where N is the total number of vortices.

Therefore, the total number of vortices

25Q
N = , (4.39)

n
where S is the cross section of the vessel. In the case of an ordinary superfluid, the circulation of

each vortex is equal to one, n = 1.
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Let us see the creation of vortices from another point of view. We here consider a BEC and denote
the condensate by a complex scalar field @ (x). In a rotating frame, the gradient term of the energy
functional can be written as (see Eq. (4.34))

Y
Egrag = ®* (p— — Q- IZ) O = i|[a,- —im(r x R);19)> — lmr2522|c1>|2 (4.40)
2m 2m 2
where L. i = i€jjir;jok and p; = 9;, and the equality is meant up to a total derivative. The combination
D; = 9; — im(r x ); can be seen as a covariant derivative on the field ®. Then A; = mr x € can
be seen as a gauge field and this system looks like a charged field under a constant magnetic field
282. Therefore, just like a type II superconductor under an external magnetic field, vortices come into
a rotating superfluid. Let us make a comment on the trapping potential. One should add an external
potential to trap the condensate, such as Vip = %a)zr2 for BECs. This term and the last term in
Eq. (4.40) can be combined as —%FZQZIQDIZ + Virap = %(a)2 — Q2)r?|®|2. When the rotation speed
Q is less than w, the condensates can be trapped.

4.4.2.  Colorful vortex lattices. Then, what happens if one rotates CFL matter? We can repeat the
energetical argument. When the vessel is large enough, the energy of a vortex is dominated by the
superfluid velocity part and the contribution from the color flux is negligible, Thus, what is modified
in the argument above is that n should be equal to one third, n = 1/3. For realistic neutron stars, the
number of vortices can be estimated as

2
Ny ~ 1.9 x 101° (LmS W3 R\ (4.41)
P ) \300MeV ) \ T0km

where Py is the rotational period, w is the baryon chemical potential, and the parameters are

normalized by typical values. The corresponding intervortex spacing is given by
1/2 1/2 1/2
R? P, 300 MeV
e=(Z ~ 4.0 x 106m © . (4.42)
Ny 1ms uw/3

Since the intervortex spacing is far larger than the size of a vortex core, which is given by inverse

gluon/meson masses, gluons and mesons would not affect the force between two vortices. The inter-
vortex force is dominated by the exchange of U (1)g phonons. This justifies the treatment above, in
which we have only considered the contribution of U (1)p circulations.

In the discussion using the free energy, we can only determine the ground state of the system.
The dynamical process of vortex generation can be nontrivial, especially for non-Abelian vortices.
Basically, as one gradually increases the speed of rotation, vortices enter one by one from the edge
of the superfluid. However, in the case of the non-Abelian vortices, it has a color flux and one vortex
cannot be created because of the color conservation. A vortex with unit U (1)g winding number does
not have a color flux, but it is energetically unstable. So, one plausible idea is that a U (1)g vortex
is created first; it then decays into three non-Abelian vortices, as discussed in Sect. 4.3. Such two-
fold vortex generation is seen in the simulation of a rotating three-component BEC [75], in which
integer-quantized vortices are created first and then decay into fractional vortices.

Another feature of rotating CFL matter is that the lattice is “colorful” in the sense that each vortex
carries a color flux. There can be various patterns of the configurations of the colored vortices, with
vanishing total color fluxes. In Fig. 13(a), we show a possibility for an “ordered” colorful vortex
lattice. In this case, the color magnetic fluxes of each color constitute an Abrikosov lattice, and the
total configuration itself neglecting colors is also in the form of an Abrikosov lattice. In general, even
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Fig. 13. Colorful vortex lattices in a rotating frame. Colors are (a) ordered and (b) disordered. In both cases,
vortices ignoring color constitute an Abrikosov lattice, and total color fluxes are canceled out. (a) The color
magnetic fluxes of each color constitute an Abrikosov lattice. (b) The color magnetic fluxes of each color do
not constitute an Abrikosov lattice.

when the total configuration neglecting colors is in the form of an Abrikosov lattice, there may exist
a vortex lattice that is “disordered” as in Fig. 13(b), in the sense that each color is placed at random
with total colors canceled out. Even ordered, there can be a defect of color orderings.

In the simulation of a three-component BEC, ordered lattices have always been obtained, as men-
tioned above [75]. However, in this simulation, one has introduced a very small perturbation to split
one integer vortex into three fractional vortices after the integer vortex lattice is formed. In this sense,
there could be a defect of color ordering in general if several perturbations were introduced.

Gravitational waves from vortex lattices in the CFL phase (and the 2SC phase) were studied in
Ref. [145] and compared with neutron star observations. However, vortex lattices of unstable color
magnetic fluxes were assumed, so the calculation should be revised by considering colorful vortex
lattices.

4.4.3.  Tkachenko modes. A Tkachenko mode is a gapless excitation with a quadratic dispersion
in the presence of a vortex lattice in a rotating system. This mode corresponds to deformation of the
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lattice and the phonon does not appear independently; see Ref. [338] for a review of the Tkachenko
modes. If one ignores the centrifugal force, there are approximate translational symmetries in the
system, which are spontaneously broken by the lattice, resulting in an approximate type-II Nambu—
Goldstone mode identified with the Tkachenko mode [364].

The Tkachenko mode should also exist in a vortex lattice of non-Abelian vortices, if the CFL
phase is realized inside neutron stars. The characteristic timescale of this oscillation is consistent
with the quasiperiodic oscillation, which is of the order of 100-1000 days, observed in the pulsars
PSR B0531 + 21 and PSR B1828-11[263,315]. It is an open question whether there is a color effect
for the Tkachenko mode of a colorful vortex lattice.

4.5.  Superfluid vortices from relativistic strings

A direct relation between a relativistic global vortex in a medium and a non-relativistic superfluid
vortex was discussed in Refs. [85,223] and later also in the CFL phase [128]. When a relativistic
global vortex is put into an uniform medium that violates the Lorentz invariance, it acquires a non-
zero angular momentum and behaves as if it is a non-relativistic superfluid vortex [85]. To see this,
let us consider the low energy effective theory for the U (1)g Nambu—Goldstone mode at high density
and zero temperature in Sect. 2.2.1,

£ = 1} [ Gogn + 2007 = v} 3i0n)*]. (4.43)

Note that the time derivative dggp is replaced by dogpp + 21 in order for the effective theory to have
the same symmetry as the microscopic theory, QCD. Because of this peculiar dependence of 1, the
order parameter gets the following time rotation:

ei(/’B ~ 6_2””. (444)

As a result, a global U (1)p vortex acquires a non-zero angular momentum [128]. From the time
dependence in Eq. (4.44), one can easily see that a relativistic global string in a medium has non-zero
angular momentum [128]:

My = Ky f d*x (X182¢*80¢ — X281¢*80¢) +c.c. ~ kuKy. (4.45)

Furthermore, by interpreting a dual of the Kalb-Ramond field strength H"** (completely antisym-
metric tensor) as the superfluid velocity 9,,¢p [85,223],

21 ok = 0B ~ €y }LHvAp’ 4.46
0

one can reproduce interaction similar to the inertial force of superfluid vortices, which is one of
the peculiar properties of superfluid vortices; see Sect. 4.2.2. For instance, the stability of a moving
vortex ring was shown in Refs. [83,85].

S. Dynamics of orientational zero modes

In this section, we review the dynamics of the orientational zero modes of non-Abelian vortices.
In Sect. 5.1 we explain the low-energy effective theory for the orientational zero modes on a non-
Abelian vortex world-sheet, which is a basis throughout this section. We include the effects of the
strange quark mass in Sect. 5.2 and discuss the instability of non-Abelian vortices. The effects of
electromagnetic interaction are taken into account in Sect. 5.3. In Sect. 5.4, we discuss quantum
monopoles on a non-Abelian vortex. The monopoles form a bound state, which can be thought of as
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bounded kinks that appear on the vortex world-sheet C P2 theory when we take quantum effects into
account. Application to the quark—hadron duality is also discussed. Yang—Mills instantons trapped
inside a non-Abelian vortex are discussed in Sect. 5.5.

5.1.  Low-energy effective theory of orientational zero modes

As is shown in Sect. 3.3.3, the non-Abelian vortex has the internal orientational moduli C P2
associated with the spontaneous symmetry breaking of the color—flavor-locking symmetry. The ori-
entational moduli are massless modes that propagate along the host non-Abelian vortex. In this
subsection, we study the propagation of the massless orientational modes on a straight non-Abelian
vortex. We assume that the vortex is on the z-axis.

In the rest of this subsection, we omit all the massive modes and concentrate on the orientational
zero modes of CP2. Let us first identify the orientational zero modes in the background fields ® and
A .. We start with a particular non-Abelian vortex solution,

*(x,y) = ACFLe% (?13 + G(V)\/g Ts) ,

N 1 €; jxj 2
Al(x,y) = ———5—h(r),/ 5 Ts. (5.1
gs 12 3
Then the general solution can be obtained by acting the color—flavor-locked symmetry on them as
*xy7t 0 F(}") ¥
Plx, y) =UPU = Acpre? | ——1s = G(N{d) ), (5.2)
1 €jjX J

Ai(x,y) =UATUT =

() (@9). (5.3)

8s

Here (O) is the traceless part of a square matrix O and we introduced a complex 3-component vector
¢ that satisfies the following relation:

2 t— pot — i
V3 URU" = ¢p¢p" — 513 = (p¢'). (5.4)
Taking the trace of this definition gives a constraint

o' = 1. (5.5)

Furthermore, the phase of ¢ is redundant by definition. Thus, we find that ¢ represents the
homogeneous coordinates of C P2,

Now we promote the moduli parameters ¢ to the fields depending on the coordinates ¢, z of the
vortex world-sheet by using the so-called moduli space approximation (first introduced by Manton for
BPS monopoles [231,232]). Since we are interested in the low-energy dynamics of the orientational
moduli fields, we restrict ourself to the study of the dynamics with a typical energy scale that is much
lower than the mass scales of the original theory, namely m1, mg, and mg. Namely, we consider the
situation where

100 (z, )| < min {my, mg, mg}, (a=2z,1). (5.6)

Omitting the higher derivative terms (massive modes) with respect to z and ¢, the low-energy effec-
tive theory for the orientational moduli field can be obtained by plugging ®(x, y; ¢(z,)) and
Ai(x,y; ¢(z,1)) into the full Lagrangian (2.7). Note that ®(x, y; ¢(z,1)) and A;(x, y; ¢(z,1))
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depend on the full spacetime coordinates, which are obtained by replacing the moduli parameter
¢ with the moduli field ¢ (z, ¢) in Eq. (5.3). In order to construct the Lagrangian of the effective
theory, we also have to determine the x“ dependence of the gauge fields A, which are exactly zeros
in the background solution. For this purpose, following Ref. [318], we make an ansatz
ipa(r)
Aw =P 1067, 2000 (5.7)
8s

where p (r) (¢ = z, t) are unknown functions of the radial coordinate r at this stage.

Substituting all the fields ® and A, into Eq. (2.7), we are led to the effective Lagrangian that
consists of two parts,

0 3
Leit = LG + LG, (5.8)
with
&3 ; +
£9 = f dxdy Tr [—EFO,-FO’ +KODO¢‘DO<1>], (5.9)
£ = [ dxdy T L py FY 4 K3Dyo D3 5.10
eff — xyr—mg + K3D;3 . (5.10)

The Lagrangian of the CP? model can be uniquely written up to the overall factors of the decay
constants as

L) =coct,, (5.11)
L8, =0°9"0u0 + (670°9) (6700 (5.12)

where no summation is taken for . What we have to determine is the coefficient C* in Eq. (5.11).
After manipulating straightforward but complicated calculations given in Appendix C, we find that
the coefficients are expressed as

47TO[3 r h2 ﬂ3m2 f2 + g2
= dra |7+ =) (A =P~ + =0 ) | 513
ngs?/ "2 [’00 = ro)" A =p0)(f &)+ =05 (5.13)
4 r h2 f2+g2
3= 12 2, 2 ) 5
3 = Azg%/dri [03 + (= p3) +mg ((l—po)(f_g) TR p3)], (5.14)

with a3 = e343 and B3 = Ko/ K3. The coefficients C%3 should be determined in such a way that the
energy is minimized. To this end, we regard the coefficients as “Lagrangian” for the undetermined
scalar fields p,. Namely, we should solve the Euler—Lagrange equations

/ h2 B3m 2
o+ 2 (= 2y = 2 [+ Do — (- 9] =0, (5.15)

a3

/ h2 2
B 1= = (P + e — (- 2] =0, (5.16)

with the boundary conditions

00,3(0) =1, 00,3(00) = 0. (5.17)
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Fig. 14. The numerical solutions of po(r) (blue) and p3(r) (purple) for {my, m;, mg} = {1,5, 1}, {5, 1, 1},
{1, 1, 5}. The Kéhler class densities cy(r) (blue) and c3(r) (purple) are also shown in the 2nd line.

Numerical solutions of po(r), p3(r), and the Kihler class densities co(r) and c3(r) (C; =
(471/g52)fdr rci(r)) with A; =¢&; =1 (i =0, 3) for the mass choices {m, mg, mg} = {1, 5, 1},
{5, 1, 1}, {1, 1, 5} are shown in Fig. 14. The corresponding background solutions are shown in Fig. 3.

Let us roughly estimate C%3. To this end, we first recall the boundary condition f(c0) = g(o0) = 1
and A (oco) = 0. The profile functions f(r), g(r), and h(r) approach the above boundary values at
ro~ AEFIL, which is the typical inverse mass of the background solution; see Egs. (3.42) and (3.43).
Reflecting this property, the function pg 3 also approaches its boundary values pg 3(c0) = 0 around
r~ AE%L Because of pp 3(0) = 1, the values of the square brackets of the integrands of C93 at the
originare (f(0)* 4 g(0)*)Bsmg /23 ~ Bzmg/2az and (f(0)* + g(0)*)mz/2 ~ my/2, respectively.
Therefore, one can estimate C3 as

2 2 2 2
0 ~ ﬂ3mg ~ ,B?)/“L 3 ~ mg ~ ,bL (5 18)
2 7 3 7 '
MgIAGEL AR M82AGEL AL

Note that A3 dependence disappears in the above expression. From this result, we can also estimate
the velocity of the C P? modes propagating along the vortex string as

N (5.19)

This should be taken with some care due to the uncertainty of the numerical solution; it is just a
rough parametrical estimation. Indeed, since C%> depends on the chemical potential ., v> should
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depend on y as well. The precise u dependence of the velocity of the CP? mode has not yet been
determined in the literature.

Let us make a comment on the types of Nambu—Goldstone modes; see footnote 8. While the Kelvin
mode associated with translational symmetries is a type Il Nambu—Goldstone mode with a quadratic
dispersion, the CP? orientational zero modes found in this section are type I Nambu—Goldstone
modes with a linear dissipation. Both of them are localized Nambu—Goldstone modes in the presence
of the vortex background, unlike conventional Nambu—Goldstone modes in the ground state.

5.2.  Effects of strange quark mass

Here we consider effects of strange quark mass on the non-Abelian vortices. As addressed in
Sect. 2.1.2, we can treat the effects as a perturbation in the high density region v >> mg. After absorb-
ing the small term & oc m2 givenin Eq. (2.35) into « as Eq. (2.37), the background non-Abelian vortex
solution, then, is given by just solving the same equations as Egs. (3.34)—(3.36) with « — «'. Fur-
thermore, the leading order terms in the low-energy effective Lagrangian for the orientational moduli
fields are the same as those given in Egs. (5.8), (5.11), and (5.12) with the replacement o — «'.

Let us now turn to find a contribution of the second term in Eq. (2.34) in the low-energy effec-
tive Lagrangian. By substituting Eq. (5.3) into the second term in Eq. (2.34), we get the following
potential term in the CP? nonlinear sigma model:

Vepr =D (|d>3|2 - |¢>2|2> : (5.20)
D =meA> /00 drr (g2 _ f2> , (5.21)
0

where (41, o, ¢3) is the homogeneous coordinate of CP2, which satisfies the constraint |¢;|> +
|p2|> + |¢3]> = 1. Note that A,, f, and g should be obtained after replacing o with o/, as in
Eq. (2.38). Note also that D is positive and finite because g — f is positive for everything over r
and gets exponentially smaller on going away from the vortex; see Eq. (3.43). In the limit ¢ — 0,
the low-energy effective theory is the massless C P2 nonlinear sigma model where all the points on
CP? are degenerate. This is because non-Abelian vortices with different orientations have the same
tensions. Once non-zero ¢ is turned on, almost all the points of C P2 are lifted and only one special
point (¢1, ¢2, ¢3) = (0, 1, 0) remains as the global minimum of the effective potential; see Fig. 15.
This means that the non-Abelian vortex with the specific orientation with color “blue—red” and flavor
“s—u” is energetically favored,

®,, — diag(Ags, Ague'®, Aug), as r — 00. (5.22)

This matches the fact that the pairing gap Ay, is smaller than Ay, A,z as in Eq. (2.33) so that
the vortex whose string tension is proportional to Ay, is more easily created than others. As shown
below, the details of the dynamics suggest that all configurations except for the (0, 1, 0) vortex are
no longer stable, including the (1, 0, 0) and (0, 0, 1) vortices.

Let us estimate the lifetime of unstable vortices. For simplicity, we consider the decay from the
(1, 0, 0) vortex to the (0, 1, 0) vortex (from the bottom-left vertex to the bottom-right vertex of the
triangle in Fig. 15). Since the effective potential is lifted for |¢3| # O direction, it is reasonable to
set ¢3 = 0 from the beginning. Then we are left inside the C P! submanifold in CP2. It is useful to
introduce an inhomogeneous coordinate u(¢) € C by

1 u

"= T e

(5.23)
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Fig. 15. Contour plot of the effective potential for the CP? modes in the |¢;|>—|$»|>—|$3|> space. The colors

represent the values of the potential.

Then the low-energy effective Lagrangian can be rewritten as
N

(14 [u]?)? (14 [ul?)

The typical timescale appearing with this Lagrangian is

CYK
T = 0 (5.25)
\ D

In principle, we can numerically calculate t for each p. Instead, here, we provide a simple analyt-

[:(CPI - CO

(5.24)

ical estimation. Since the profile function f(r) for the winding pairing gap (g, &, and p) increases
(decreases) with a typical scale r ~ A;l for mg > m g as shown in Egs. (3.42) and (3.43), we find

from Eq. (5.13)
2 2
m 1
O~ 5 E~ (i> —. (5.26)
8sAZA3 Ag) A3

Furthermore, D is estimated from Eq. (5.21) as

D ~ ¢~ m2log Ai. (5.27)

&

Thus, the typical timescale of the rollover from the (1,0, 0) vortex to the (0, 1,0) vortex is

estimated by
1
(&) ()
T~ — log— ) . 5.28
ms )\.3 (Ag g Ag ( )

In the limit mg — 0, T — oo as anticipated.

It is interesting to investigate the possible astrophysical implications of the above results. When the
core of a neutron star cools down below the critical temperature of the CFL phase, a network of non-
Abelian vortices will be formed by the Kibble-Zurek mechanism. Remarkably, the extrapolation of
our formula (5.28) to the intermediate density regime relevant to the cores of neutron stars (© ~ 500
MeV) with A, ~ 10 MeV and mg >~ 150 MeV suggests that all the vortices decay radically with a
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lifetime of order r ~ 1072! s (assuming A3 ~ 1). Although this result should be taken with some
care due to the uncertainty of the numerical factor in Eq. (5.28), it is reasonable to expect that only
one type of non-Abelian vortex, which corresponds to the point (0, 1, 0) in the CP? space, survives
as a response to the rotation of neutron stars in reality. The other decaying non-Abelian vortices will
emit NG bosons, quarks, gluons, or photons during thermal evolution of neutron stars.

Note that, since we are interested in a realistic situation like that inside the core of a neutron star, we
have imposed B-equilibrium and electric charge neutrality conditions for deriving the mg-correction
to the effective potential in Eq. (2.34). Let us see how the effective Lagrangian changes when we
remove the conditions. The direct mg correction was obtained in Refs. [178,179] as

2
8V = ZeTr [qﬁb] +eTr [qﬂxgcb] , (5.29)
Xg = diag (+. 1 -2 (5.30)
=diag| =, =, —= ). .
8= 3373
This leads to the effective potential on the CP? manifold
2 2

Vipr =30 (2103 — 101" —102”) = 5D (3l — 1). (5:31)

In this case the ground state of the potential is the C P! submanifold defined by |¢1]> + |¢2]> = 1.

5.3.  Effects of electromagnetic fields

5.3.1. The effects on the electromagnetic coupling on non-Abelian vortices. We have neglected
the effects on the coupling of the CFL matter to the electromagnetic fields AEM thus far. As dis-
cussed in Sect. 2.1.3, the electromagnetic symmetry is embedded into the flavor SU (3)r symmetry,
and it mixes with one of the color gauge fields in the CFL ground state. In this subsection, we dis-
cuss the electromagnetic coupling to non-Abelian vortices following Ref. [356]. There are two main
consequences of the electromagnetic coupling to non-Abelian vortices. One is a gauging of U (1)
symmetry in the C P2 zero modes, i.e., the low energy theory becomes a U (1) gauged C P2 model.
The other is explicit breaking of SU (3)f flavor symmetry, which induces the effective potential in the
low energy effective theory. A physical consequence of the former is discussed later in Sect. 6.3.3.
Here, we concentrate on the latter effect.

The SU (3)p flavor symmetry is explicitly broken as in Eq. (2.53) by the electromagnetic cou-
pling. Consequently, all non-Abelian vortices are not transformed by the SU (3)c4F action once the
electromagnetic coupling is taken into account. Only the SU (2)c+r x U(1)gm subgroup remains
exact as in Eq. (2.55). In order to classify all possible configurations, we consider a closed loop in
the order parameter space generated by the gauge/baryon group, which is given by the following
transformation on the order parameter,

(@ (00, 0)) = elBO iV OT (§ (0, 0)) l¥OT™ (5.32)

where 6 (0 < 0 < 2m) is the angle coordinate of the space and 0, Yy, and « are monotonically
increasing functions. Since ® must be single valued, one obtains a relation at 0 = 27:

eiya(zn)Tu _ e_iQB(Zr[)e—ia(Zﬂ)TEM. (533)

This is an equation for the possible symmetry transformations giving a closed loop, or, equivalently,
a possible vortex configuration. Notice that the existence and stability of vortices related to various
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solutions of the above equation can in principle only be inferred by a direct study of equations of
motion. It is possible to determine all the solutions of Eq. (5.33), e.g. using an explicit parametriza-
tion of the elements of SU (3). In what follows we will analyze three types of solutions that cannot
be related by SU (2) color—flavor transformations: 1) “Balachandran—Digal-Matsuura (BDM)” case
[35],2) “CP!” case, and 3) “Pure color” case.

1) “BDM” case
The first possibility is a closed loop generated by 78 in SU (3) and the electromagnetic M alone:

SV OTS _ —ifg(©) ,—i (@ T™M (5.34)

By putting 6 = 27, we obtain the relation

8
Y \(/267” “(in) - —2?”, O (27) = 2?” (5.35)

The equation above determines the phases y® and « only up to a linear combination. This is a conse-

quence of the fact that the two generators 7% and 7FM are proportional and indistinguishable from
each other on diagonal configurations. The configuration above is invariant under SU (2) color—flavor
transformations (singlet). Balachandran, Digal, and Matsuura considered this case only [35].

2) “CP!” case
The second possibility is a closed loop generated by winding in the SU (3) group around the 73

direction too, in addition to 7'® and TEM:

AP O+ OTY _ ,—ifp(0) ,~i (@) T™ (5.36)

By putting & = 27, we obtain the relation

8
V%”) “(iﬂ) . % y Qn) = £V2m, 6Q2m) = % (5.37)

The configuration is not preserved by color—flavor transformations, and we can generate a orien-

tational moduli space using SU (2) color—flavor transformations. In fact, we have the most general
configuration of this type in the form:

v3emTd = yPemTt, |y =27, b=1,2,3, (5.38)

where — denotes a replacement; the 7¢ above are the generators of SU (3) that commute with 7% and
form an SU (2) subgroup. Since the continuous family generated by the SU (2) group is characterized
by a CP! submanifold inside the whole CP? space, we call them “CP!” vortices.

3) “Pure color” case

In terms of the vector |y¢| introduced above, the two previous cases correspond to |y“| = 0 and
|y¢| = +/27. These are the only two cases for which a nontrivial electromagnetic phase is allowed.
In all the other cases, we must have:

VI OTY — o =i0B(0) (5.39)
By putting & = 27, we obtain the relation
2
Op(2m) = 3 ar) =0. (5.40)

We call this the “pure color” case because it does not involve electromagnetic transformations,
and is thus equivalent to the case of pure color vortices studied in the previous subsections with-
out electromagnetic coupling. Notice that this case spans a whole C P2, while SU(2) color—flavor
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transformations generate only CP! orbits (apart from the case where only y® is non-zero, which is
invariant).

We stress again that the cases listed above are just a consequence of boundary conditions when we
search for closed loops at spatial infinity. Moreover, all the cases are topologically equivalent in the
absence of electromagnetic coupling.

5.3.2. BDMvortex. The “BDM case” corresponds to the vortex studied by Balachandran, Digal,
and Matsuura in Ref. [35]. Since we only need 7® to generate the correct winding for this vortex,
the idea is to restrict the action (2.7) to include only the gauge fields A® and AFM, by keeping all the
other gauge fields to zero. Formally the action reduces to that of a U (1) x U (1) gauge theory, which
we can then express in terms of the massless and massive combinations in Egs. (2.48) and (2.49):

SUB)cxU)pgm = U(l)g x U()pm = U(1)o x U(1)m, (5.41)

where the arrow means that we truncate the model to its Abelian subalgebra. The Lagrangian reads

L=Tr [—%%FS-FO"J} —Tr [%%F#FMU + K1D; oD — pr(dT D) + mzqﬂcb]
— BI(Tr{® T D])* — L, (5.42)
4381 + B2)
with
D; = 0; — igmAMTM, (5.43)

and gv and TM in Eqs. (2.46) and (2.47), respectively. This form of the Lagrangian is applicable
only for diagonal configurations for the order parameter ®. In the action above, the massless field
decouples completely, as expected, while the massive field A%VI couples to @ in the standard way. The
BDM vortex is constructed analogously to Sect. 3.3 with the only difference from the uncoupled case
being the new coupling constant gy instead of gg:

lfr)y 0 0
D(r, Dppm = Acrr 0 g(r) 0 R
0 0 g@)

1 eijxj

AMTM —
' &M r?

[1—hr)]T™, AY=0. (5.44)
As shown in Fig. 5, the tension of the vortex decreases monotonically with the gauge coupling. Since

we have gy > gs, the BDM vortex has a smaller tension as compared to the corresponding vortex
in the uncoupled case.

5.3.3. CP!'vortex. The CP' case was considered for the first time in Ref. [356]. We have identi-
fied a vortex configuration that is a solution of the equations of motion that correspond to these new
boundary conditions. To see this, we notice that, similarly to the previous case, we can consistently
restrict the action to include only the gauge fields corresponding to generators commuting with 7'3.
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This corresponds to formally reduce to the case

SUB)c x U(DEm — SU@2)c x U(1)s x U(D)Em
~ SUQ2)c x U(1)o x U(1)wm. (5.45)

similarly to what we have done for the BDM case. The truncated Lagrangian now is as follows:

13 . 13 ol . .
L£="Tr |:———F3-F0”i| —Tr [——F-MFM” — < F}F" + K\D;®"D' @ — (07 ®)* + m2<1>”c1>]

4271 421 4
— Bi(Tr{®TD])* — L, (5.46)
4381 + B2)
where
D; =9 —iguAMTM —igAPTY, b=1,2,3; [T°, T} =0. (5.47)

Here, the index b is relative to the SU (2)c factor. As before, the massless combination decouples
completely, and we can set it to zero. Among CP! vortices, diagonal configurations are (CP}r and
CP! vortices given in the second and third configurations in Egs. (3.27)—(3.30). One of the simplest
vortex configurations of the type considered here has the following diagonal form:

g1(r) 0 0
(r.0)cpr =Acn | 0 lrry o0 |,
0 0 g2(r)
AT = —s————[1=h("NIT",
2gm T
1 1eix/
AT = —— Y 11— T3, 5.48
1 ﬁgs 2 ( ( )

As explained in Eq. (5.38), we can generate a full CP! of solutions by applying SU (2)c rotations
to the configuration above. Once the ansatz (5.48) is inserted into the equations of motion, we obtain
the equations given in the Appendix of Ref. [356]. We have numerically solved these equations, and
determined the energy of the vortex configuration. The tension, as schematically shown in Fig. 16,
is higher for the CP! vortices than for the BDM vortex. This result can be intuitively understood
if we recall the observation of the previous section, where we noticed that the tension of a color
vortex decreases monotonically with the gauge coupling. The C P! vortex is built with both g and
gmM couplings; thus, the interactions depending on gy < gm contribute to increase the tension with
respect to a vortex built exclusively from gy.

Since the CP! vortex is a solution of the equations of motion, it is a critical configuration for the
energy density functional. It must be a local minimum, and thus a metastable configuration.

5.3.4.  Pure color vortex. Let us now come to the third case, the “pure color” case. This situation
is realized when the boundary conditions are the same as the case without electromagnetic coupling.
This means that, at infinity, only the non-Abelian gauge fields give nontrivial winding, and thus non-
vanishing fluxes, while the electromagnetic gauge field is zero everywhere. However, this situation
is generically not compatible with the coupled equations of motion. An easy way to see this is the
fact that boundary conditions in the pure color case imply a non-zero flux for the massless field A?.
Since A? is massless and unbroken, there is no topology, compatible with the equations of motion,
stabilizing and confining the flux. We thus expect that no solutions exist in general for the pure case.
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Fig. 16. The three different special vortex solutions. The BDM vortex sits in the bottom-left corner of the toric
diagram and has the lowest tension. The other two diagonal vortices are located at the remaining corners and
are connected by color—flavor transformations. All of the upper right edge of the diagram represents the whole
family of vortex configurations related by this SU (2)c,  transformations, namely a C P! moduli space. These
vortices have a slightly larger tension compared to the BDM configuration. The dashed line in the middle of
the diagram corresponds to vortices not winding along the T3 direction in the color group. These vortices have
the largest tension and do not involve the electromagnetic gauge field.

However, a special configuration that we call the “pure color vortex™ is an exception to this statement.
This configuration is defined as that corresponding to the following boundary conditions:

VAT — =T, )8 — g, (5.49)

Notice that the conditions above are perfectly consistent. We can take any configuration of y“ phases
and set y® to zero using a gauge(-flavor) transformation. This means that we can consistently set:

AA=AM=0, = AM=4aY=0. (5.50)

In fact, A?M = (0 means that for the pure color vortex we can consistently restrict the action by simply
dropping all the terms involving A;EM. As a consequence, the pure color vortex is exactly the same
configuration as we get in the uncoupled case. Moreover, it satisfies the full equations of motion of the
coupled case, because of the consistent restriction. Notice that the dependence of the electromagnetic
gauge coupling also disappears completely from the restricted action. This means that the tension of
the pure color vortex is also the same as the tension of the uncoupled vortices, involving only gs. As
represented in Fig. 16, the tension of this vortex is larger than both the BDM and the CP' vortices.

Because of this very fact we are led to conclude that the pure vortex is in fact a stationary point
for the energy functional, but it corresponds to the global maximum. Both the BDM and the CP!
vortices are, on the other hand, local minima, with the BDM vortex being the absolute minimum.
The CP! vortices are, however, metastable, and if long-lived can play a crucial role in the physics of
the CFL superconducting phase together with the BDM vortex. The whole situation is schematically
summarized in Fig. 16. The numerical values of the tensions are compared as

Toure — Toom = 0.0176 MeV?,  Tpyre — Tep1 = 0.0044 Me V2, (5.51)
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for the same “realistic” choice of parameters made in Fig. 5, where in addition we have chosen
mg = 92 MeV and a value for the electromagnetic coupling constant of e? = 1/137. Notice that
the expressions shown above do not depend on the infrared regulator L. The diverging parts of the
tensions in Eq. (3.48) are equal and cancel out in the differences.

5.3.5. Magnetic fluxes. There are two main differences between color magnetic flux tubes with
and without electromagnetic coupling. The first one, as we have already examined, is the lifting of
the moduli space C P2 to leave the stable BDM vortex and the family of metastable degenerate C P!
vortices. The second is the fact that coupled vortices now carry a nontrivial electromagnetic flux.
This is given by the fact that coupled vortices are made of the massive field A%.VI, which is in turn a
linear combination of color and electromagnetic gauge fields.

The BDM vortex carries a quantized A%VI flux:

vy - 2
oM — 7§ AM i =T (5.52)
M

Because of the mixing in the ground state, this gives the following non-quantized fluxes for the color
and electromagnetic fields:

2 1 27 8% 2w 2 ¢?
o8 = /= 2 eEM = = 5.53
BDM 3 1 + 82 gs BDM 1 + 82 e 3 gsz ( )

The fluxes of the CP! vortices can be similarly determined; see Fig. 17:

1 1 1
M M 8 8 EM EM
CD(CPI = _ECDBDM = (D(CPI = —EQBDM, CDCPl = —ECIDBDM,
> > 1 27
3 . 3 _ 3 I NC)
CID(CP+1 _¢A -dl = _ﬁ_gs , cD(CPl = CD(CPL (5.54)

Moreover, the quantized circulations of the BDM and C P! vortices are the same as that of the usual
uncoupled vortices, and are equal to cp ~ 1/3 in Eq. (3.406).

Notice that the expressions determined above imply that a color-neutral bound state of vortices
necessarily also carries no electromagnetic flux, and vice versa. In particular, in the uncoupled case
we need at least a bound state of three vortices, (7, g, b) to obtain a colorless state, which is nothing
but the U (1)p vortex. In the coupled case, this “minimal” colorless bound state is obtained with the
combination (BDM, CP}, CP!). The bound state carries an integer circulation cg ~ 1 in Eq. (3.5).

5.3.6.  Quantum mechanical decay of the CP' vortices. ~As we have seen, the CP! vortices are
classically metastable because of the potential barrier provided by the presence of the pure color
vortex. However, here we show that the C P! vortices are quantum mechanically unstable, and they
can decay to the BDM vortex by quantum tunneling. We estimate this decay probability.

As discussed in the previous subsections, we do not expect static solutions of the equations of
motion apart from the BDM, the CP!, and the pure color vortices. However, we can try to define
an effective potential interpolating between the three types of solutions. At generic orientations,
the boundary conditions are the same as those for the uncoupled vortices. In fact, the uncoupled
vortex evaluated on the coupled action Eq. (2.7) gives exactly the same tension as that of uncoupled
vortices. This value for the tension is an upper bound for vortex configurations that have a fixed
boundary condition corresponding to a generic point in CP2. The tension of the configuration that
really minimizes the energy, for that fixed boundary condition, defines an “effective” potential on
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7 g b
b

BDM CP. CP!

Fig. 17. The three different types of vortices we consider. The BDM vortex is labeled as the anti-red 7 vortex,
as explained in the text, and carries twice the electromagnetic flux of the other solutions, the anti-blue b and
anti-green g vortices.

the CP? moduli space induced by the electromagnetic interactions. Moreover, since the tension of
vortices is mainly modified by the contribution of the mixed A%VI, which couples with a larger gauge
coupling, we expect the qualitative behavior of the effective potential to be of the form represented
in Fig. 16.

This qualitative picture is enough to address some important features of coupled color-magnetic
flux tubes. The fact that the potential has more than one local minimum allows for the existence
of kinks interpolating between the two vortices corresponding to the various (meta)stable config-
urations; these kinks are interpreted as confined monopoles. Moreover, the presence of kinks, and
the higher tension of CP! vortices with respect to the BDM vortex, implies a decay rate of the for-
mer vortices into the latter through quantum tunneling. This tunneling proceeds by enucleation of
kink/anti-kink pairs along the vortex [277,321,358] and it is similar to the quantum decay of a false
vacuum in 1+1 dimensions [358]. An analogous situation arises for pure color vortices [116,150],
where the potential is generated by quantum non-perturbative effects of the CP? nonlinear sigma
model.

The decay rate can be roughly estimated in our case by following the arguments of Refs. [277,358].
The enucleation of a couple of kinks costs an energy of order Myi,x. Moreover, they are created at
a critical distance L such that the energy cost for the pair production is balanced by the energy
gain due to the presence of an intermediate vortex with smaller tension: L.t A7 ~ Myink. The decay
probability rate per unit length is thus:

P ~ e Min/AT (5.55)

We now apply the formula above to our specific case. The mass of the kinks can be estimated as
being of the order of the square root of the height of the potential times the “size” 8 of the moduli

Myink ~ B/ Tpure — T pi- (5.56)

The quantity § has been evaluated analytically and numerically in Refs. [116,150]:

space:

B~ K}/B1~ 1?12, (5.57)

and it turns out to be large for our “realistic” regime, 8 ~ 2500. The tension difference is given
by AT = Tpure — Topm. We have already reported numerical estimates of the quantities above in
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Fig. 18. The numerical value of the ratio R of Eq. (5.56). In the left panel, we plot it as a function of the mass
m, fixing the value of the electromagnetic gauge coupling to its realistic value e* = 1/137. In the right panel,
we plot the same quantity as a function of e, fixing the value of the mass m, to a typical value: mg = 92 MeV.
Notice that the value of the ratio R is always of order 1 for the wide range of physical parameter values chosen.

Eq. (5.51), for a special value of the couplings. The decay probability is then:

%ure - %Pl

%ure — ZBDM

P~e PR R

(5.58)

Substituting the numerical values of Eq. (5.51), we obtain R ~ 0.25. We have also studied the
dependence of this decay probability in terms of a more general set of values of the gauge couplings.
The numerical results are shown in Fig. 18. In the left panel we have plotted the quantity R as a
function of the mass mg, which depends on the gauge coupling g5, where we have set e? =1/137.
In the right panel, we show the same quantity as a function of the electromagnetic coupling e, where
we have set mgy = 92 MeV. We see that R has a very mild dependence on the value of both m ¢ and
e. As shown in Fig. 18, R is always a quantity of order 1. We have limited ourselves to considering
large values of the gauge bosons (mg 2 10MeV) and small values of the electromagnetic gauge
coupling (e < 1), as expected in realistic settings in the CFL phase. We thus see that, for the range
of values of the couplings considered, the ratio R is never small enough to compensate the large
“moduli space” factor . We thus estimate the probability of decay of C P! vortices in BDM vortices
to be exponentially small in realistic settings.

Notice that the estimate made above is fully justified only in the case in which the size of the kink
is negligible as compared to the critical length L., while in our case the two sizes are comparable.
This estimate is very rough, and has to be corrected including possible Coulomb interactions between
the kink/anti-kink pair. However, it should correctly capture the order of magnitude of the decay
probability. It is an open problem to give a more precise estimate of the decay probability of CP!
vortices in the CFL with electromagnetic coupling and vanishing quark masses. However, as we shall
see in the next section, the effects of a non-vanishing strange quark mass overshadow the effects of
the potential induced by electromagnetic interactions in more realistic settings.

5.3.7.  Comparison with other potential terms. In this subsection, we compare the potential gen-
erated semiclassically by the electromagnetic interactions with the other potentials, i.e., the quantum
mechanically induced potential and the potential induced by the strange quark mass.

First, the quantum potentials in Egs. (5.76) and (5.64) are exponentially small and negligible as
compared to the semiclassical potential induced by electromagnetic interactions.

Second, the potential induced by electromagnetic interactions is comparable with the effects of the
strange quark mass discussed in Sect. 5.2 only when the strange quark mass is very negligible as
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compared to the chemical potential (¢ < m?). These densities are not realistic in, e.g., neutron star
cores. We then conclude that (CPi is the most relevant in realistic densities, for instance in the inner
core of neutron stars. This is interesting because Balachandran, Digal, and Matsuura concluded that
the BDM vortex is the most stable [35].

5.4.  Quantum monopoles and the quark—hadron duality

Understanding the confinement of quarks and gluons is one of the most important questions in
QCD. One plausible scenario is the dual superconducting picture of the QCD vacuum [227,245,387]:
Assuming the condensation of putative magnetic monopoles, the color electric flux is squeezed and
the quarks would be confined. Although this dual picture can explain a number of properties in the
QCD vacuum (see, e.g., [208,340]) and is shown to be realized in N = 2 supersymmetric QCD
[310,311], the condensation or even the existence of magnetic monopoles have not been justified in
real QCD without dramatic assumptions [154]. If the magnetic monopoles indeed exist in real QCD,
it is natural to expect that they would also appear in QCD at finite temperature 7 and finite quark
chemical potential w. In the quark—gluon plasma phase at high 7', a number of instances for evidence
of the existence of monopoles were suggested in the model calculation in conjunction with the lattice
QCD simulations (for reviews, see Refs. [73,324]).

In this subsection, we ask whether the monopole exists or not in QCD at large w. It is indeed an
ideal situation to investigate this question because of the following two reasons: Firstly, the physics
is under theoretical control in this regime because the QCD coupling constant g, is weak according
to the asymptotic freedom. Secondly, the ground state is the most symmetric three-flavor CFL phase
in the color superconductivity. By making use of these two advantages, we will show that mesonic
bound states of confined monopoles appear inside the non-Abelian vortices in the CFL phase.

We start with solving C PN¢~! model in 1 4 1 dimensions, taking the quantum effects into account.
The case with Nc = 3 corresponds to the low energy effective theory on the non-Abelian vortex.
Unfortunately, the solution to the C P2 nonlinear sigma model is not known so far. Thus, we solve
the model to leading order of 1/ N¢ expansion following [81,370]. Owing to the qualitative similarity
of the solutions to the CP! and CPNc—! models, the solution to the CP?% model should be well
approximated by taking Nc = 3 at the end.

Let us first rescale the variables as

t V%, 73z, ¢ — VCOC3. (5.59)

Then the low energy effective Lagrangian given in Egs. (5.8)—(5.12) can be rewritten in the following

S = /dzx [|(aa — AP — o <|¢|2 — %\/COG)] . (5.60)

Here we have performed the Hubbard—Stratonovich transformation by introducing the auxiliary
gauge field A, and also the Lagrange multiplier o. After the rescaling, the partition function has

form:

the standard normalization as

7= / [dqsdwdadAa] ¢S, (5.61)

Integrating out ¢ and ¢, one obtains

N,
7= / [do Agl exp {—NCTr log [— (00 +iAg)? — a] n lTC\/C0C3 / d%x a} . (5.62)
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Following [370], we solve this in a stationary phase approximation. From the “Lorentz” symmetry,
the saddle point should be a point with A, = 0 and 0 = constant. Then, we vary the partition function
in terms of ¢ leading to the following gap equation:

Vcoc3 A=AcrL g%k 1
; +[ .
3 QQn)2k? —o +ie
Note here that we have introduced the cutoff scale A = Acpr, which is not a dynamical cutoff of the

C P? model but is a physical cutoff Acg below which the description in the low energy effective
theory does make sense. After integration, we get

=0. (5.63)

2

M*=0 = A%FLe_M@ ~ A%FLe_y<ﬁ> > 0, (5.64)
where y is a certain positive constant and we have used C° ~ C3 ~ (u/Acrr)? under the assumption
A3 ~ &3 ~ 1. Looking back to the original action Eq. (5.60), one sees that a positive expectation value
of o is a mass of ¢ and ¢ .

Let us next consider fluctuations of o and A, around the saddle point. It was shown [370] that
higher order terms in o and A, are suppressed in the large-Nc limit; only the quadratic terms are
relevant. It turns out that the relevant Feynman diagrams are the propagator of A, at the one-loop
level [370]. Thus the effective world-sheet theory including the quantum effects to leading order of
1/Nc is

N,
quant __ . 2 20412 C 2
L™ = 100 — AP = MG — S Fop. (5.65)
By rescaling A, so that the kinetic terms of A, are canonically normalized,
12 M2
Ay — Ay, (5.606)
Nc
the final form of the quantum effective theory reads
, 1 127
Lo =10 —ieAd* = MPI0P — 2 gy, o= /—NC M. (5.67)

In summary, taking the quantum effects into account, the auxiliary gauge fields become dynamical
and ¢ acquires the U (1) charge e and a non-zero mass, which is consistent with the Coleman—
Mermin—Wagner theorem in 1 + 1 dimensions [78,239].

We are now ready to understand the above quantum phenomenain 1 + 1 dimensions from the 3 + 1
dimensional viewpoint. A clue is that the particles ¢ and ¢' in 1 + 1 dimensions can be interpreted
as topological solitons, namely a kink and an anti-kink, as was found by Witten [370]. This might
be best seen in a supersymmetric C P¥c—! model, which has N¢ degenerate quantum vacua with
Z . symmetry. The kinks interpolate two adjacent vacua among the Nc vacua. Remember that, for
us, the CPNc—! fields ¢ and ¢ are the internal orientational moduli of the non-Abelian vortex in
the CFL phase. Therefore, the kink on the vortex is a particle soliton in 3 4 1 dimensions and is a
junction of two different non-Abelian vortices. Thereby, it is nothing but a magnetic monopole in the
Higgs phase; see Fig. 19. The mass of the monopole can be read from Eq. (5.65) as

,z(#)
Mmonopole =M ~ AcpLe *\“cRL/ . (5.68)

This is much smaller than the mass ~ Acpr log(L /&) of the non-Abelian vortex of the unit length.
Dealing with the monopole as the soliton in the low energy world-sheet theory is justified by this
hierarchy in the mass scales.
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vortex string monopole vortex string

Fig. 19. A monopole as a kink of the orientational moduli ¢ in supersymmetric models.

vortex | vortex 2 vortex |

= : <»———=

monopole anti-monopole

Fig. 20. A confined monopole and anti-monopole in non-supersymmetric models.

Though the kinks on the vortex string are deconfined in the supersymmetric CPN¢~! model [149,
160], they are confined in the non-supersymmetric case. This is because the particles ¢ and ¢ have
charges %e for the dynamical U (1) gauge field as in Eq. (5.67). In one space dimension the Coulomb
potential is linear, so that, even if the charges are small, they are confined. This is the reason why
Witten referred to ¢ and ¢ as “quarks” (for us they are magnetic monopoles). The linear potential
between a monopole at z = z; and an anti-monopole at z = z» is given by

Veont = €2|Zl — 22 (5.69)

We illustrate the situation where the monopole and the anti-monopole are confined on the non-
Abelian vortex in Fig. 20. The monopole and the anti-monopole are accompanied by semi-infinite
long strings (vortex 1 in Fig. 20). The tension of vortex 1 is given by
Nc Nc ()
Tt = Telassical — ?Mz ~ Telassical — ?A%FLe V(ACFL) . (5.70)
From Eq. (5.69) we see that the vortex string (vortex 2 in Fig. 20) has a tension 7> bigger than that
of vortex 1 by
1277 1277 ()
T2 — Tl = 62 = —M2 ~ _A%FLe J/(ACFL)
Nc Nc
There is another perspective for understanding this phenomenon [149]. The vacuum structure of

(5.71)

the non-supersymmetric C PV¢~! model can be realized by looking at the © dependence of the theory
[149,322,373] by adding the ¥ term

s
Ly = Ee“ﬂaﬁAa, (5.72)

where A, is that before rescaling (5.66). Recalling that the vacuum energy E (%) is of order Nc in
the large Nc limit, E(¢) is expressed as [149,373]

E(®) = NeM?f (N%) . (5.73)

Here f(¢) is an even function of ¢ due to the CP symmetry under which ¢ transforms as % — —9.
Furthermore, E (1) is a periodic function as

E@ +2r) = E(V). (5.74)

One might suspect that these two conditions are incompatible at first sight. However, there is a way
out: both of them can be satisfied when E (%) is a multibranched function as

E(z?):NCMZmin{f (w)}, k=172---,Nc. (5.75)
k Nc¢
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Expanding f () = fo + 292 + - - - and considering that higher order terms in 9 are suppressed at
large Nc, the vacuum energy at ¢ = 0 is given by

N, 12
Ep(0) = —TCMZ—l—N—jCTMZ(k— )2, k=1,2,---, Nc, (5.76)

where we have set fp = —1/3 and f, = 127 in such a way that Egs. (5.70) and (5.71) are reproduced.
Therefore, there exist Nc local minima among which only one (k = 1) is a genuine ground state while
the others are quasi vacua. Each local minimum corresponds to a quantum vortex state. Namely, the
genuine ground state (k = 1) is the stable vortex with 71 = T¢jagsical + £1(0), and the quasi vacua
with k > 2 are the metastable string with the tension Ty = T¢jassical + Ex(0).

It is now natural to interpret ¢ and ¢ as a kink and an anti-kink interpolating the adjacent local
minima on a vortex, respectively [ 149]; taking into account the codimension, this bound state neutral
to the U (1) charge can be identified as the bound state of a monopole and an anti-monopole in terms
of the original 3+1 dimensions, as illustrated in Fig. 21: a monopole and an anti-monopole with the
mass M are confined into the mesonic bound state by the linear potential. A similar understanding
has been demonstrated in Ref. [234] based on a comparison with SUSY QCD.

Let us discuss the representations of the bound state of the monopole and anti-monopole. The
physical degrees of freedom of ¢ are 2(N¢c — 1) after fixing U (1) gauge symmetry. For example, the
inhomogeneous coordinates are

¢ (! ¢ ! b1 (5.77)
= ) == 1 ’ :
Vi \D VIt +o? |,

for Nc = 2 and N¢ = 3, respectively. For Nc = 2, ¢ (¢") represents one (anti-)kink, as can be seen
in Fig. 21(a). Each of them corresponds to one (anti-)monopole. For the case of the CFL phase with
Nc = 3, one (anti-)monopole is a composite state of Nc — 1 = 2 (anti-)kinks, each of which has
one complex moduli (position and phase), as seen in Fig. 21(b). Since the fields ¢ and ¢ transform
as (anti-)fundamental representations under SU (N¢), respectively, these (anti-)monopoles belong to
Nc (N¢) fundamental representations of SU (Nc¢). The (anti-)monopoles are not free particles but
appear as a mesonic bound state that belongs to the Nc @ N6 =1 @ N% — 1 representation. Note
that it was shown in Refs. [384,385] that the singlet in this decomposition does not appear in the
spectrum in the C P! model (Nc = 2). This was interpreted in Ref. [234] as indicating that the singlet

) () " M)
(O \ % ), \
¢ ¢ ¢ ¢
Ng =2 Nc =3

Fig. 21. A schematic illustration of the non-perturbative potential and kinks interpolating between the ground
state and the metastable states, in the cases of (a) Nc = 2 and (b) N¢ = 3. Kinks (¢ and ¢ ") can be identified
with monopoles (M and M) from the bulk 3 + 1 dimensional point of view. The total configuration is a bound
state of a monopole and an anti-monopole.
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Table 2. Comparisons of the physics between the hadron phase and the CFL phase in massless three-flavor
QCD: symmetry breaking patterns [the U (1) o and discrete symmetries are suppressed here] and the elementary
excitations. There is still one missing piece in the table: the properties of monopoles in the hadron phase, for
which we speculate that the condensation of monopoles corresponds to the condensation of quarks in the CFL
phase. See text for further explanations.

Phases Hadron phase Color—flavor-locked phase
Confinement Higgs

Quarks Confined Condensed

Monopoles Condensed? Confined

Coupling constant Strong Weak

Order parameters Chiral condensate (gq) Diquark condensate (gq)

Symmetry SUB)L x SUB)R x U(1)p SUB)e x SUB)L x SUB)r x U()p
— SUQB)Lir — SUB)ciL4r

Fermions 8 baryons 8 + 1 quarks

Vectors 8 + 1 vector mesons 8 gluons

NG modes 8 pions (gq) 8 + 1 pions (gqqq)
H boson H boson

corresponds to a set of a monopole and an anti-monopole with opposite charges, which is unstable
to decay. Although there is no such calculation for Nc > 3, we expect that the same holds.

Next, we would like to discuss the implications of the color-octet of the magnetic-mesonic bound
states. Because they live in the CFL phase, they are also flavor-octet under SU (3)c4r+r. Clearly,
these bound states resemble the flavor-octet mesons formed by quark—antiquark pairs in the hadron
phase. Thus we are naturally led to speculation on the idea of the “quark—monopole duality”: the roles
played by quarks and monopoles are interchanged between the hadron phase (at low density) and the
CFL phase (at high density). If this is indeed the case, our results in the CFL phase would imply
the condensation of monopoles in the hadron phase; namely, it embodies the dual superconducting
scenario for the quark confinement in the hadron phase [227,245,387].

The possible quark—-monopole duality may have some relevance to “hadron—quark continuity,”
which is the one-to-one correspondence without any phase transitions between the hadron phase
and the CFL phase conjectured by Schifer and Wilczek [305]. The hadron—quark continuity may be
realized in the QCD phase structure in the three-flavor limit, as explicitly shown in Refs. [165,376].
In Table 2 we summarize the correspondence in the quark—monopole duality and the hadron—quark
continuity. A number of pieces of nontrivial evidence that support the hadron—quark continuity have
been identified: the same symmetry breaking patterns; the fact that the confinement phase is indistin-
guishable from the Higgs phase [37,129]; the one-to-one correspondence of elementary excitations
such as baryons, vector mesons [164], and pions [376]; and the equivalence of the form of the parti-
tion functions in a finite volume called the e-regime [375], between the hadron phase and the CFL
phase.

So far, we have considered mesonic bound sates. What is the counterpart of baryonic states in
the CFL phase? It has been found in Ref. [36] by lattice QCD simulations that three quarks are
connected by a Y-shaped junction of color electric flux tubes. It is a natural expectation that a junction
of three non-Abelian vortices with total color fluxes canceled out at the junction point forms; see
Fig. 22. We note that they carry the correct baryon number; each non-Abelian vortex carries the
U (1)p winding number 1/3, and all of them join together to constitute one U (1)g vortex with a
U (1)p winding number one. However, we have not specified the electromagnetic charges of fluxes
at this stage because we have ignored the electromagnetic coupling of vortices in this section.
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Fig. 22. Baryonic bound state of three monopoles (dark discs M indicate the monopoles). They are connected
by a junction of color magnetic flux tubes. The total color is canceled out and a U (1)g vortex represented by
® forms at the junction point.

Finally, some comments are in order. The first is on the relation between classical treatments of the
orientational zero modes in other sections and the quantum treatment explained in this subsection.
First of all, in order for the C P? nonlinear sigma model to work as a low energy effective field theory,
the energy scale of the orientational modes must be sufficiently smaller than the cutoff scale Acpr.
Furthermore, since the 1 4+ 1 dimensional C PV nonlinear sigma model is asymptotic-free, the low
energy physics of the low energy effective theory is highly quantum mechanical. The typical quantum
mass scale is of the quantum monopole mass M given in Eq. (5.68). Therefore, the orientational
modes can be dealt with classically within an energy scale smaller than Acpr and larger than M,
which is very small at the high density limit.

Next, let us make a comment on the effect of the strange quark mass mg with electric charge neu-
trality and B-equilibrium conditions, as is expected in the physical dense matter like inside neutron
stars. This situation was considered previously without the quantum effects in Sect. 5.2. Firstly, note
that without the quantum effects there are no monopoles in the CFL phase [115]. This is because
the effective potential without the quantum effect does not have any local minima but has only one
global minima, as was obtained in Eq. (5.20), so that no metastable kinks can form. Even if we
take into account the quantum effects, they are negligibly small: the scale of the effective potential
~ mg /&s 1s much larger than that induced by the quantum effects ~ A%FLe_V“Z/ A for realistic
values of the parameters, mg ~ 100 MeV, u ~ 500 MeV, and Acpr, ~ 50 MeV. Hence, the confined
monopoles will be washed out by mg. We expect that the notion of quark—monopole duality works
well close to the three-flavor limit. It is also a dynamical question whether the hadron—quark continu-
ity survives when one turns on mg; there are other candidates for the ground state at intermediate p
other than the CFL phase under the stress of mj, such as the meson condensed phase, the crystalline
Fulde—Ferrell-Larkin—Ovchinikov phase [140,214], the gluon condensed phase, etc [13].

5.5. Yang—Mills instantons trapped inside a non-Abelian vortex
In this subsection, we discuss Yang—Mills instantons [48], classified by the third homotopy group of
the gauge symmetry

3[SUQB)c] ~ Z. (5.78)
The instanton number is k = (Snz/gsz) f FAF emn[SUQB)c].

At asymptotic large u, bulk instanton effects with the energy ~ 1/ gs2 > 1 are highly suppressed
due to the asymptotic freedom of QCD and the screening of Yang—Mills instantons [302,374]. As
classical solutions, Yang—Mills instantons are unstable against shrinkage in the CFL ground state,
which can be understood from Derrick’s scaling argument [88]. Instead, Yang—Mills instantons can
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exist stably inside a non-Abelian vortex [104,107,133]. They are lumps or sigma model instantons
[276] supported by the second homotopy group

1 (CP?) ~ 7 (5.79)

in the CP? model as the low-energy effective theory of a non-Abelian vortex.

Lump solutions exist inside a CP! submanifold of the whole CP2. Let z € C be the complex
coordinate made of Wick-rotated coordinates of the vortex world-sheet. By using the projective
coordinate w of CP!, the lump solution can be written as

k

w@) = ta (5.80)

Z_Za

a=1

with the size and phase moduli A, € C* and the position moduli z, € C of the ath instanton among
k instantons where k € 7, (CP?) ~ Z. The instanton energy in the vortex world-sheet is C%3 ~
(w/AcrL)? > 1/ 852 [see Eq. (5.18)], which is further suppressed more than the bulk instantons,
consistent with the result in the last subsection. The fact that the instanton energy C*3 ~ (u/AcFr)?
inside the vortex is larger than the one 1/ gs2 in the bulk implies that instantons are repulsive from
vortices.

In the case of SUSY QCD, quantum effects in the d = 1 + 1 dimensional vortex world-sheet can
be explained by instanton effects in the original d = 3 + 1 dimensional theory [160,318,319]. As
in SUSY QCD, the quantum effects inside the vortex may be explained by instantons trapped in it,
which remains a problem for the future.

6. Interactions of non-Abelian vortices with quasiparticles

In this section, we discuss the interaction of non-Abelian vortices with quasiparticles in the color-
superconducting medium. It is necessary to determine the interaction to discuss physical phenomena
such as scattering or radiation of quasiparticles by vortices. We can also investigate the interaction
between vortices using vortex—quasiparticle interaction, since the intervortex force is mediated by
quasiparticles.

In the first subsection, we discuss the interaction of vortices with phonons, which are the Nambu—
Goldstone mode associated with the breaking of the U (1)g symmetry, and gluons. In particular, the
interaction with gluons is dependent on the orientation of a vortex. This gives rise to an orientation-
dependent interaction energy between two vortices.

In the second subsection, we discuss the interaction of vortices with CFL mesons. The CFL mesons
are the Nambu—Goldstone bosons for the breaking of chiral symmetry.

In the third subsection, we investigate the interaction of vortices with photons and its phenomeno-
logical consequences. The orientational zero modes localized on vortices are charged with respect to
U (1)gm symmetry. The interaction Lagrangian is determined by the symmetry consideration. Based
on the interaction, we discuss the scattering of photons off a vortex. We also discuss the optical prop-
erty of a vortex lattice (see Sect. 4.4), which is expected to be formed if CFL matter exists inside the
core of a rotating dense star. We show that a lattice of vortices serves as a polarizer of photons.

6.1. Interaction with phonons and gluons

Here we discuss the interaction of vortices with gluons and phonons. For this purpose, we use
a method called dual transformation. Dual transformation relates theories that have different
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Lagrangians and variables but possess equivalent equations of motion. This method is useful in deal-
ing with topological defects, since topological defects in an original theory are described as particles
in its dual theory. After a dual transformation, we can deal with the interaction of topological defects
by the methods of the ordinary field theory. The action of the dual theory is derived by using the
method of path integration. For example, let us take phonons in three spatial dimensions, which are
described by a massless scalar field. In the dual action, phonons are described by a massless anti-
symmetric tensor field B, [130,193]. Antisymmetric tensor fields have been utilized in describing
vortices in superfluids or perfect fluids [163,216,297]. In a dual formulation, the field B, is intro-
duced via the method of path integration. On the other hand, the gluons, which are massive because
of the Higgs mechanism, are described by massive antisymmetric tensor fields in the dual theory
[314].

6.1.1. Dual action and vortex—quasiparticle interaction. Starting from the time-dependent
Ginzburg—Landau effective Lagrangian in the CFL phase (2.56), a dual Lagrangian can be derived
via the method of path integration. The derivation is given in Appendix (D). In the dual theory, glu-

ons and phonons are described by antisymmetric tensors, B}, and Bgv, respectively. The low-energy
action for phonons and gluons interacting with vortices is given by [170]
S = 80 + Sint, (6.1)
where the free part Sy is defined as
1 1 2
4 . 0 0, 2
SO — /d X [_ 1216 (HZUJHG nvo + Hlu)o'H MUO') — ng (BZV) } . (62)
o

In the above equation, Hjj,, = 9, B}, + 0, Bg, + 9, Bj;, and HBW =9,B0 + Bngu + 3a32v
are field strength tensors of gluons and phonons, and mg is the mass of the gluons. The
factor K o = €puvo KP comes from the lack of Lorentz invariance, where we have defined
K, = (Ko, K3, K3, K 3)T. The first (second) terms are kinetic term for gluons (phonons). The third
one is the mass term for gluon fields, which is induced via the Higgs mechanism. In the presence of
a vortex, the mass of gluons is dependent on the distance from the center of the vortex according to
the change of the values of diquark condensates.

The interaction part Sjy¢ is written as

m
Sint = — f d*x |:2anB/0wa)0’“” + g—gBvaa”““’i| : (6.3)
S
where wgv and wy,, are vorticity tensors, which depend on the vortex configuration, and m¥ is a

space-dependent function given by the vortex profile functions. Their specific forms are discussed
later. The vorticity tensors have finite values only around the core of a vortex. Thus, although gluons
and phonons propagate in the four-dimensional spacetime the interaction is localized around the
vortex.

Now we discuss the properties of the interaction (6.3). First, let us look at the interaction of vortices
with U (1) phonons. This part is essentially the same as a vortex in a superfluid. For a general vortex
configuration we can write the Abelian component of the vorticity tensor as

]
(a)O) (1) = —€pupo 8" 9"ty (1), (6.4)
po 2

where mpy (x) s the multivalued part of the phase of the order parameter fields. The multivalued part
is in general allowed, since it is a phase. Equation (6.4) appears to automatically vanish, but in fact it
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does not, since the two derivatives do not commute, which reflects the multivaluedness of myyv (x).
For a general vortex configuration, the vorticity tensor can be written as

(X", XV)

@y _ yr
3. 0) 5V (x — XH(1,0)), (6.5)

1
0y v _
w x)=— [ dtdo
(7)™ (x) Ne f
where Nc is the number of colors (N¢c = 3) and X*(t, o) is the the space-time position of the vortex
parametrized by world-sheet coordinates 7 and o. The interaction of vortices with U (1)g phonons
is rewritten as

27m”
Ph 0
St = — Ne /da“”Bw, (6.6)
where do™V = a(a)i/:’f)v)d tdo is an area element of the vortex world-sheet. The interaction (6.6) is

a natural generalization of the gauge interaction of a point particle,

S = f dx"A,,. (6.7)

The factor 1/Nc, which is equal to the U (1)g winding number of vortices with the lowest energy,
reflects the fact that the strength of the interaction is proportional to the winding number with respect
to U(1)p symmetry. We also note that U (1)g phonons Bgv do not couple to the orientational zero
modes. Phonons are blind to the orientation of a vortex.

Next, let us look at the interaction of vortices with gluons. The non-Abelian vorticity tensor o
is written as

a
v

16
a)ia = EMW{E)U{—N—C)/(r) (BMQ + 2NCJ/5.U0) ¢TTa¢

+ia(r)(1+ B(r) <¢TT“8M¢ — 3,0"T + 2¢TTG¢8M¢T¢>}

2 ary ()1 + B (90679 + ' T01,0) ( 0 o+ 2CKo5,
Nec iz iz v] 2Ko v]

~ L0+ 0P

x [¢*T“¢8[M¢Tav]¢ + 0 T + ¢ T 0001070 + a[M¢TT“¢av]¢T¢]}, (6.8)

where «(r), B(r), and y (r) are functions of the distance from the vortex core and are written in
terms of vortex solutions, and the parameter y is the coefficient of the term with one time derivative
in Eq. (2.56). The leading-order part in the deviation of the order parameter from the ground-state
value is given by

16
08 = 1" |:—N—Cy(r) {076+ 2Ncy 80 ¢TT“¢] . (6.9)

As can be seen in Eq. (6.8), gluons actually couple to the orientational zero modes on the vortex.
As a result, gluons are emitted through the interaction (6.8) when a wave of the CP? orientational
modes propagates along a vortex-line. By using the interaction derived above (6.8), we can estimate
the amount of radiated gluons from a propagating wave in C P2 orientational space.

6.1.2. Orientation dependence of the vortex—vortex interaction. As an application of the dual
Lagrangian obtained above, let us discuss the orientation dependence of the interaction energy of
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Fig. 23. The value of G (¢, ¢») as a function of |(¢),|> and |(¢)3|%. If the orientation ¢, is in the red zone
the interaction is repulsive, while in the blue zone the interaction is attractive.

two vortices placed in parallel. We assume that the orientation of each vortex is constant along the
vortex. The interaction energy due to the gluon exchange is proportional to

G(p1,d2) = ¢, T 1y T b2, (6.10)

where ¢ and ¢, denote the orientations of the first and second vortices, respectively. We have shown
in Fig. 23 the value of G(¢1, ¢7) as a function of ¢,. We have taken ¢1 as ¢ = (1, 0, 0)" without
loss of generality. Figure 23 indicates that, if the two orientations are close in the CP? space, the
interaction through gluon exchanges is repulsive, while if the orientations are far apart, the interaction
is attractive. This orientation-dependent interaction is expected to be important when the distance
between two vortices is small, e.g. when two vortices cross.

6.2. Interaction with mesons

The interactions with phonons and gluons are topological, in the sense that the interaction term does
not involve the metric. In contrast, the interaction with photons is not topological. Here, we discuss
the interaction with mesons studied in Sect. 2.2.2, which is also non-topological. In this case, one
cannot use a dual transformation to obtain the interaction Lagrangian.

First, let us remind ourselves of the effective action of mesons discussed in Sect. 2.2.2.
The gauge invariant ¥ = dDECI)R defined in Eq. (2.82) transforms under the flavor symmetry
U()a x SUB)L, x SUQB)R as

T — ei"‘g]iZgR, e U)a, gLeSURBL, greESUQBR. (6.11)
The chiral symmetry is broken to the vector symmetry SU(3)L+r with g = gr in the CFL
ground state ¥ = Acpplz. The mesons are ¥ = A%FLg]igR = A%Fng(x) = A%FLU (x) with
g = gr = g(x).

In a non-Abelian vortex background, ®; = —®r = diag(f(r)e'?, g(r), g(r)), the gauge invariant
¥ takes the form

¥, = diag(f2(r), g2(r), g°(r)) [~ diag(0, g3, g5) atr = 0], (6.12)
with a constant gg = g(r = 0). In the presence of the vortex, the gauge invariant ¥ becomes
> = VU =,VU. (6.13)
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Then, the chiral Lagrangian can be written as
L= fuTr@,279"s) =" fuTr2a . Tyar Dy — (of + og) 7] (6.14)
I w

with the decay constants fj, = (1/2)(f, fzvx) in Eq. (2.86), and the left and right Maurer—Cartan
forms

or = VU 9,vU, oL =vU3,VU . (6.15)
Far away from the vortex core, it reduces to
L=—Agp Y K,Tr(UT0,U) (6.16)
"

as expected. The Lagrangian in Eq. (6.14) describes the mesons in the vortex background.

6.3. Interaction with electromagnetic fields

Here we discuss the electromagnetic properties of non-Abelian vortices in the CFL phase, and their
phenomenological consequences. Although the bulk CFL matter is electromagnetically neutral, the
orientational zero modes are charged, as discussed later. Thus the vortices interact with photons. For
this purpose we consider the low-energy effective action of orientational zero modes interacting with
photons. Using the action, we discuss the scattering of photons by a vortex.

In the following analysis, we neglect the mixing of photons and gluons. The gauge field, A;L, which
remains massless in the CFL phase, is a mixture of the photon A, and a gluon part A3, A;L =
—sin¢ A, + cos {Ai. Here, the mixing angle ¢ is given by tan¢ = +/3gs/2e [12], where g5 and
e are the strong and electromagnetic coupling constants. At accessible densities (1 ~ 1 GeV), the
fraction of the photon is given by sin ¢ ~ 0.999, and so the massless field A;L consists mostly of the
ordinary photon and includes a small amount of the gluon. As a first approximation, we neglect the
mixing of the gluon to the massless field.

We denote the orientational zero modes by a complex three-component vector ¢ € CP2, which
satisfies ¢T¢p = 1. When we neglect the electromagnetic interaction, the low-energy effective theory
on the vortex that is placed along the z axis is described by the following C P2 nonlinear sigma model
[110]:

Lopr =Y Ca|0°60ut + @'0°9) (600 | (6.17)

a=0,3

where the orientational moduli ¢ are promoted to dynamical fields, and C, are numerical constants.
Under the color—flavor-locked transformation, the C P2 fields ¢ transform as

b — U, (6.18)
with U € SU3)c4F.

6.3.1. Coupling of orientation modes with electromagnetic fields. Now, let us consider the electro-
magnetic interactions. The electromagnetic U (1)gnm group is a subgroup of the flavor group SU (3)k.
The generator of U(1)gm is T3 = %gdiag(—Z, 1, 1) in our choice of basis. The effect of the elec-
tromagnetic interaction is incorporated by gauging the corresponding symmetry. The low-energy
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effective action on the vortex should be modified to the following gauged C P2 model:

Licrr= Y Cu|D"6'Dut + @' D)@' Dad)]. (6.19)

a=0,3

where the covariant derivative is defined by
Dy = (aa —iev/6Ay Tg) é. (6.20)

Thus the low-energy behavior is described by the CP? modes localized on the vortex and photons
propagating in three-dimensional space. Hence, the effective action is given by

1
5= / (8_20E2 B mBZ) d*x + / Eg(CP2dZdl, (6.21)

where gg and Ag are the dielectric constant and permeability of the CFL matter, respectively. We can
formally recover the Lorentz invariance in the kinetic terms of the photons by the following rescaling:

1
Ay = JeoAo, A= \/_)\._()Ai’ t' = t, (6.22)
where v = 1/+4/g0ro. By further rescaling the parameters as
;o ;o ’r_ C3
e =+/he, Cy=Copv, C3=—, (6.23)
v
we can write the Lagrangian in the following form:
1
vS = —Z/F,L.)F“”d“x +/£;(szdzdt, (6.24)
where
Liop =Y Cu[D"6' Do+ #'D“9) 0" Dy,
a=0,3
D¢ = (04 —ie'V6AT3) . (6.25
o

In the discussions below, primes are omitted for notational simplicity.

6.3.2.  Scattering of photons off a vortex. ~We can discuss the consequences of the charged degrees
of freedom on the vortex using the low-energy action (6.24). For example, let us consider the photon
scattering off a vortex. The equation of motion of the photon field derived from the effective action
is given by

O*Fppy = —Criev/6 8(x1)(S0n + 830)

. (6.26)
x {¢"TsDyp — (Dug) Top — 20 Dy Trg},

where 8(x1) = §(x)5(y) is the delta function in the transverse plane. We consider a situation where
a linearly polarized photon is normally incident on the vortex. We assume that the electric field of
the photon is parallel to the vortex. Then, the problem is z-independent and we can set 6 = 6(¢),
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Fig. 24. Schematic figure of two linearly polarized photons entering a vortex lattice. Photons propagate in the
direction of the big arrow. The small arrows indicate the electric field vector. The waves whose electric fields
are parallel to the vortices are attenuated inside the lattice, while those with perpendicular electric fields pass
through it.

A=Ay =Ay,=0,and A, = A,(t, x, y). The equation of motion is rewritten as
(0 — 07 — A (1, x, y)
= 120362 {97 (1929 + (¢ Ts)*} Actt, x, ) 830 (6.27)
= 12C3¢> f(9) A (1, x, y) §(x1),

where we have defined

(@) =o' (T8)%¢ + (¢ Tsp)>. (6.28)

Equation (6.27) is the same as the one discussed by Witten in the context of superconducting strings
[371], except for the orientation-dependent factor, f(¢). The cross section per unit length of a vortex,
do/dz, is calculated as

do _ (12652 f (@) n?
dz 8w

where X is the wavelength of the incident photon, 1 is a numerical factor of order unity, and « is

A = 2887 (C3anf (¢))* A, (6.29)

the fine structure constant. On the other hand, if the electric field of the wave is perpendicular to the
vortex, the photon is not scattered, since current can flow only along the vortex.

6.3.3.  Vortex lattice as cosmic polarizer. The electromagnetic property of vortices can be phe-
nomenologically important as it may lead to some observable effects. As an illustration of such an
effect, we show that a lattice of vortices works as a polarizer of photons. The rotating CFL matter is
expected to be threaded with quantum vortices along the axis of rotation, resulting in the formation
of a vortex lattice, as discussed in Sect. 4.4 [242,309,315]. This is basically the same phenomenon as
when one rotates atomic superfluids. Suppose that a linearly polarized photon is incident on a vortex
lattice, as shown in Fig. 24. If the electric field of the photon is parallel to the vortices, it induces
currents along the vortices, which results in the attenuation of the photon. On the other hand, waves
with electric fields perpendicular to the vortices are not affected. This is exactly what a polarizer
does. A lattice passes electromagnetic waves of a specific polarization and blocks waves of other
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polarizations. This phenomenon, resulting from the electromagnetic interaction of vortices, may be
useful for finding observational evidence of the existence of CFL matter.

We consider a situation where electromagnetic waves of some intensity normally enter the vortex
lattice. We first assume that the electric fields of the waves are parallel to the vortices. The fraction
of the loss of intensity when the wave passes through the lattice for distance dx is

do dx
<d—z>nvdx =& (6.30)

where n, is the number of vortices per unit area. We defined the length L by

_ do\\ _ », [do
L=1/ (nv<d—z>) =¢ /<dz>, (6.31)

with the intervortex spacing €. As the cross section depends on the internal state (value of ¢) of the
vortex, we have introduced the averaged scattering cross section (do/dz) over the ensemble of the
vortices. Let us denote the intensity of waves at a distance x from the surface of the lattice as 7 (x).
I (x) satisfies

1 d d
I +dx) 1Y (6.32)
1(x) L
Therefore, the x dependence of I (x) is characterized by the following equation:
I 1
@ __1 (6.33)
I(x) L

*/L where Iy is the initial intensity. Hence, the

This equation is immediately solved as I (x) = lpe™
waves are attenuated with the characteristic length L.
Let us make a rough estimate of the attenuation length. The total number of vortices can be

estimated, as in Ref. [183], as

2
Ny ~ 1.9 x 1019 ( 1mS w3 Ry (6.34)
Pt ) \300Mev ) \ T0Kkm

where Py is the rotation period, u is the baryon chemical potential, and R is the radius of the CFL
matter inside dense stars. We have normalized these quantities by typical values. The intervortex
spacing is then written as

172 1/2 1/2
R? P 300 MeV
e=(Z ~ 4.0 x 10 6m | 2 ° . (6.35)
Ny 1 ms n/3
Therefore, the characteristic decay length of the electromagnetic waves is estimated as
e 1.2 x 107" m?
L= 5 ~ . (6.36)
2887 (C3am)™ {f(#)?)r A

Here we have determined the value of f(¢) by considering the effect of a finite strange quark mass
mg. The finite strange quark mass breaks the flavor SU (3) symmetry and gives rise to a potential
in the CP? space, as discussed in Ref. [115]. When m is larger than the typical kinetic energy of
the CP? modes, which is given by the temperature T < T, ~ 10! MeV, and is small enough that
the description by the Ginzburg—Landau theory based on chiral symmetry is valid, the orientation of
vortices falls into ¢OT = (0, 1, 0). This assumption is valid for the realistic value of mg ~ 102 MeV.
The orientation dependence of the cross section is encapsulated in the function f(¢) defined in
Eq. (6.28). Since f(¢o) = 1/3 # 0, photons interact with a vortex with this orientation. Therefore,
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we have taken (f(¢)?) = f(¢o)> = 1/9. We have also taken n = 1, u = 900 MeV, and Acfr, =
100 MeV, from which the values of C3 are determined [115].

If we adopt R ~ 1 km for the radius of the CFL core, the condition that the intensity is significantly
decreased within the core is written as L < 1 km. The condition can also be stated in terms of the
wavelength of the photon as

A>12x107%m= 2. (6.37)

Hence, a lattice of vortices serves as a wavelength-dependent filter of photons. It filters out the waves
with electric fields parallel to the vortices, if the wavelength A is larger than A.. The waves that pass
through the lattice are linearly polarized ones with the direction of their electric fields perpendicular
to the vortices, as shown schematically in Fig. 24.

One may wonder why a vortex lattice with a mean vortex distance ¢ can block photons with wave-
lengths many orders smaller than £. It is true that the probability that a photon is scattered during its
propagation for a small distance (e.g. ~ ¢) is small. However, while the photon travels through the
lattice, the scattering probability is accumulated and the probability that a photon remains unscat-
tered decreases exponentially. Namely, the small scattering probability is compensated by the large
number of vortices through which a photon passes. This is why the vortex mean distance and the
wavelength of the attenuated photons can be different.

7. Colorful boojums at a CFL interface
7.1.  What are boojums?

When vortices cross or end on an interface between two distinct superfluid phases or on a boundary,
they may form interesting structures called “boojums” [238,361]. Boojums are composite topological
objects consisting of vortices, an interface, and possibly monopoles at endpoints of vortices, and are
topologically characterized in terms of the relative homotopy group [361]. Various types of boojums
have been studied in nematic liquids [360], superfluids at the edge of a container filled with *He, at the
A-B phase boundary of *He [53,161], and in multi-component or spinor Bose—Einstein condensates
[56,57,196—-198,259,342] in condensed matter physics. Such boojums are also considered in field
theories such as nonlinear sigma models [142], Abelian gauge theories [317], and non-Abelian gauge
theories [24,94,103,184]; see Refs. [107,319,320] for reviews.

Here we discuss “colorful boojums” [76] appearing at the interface [8,10,144] of a color super-
conductor. It is most likely that the npe phase exists in the core of neutron stars, where neutrons
and protons are superfluid and superconducting, respectively. In the high density region of nuclear
matter, a spin triplet (p-wave) pairing of neutrons is energetically favored compared to an s-wave
pairing [341]. The inner region may be characterized by the presence of hyperons or of the CFL
phase. We consider the interface of a hadron phase and a color superconductor [8,10,144].'% Since
neutron stars are rotating rapidly and are accompanied by large magnetic fields, both superfluid and
superconducting vortices exist in the npe phase [42]. Such vortices are expected to explain the pulsar
glitch phenomenon [19]. On the other hand, when the matter in the CFL phase is rotating, such as

10The system we describe is the simplest configuration in the pure CFL phase, which is realized at very
high densities p > m? /A . However, in a more realistic setting, the strange quark mass stresses the CFL
phase and other phases have to be considered. For example, when the chemical potential is low enough that
ms 2 mll]/ j Aé/:? , kaons can condense, leading to the so-called CFL-K° phase [44,47,195,300], where other
kinds of vortices arise [62,194]. However, in the high density regime, the boojum can be modified only in the

vicinity of the interface, while the overall structure of the junction is kept unchanged.
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in the cores of neutron stars, superfluid vortices [128,183] are inevitably created and are expected
to constitute a vortex lattice. However, the simplest superfluid vortex carrying integer circulation is
unstable and decays [128,183,242] into a set of three non-Abelian vortices, each of which carries a
color-magnetic flux and 1/3 quantized circulation [35,112], as discussed in Sect. 4.3. Non-Abelian
vortices constitute a colorful vortex lattice in the CFL phase side, as discussed in Sect. 4.4.

It was discussed in Ref. [76] that boojum structures are created when superfluid and superconduct-
ing vortices of the npe phase penetrate into the CFL core. The shape of the neutron boojum was
shown to split into three color magnetic vortices. The colorful boojum is accompanied by confined
color-magnetic monopoles of two different kinds, Dirac monopoles and surface superconducting
currents.

We first study the structure of a colorful boojum in the CFL phase side in Sect. 7.2 followed by the
structure in the npe phase in Sect. 7.3.

7.2. Colorful boojums at the CFL phase side

7.2.1.  The shape of boojums. When a non-Abelian vortex hits the boundary of the CFL phase,
it cannot go out from the CFL phase since it carries a color magnetic flux. Since U (1) vortices
do not have fluxes, they can go out. One U (1)p vortex decays into three non-Abelian vortices with
total color fluxes canceled out, as discussed in Sect. 4.3. In other words, non-Abelian vortices can
go out only when three of them meet to cancel the total color fluxes as imposed by color neutrality.
Such connected points form “colorful boojums.” Including the electromagnetic interactions, the only
possibility is the formation of a BDM, a CP!, and a CP! vortex. In fact, as explained in Eq. (5.53),

. . 2 . 2 .
the BDM vortex carries a U (1)gym magnetic flux 61313,1”:%;\1,I = liw%” with 82 = %2_3’ while the (CleE
(DEM

cprl
In order to present a structure of the boojum in the CFL phase side, one can model the system as

vortex flux is = —%CIDER}[“. Then, U (1)gm magnetic fluxes are canceled out.

a regular lattices of boojums where the relative separation between vortices in a single boojum is
denoted by y(z) as a function of the distance z from the interface. The center of the ith boojum at
the interface is indicated by X;. We use the Nambu—Goto action and approximate the interaction of
vortices with that of global parallel vortices, given in Eq. (4.22). The energy, per unit length, of the

Ewi(y) = 3NT/1 + (dy/d2)* + Viu(y).

Vin(y) = —3NT log|y| — 97 ) _log |%; — %1, (7.1)

i>]

lattice is then:

where A is the number of boojums and 7 is the tension of a color-magnetic vortex. The first term in
the potential above is the interaction energy between vortices in the same boojum, while the second
term represents the one between boojums, where the shape of the boojum has been neglected. Notice
that the first term in the potential has to be regularized in the limit y — 0.

The numerical shape of the boojum is shown in Fig. 25, where we have evaluated the interaction
potential for a one dimensional lattice for simplicity. The most important property of the boojum
that can be inferred from this very simplified numerical analysis is that the longitudinal size scales
proportionally to the transverse lattice spacing. We have also checked that this property and the
shape of the boojum also do not depend on the choice of regularization of the interaction potential
for coincident vortices.
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Fig. 25. (a) Transverse shape and (b) three dimensional shape of a colorful boojum. The npe—CFL interface
is on the left, where three color vortices originate from the boojum. We have used typical values of the GL
parameters as done, e.g., in Ref. [356]. In (b), we have ignored the effect of the strange quark mass.

7.2.2.  Formation of colorful monopoles with strange quark mass. At a typical distance & from
the interface, though, the BDM and the CP! solutions will “decay” to the (CP}r vortex, due to their
instability. We can estimate the length scale & by referring to the low-energy effective Lagrangian
(5.11) with (5.12). Following the steps of Eq. (5.24), we obtain

1w \2 w12
—1 —1
& ~ my (A_£> log <A_e) ~131GeV—, (7.2)
with the physical quantities being © ~ 1 GeV, A, ~ 100 MeV, K3 = 9. This length has to be com-
pared with the thickness d of the interface, which can be seen as a domain wall between the two
different phases [144]. Using the same values for physical parameters, we get

d~0.1&. (7.3)

Then the vortices decay at large distances from the interface.

Since vortices decay into others with different fluxes, each junction corresponds in fact to a
monopole. Unlike the Dirac monopole at the endpoint of a proton vortex, this is a confined color mag-
netic monopole attached by vortices from both sides. The monopole connecting the CP! and CP }r
vortices is a pure color magnetic monopole, because the two vortices have the same U (1)gv mag-
netic flux but different color-magnetic fluxes; the junction between BDM and CP}r is instead realized
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Fig. 26. Colorful boojum. Three neutron vortices and three proton vortices end on a boojum at the interface in
the npe phase side, and the three BDM (7), CP} (g), and CP} (b) vortices end on it in the CFL phase side. The
black arrows along the three vortices represent U (1)gym magnetic flux. The two colorful monopole junctions
that exist in the presence of the strange quark mass are also depicted. The pure magnetic fluxes split into a
massive BM component, which is screened by a surface current and bent along the interface, and a massless
B° component emanating from the boojum, which looks like a Dirac monopole.

by a color-magnetic and U (1)gm magnetic monopole, because for these vortices both the U (1)gm
magnetic and color-magnetic fluxes are different. The colorful boojum is qualitatively depicted in
Fig. 26.

7.3. Colorful boojums at the npe phase side
7.3.1.  Matching condition. The question of what are formed at a boojum point outside the CFL
phase now arises. The CFL phase may be connected with the kaon condensed (CFL + K) phase,
2SC phase, or hyperon phase. However, in a realistic situation for the cores of neutron stars, there is
the npe phase. Here, we discuss what are connected to the colorful boojums in the npe phase. Note
that, in the following discussion, we do not assume that the CFL phase is directly connected to the
npe phase, but that the other phases mentioned above can be sandwiched between the CFL and npe
phases.

When quarks travel around a vortex, they acquire an Aharonov—Bohm phase in general. Such
phases have to match across the interface. In the CFL phase, the order parameter is (gq), which
behaves as

(qq) ~ €' : U(1)p vortex (7.4)

for the endpoint of a U (1)p vortex or a triplet of non-Abelian semi-superfluid vortices, indicating
that the quark fields obtain a phase

2
Abluyy = — =7 (7.5)

corresponding to 1/2 U (1)g winding, when they travel around a U (1) vortex or a triplet of semi-
superfluid vortices. In particular, all quark fields including u and d quarks relevant in hadronic matter
obtain a phase in Eq. (7.5) around the U (1)p vortex.
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The order parameters in the npe phase are (nn) ~ ((udd)(udd)) for neutron condensation and
(pp) ~ ((uud)(uud)) for proton condensation.!' We label the winding numbers of the order param-
eters (nn) and (pp) in the presence of a vortex by (p, ¢). In the presence of a neutron vortex (1, 0),
these order parameters behave as

(L,0) :  (nn) ~ ((udd)(udd)) ~ eia, (pp) ~ ((uud)(uud)) ~ 1. (7.6)
From these behaviors, we find that the u and d quark wave functions are of the form
(1,0):  (u,d) ~ (e7"1/0 (1 /0F) (7.7)

in the presence of a neutron vortex. In the same way, the winding of the order parameters in the
presence of a proton vortex (0, 1),

0,1 : (nn) ~ ((udd)(udd)) ~ 1, (pp) ~ ((uud)(uud)) ~ e, (7.8)
leads the wave functions of u and d quarks to be
O, 1) (u,d) ~ (£!?/0 =1(1/0)0) (7.9)

From Egs. (7.7) and (7.9), a composite of neutron and proton vortices has the winding numbers of
the order parameters and quarks

(1,1):  (nn) ~ ((udd)(udd)) ~ €%, (pp) ~ ((uud)(uud)) ~ €%, (7.10)
(L) (u,d) ~ (/109 (i1/00) (7.11)

respectively. From this, we see that u and d quarks get a phase

ABlq.1) = o z (7.12)
’ 6 3
corresponding to 1/6 U (1)g winding, when they encircle a composite (1, 1) of neutron and proton
vortices in the npe phase.

From Egs. (7.5) and (7.12), we have a relation
A0|33)(= 3A0|1.1)) = ABlu(iyg- (7.13)
This implies that # and d quarks have continuous wave functions only when three neutron vortices

and three proton vortices join at a colorful boojum point in the npe phase.

7.3.2.  Magnetic fluxes. The proton condensation is electrically charged. Therefore, the lowest
energy configuration of a proton vortex is accompanied by a magnetic flux, which must be quantized

Dy =m/e (7.14)

as Abrikosov—Nielsen—Olesen (ANO) vortices in metallic superconductors. When this flux pene-
trates into the CFL phase, the U (1)gm magnetic flux is converted into both the fluxes corresponding
to the massive and massless combinations AM and A°. This is due to conservation of flux and to the
mixing in Egs. (2.48) and (2.49), respectively. The massive combination AM is screened by a surface

' At high density, a spin triplet (p-wave) pairing is favored for neutron condensation more than s-wave
pairing [341]. In this case, half-quantized vortices are possible, but here we count neutron vortices as integer
vortices for simplicity.
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color-magnetic current circulating around the contact point. Unlike metallic superconductors, this
is completely screened and cannot enter the CFL phase, even if the flux is larger than the quantized
flux of the non-Abelian vortex, because the non-Abelian vortex also has to carry the 1/3 quantized
circulation. A rough estimate of the behavior of the current in the proximity of the vortex endpoint
can be obtained by using the London equation valid for an ordinary superconductor. Then we obtain
g

s

2

Jo (7.15)

where 6 and r are the planar polar coordinates centered at the contact point. On the other hand,
the massless combination A” can spread freely into the CFL phase, there being no superconducting
currents that can screen it. This object looks like a Dirac monopole, as is common in boojums in
other systems, such as helium superfluids. This boojum is qualitatively depicted in Fig. 26.

One may wonder whether the formation of vortices under rotation would lead to the generation of
magnetic fields inside neutron stars. However, it turns out that the magnetic fields induced at colorful
boojums are in fact quite small, and are estimated as

Ny x @
- (112);< )2_ =10" x 107'G em® x 107 m? >~ 1G = 107*T, (7.16)
m

where N, is the total number of vortices Eq. (4.41), and parameters like the rotational period, baryon
chemical potential, and the core radius are set to typical values.

8. Fermions in vortices

We here discuss fermionic structures inside non-Abelian vortices. Inside a vortex, fermions are
important degrees of freedom at low energies, since some of the superconducting gaps vanish in
the core and fermions become massless. We can investigate the fermion states by the Bogoliubov—
de Gennes (BdG) equation. In Sect. 8.1, we introduce the BAdG equation for an Abelian vortex, and
find the solution of a zero-mode fermion, which is called a Majorana fermion. In Sect. 8.2, we dis-
cuss the BdG equation for a non-Abelian vortex in the CFL phase, and find Majorana fermions that
belong to the triplet or singlet representation of the SU (2)c4r X U (1)c4r symmetry. In Sect. 8.3,
we discuss the 1+1 dimensional effective theory for Majorana fermions propagating along a vortex
axis. In Sect. 8.4, as a new result in this paper, we show the absence of supercurrent by fermions
along a vortex, unlike the case of Witten’s superconducting string. In Sect. 8.5, we discuss the index
theorem to count the number of zero-mode fermions, and show that the result from the index theorem
is consistent with that obtained by directly solving the BdG equation.

8.1. The Bogoliubov—de Gennes equations and Majorana fermions for Abelian vortices

Here we analyze the internal fermionic structures of vortices in terms of the BdG equations. So
far we have discussed the structures of non-Abelian vortices based on the GL equation, where the
diquarks are dynamical degrees of freedom. Such a description is valid only at distances larger than
the coherence length. At short-distance scales, fermionic degrees of freedom become important. The
Bogoliubov—de Gennes (BdG) equation describes the dynamics of the fermions as well as the gap
functions. The BAG equation gives a self-consistent solution for the wave functions of the fermion
and the gap profile function. Note that the BdG equation is different from the Bogoliubov equation
or the Bardeen—Cooper—Schrieffer (BCS) equation. The Bogoliubov or BCS equations describe only
the plane wave for the fermion, while the BdG equation allows more general wave functions, unlike
the plane wave. This property is quite important for the analysis of vortices. Inside vortices, the gap
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profile function A(r) is zero at the center of the vortex (A (0) = 0), while it becomes the bulk gap
(the gap in the bulk space) at a position infinitely far from the vortex core (A (c0) = Apuk). Namely,
the gap profile function for a vortex is position-dependent. So we need to use the BAdG equation in
order to take the position dependence of the gap of a vortex into account and to analyze the fermion
structure inside a vortex.

Let us comment on the previous studies on vortices in superconductors using the BdG equations.
The BdAG equation was first applied to a vortex inside an s-wave superconductor in Refs. [69,86] in
which fermions are non-relativistic. In these first studies, the order parameter (the superconducting
gap) was treated as a background field. Successive studies were devoted to finding self-consistent
solutions of the BAG equation [157,323]. A complete self-consistent description was achieved
by considering both quasibound and scattering fermions in the vortex [158,225]. The descrip-
tion reviewed here is very similar to that of the vortex—(relativistic) fermion system discussed in
Refs. [189,365,371]. The difference from these studies is that we here consider a fermionic mat-
ter at finite densities (otherwise color superconductivity does not take place). The previous studies
[189,365,371] were formulated only in the vacuum. The analysis of vortices in condensed matter sys-
tems via the BdG equation predicted an enhanced local density of fermion states at the Fermi level
around the vortex core, which is experimentally observed in various metals [155,288]. Recently, the
analysis of vortices in terms of the BdG equation has also been applied to the BEC-BCS crossover
in fermionic cold atom systems [226,313]. For the application of the BdG equation in condensed
matter systems, see also Refs. [16,51,166,167,217,220,278,284,296,298,345,359].

We discuss the BAG equation for a superconductor with a vortex. Since a non-Abelian vortex has
a complex structure because of the internal degrees of freedom, we first review the results for an
Abelian vortex, in which a single component massless fermion is trapped. The fermionic structure
of a non-Abelian vortex is discussed in Sect. 8.2.

We here consider a superconducting system made of a single species of fermion. The fermions
make pairs and form a Bose condensate. The BdG equation in the Nambu—Gor’kov representation
U = (¢, n)T (particle in the upper component and hole in the lower component) is given by

HWY = £V, (8.1)

where £ is the energy measured from the chemical potential u and H is the Hamiltonian in the
mean-field approximation,

—ipy -V — AG
2 = lyoi/ . e (ic)ygys . (8.2)
—A*(X)vys  —iyoy -V +u
The gap profile function A(X) (three dimensional coordinate X = (x, y, z)) is given as A(X) &
(WTW), where the expectation value is given by the sum over all the fermion states in the ground

state. This Hamiltonian has the particle—hole symmetry

U'HU = —H*, U= (0 ”2) . (8.3)
y2 0
Thus, H¥ = WV implies H(UWV) = —E (U W) and the spectrum is symmetric above and below the
Fermi sea.
If one considers a vortex solution, because of the translational invariance along the vortex (z) axis,
the gap is a function of the distance r = y/x2 + y2 from the center of the vortex and # an angle
around the vortex; A(X) = |A(r)|e'?. The gap profile function also satisfies the following boundary
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conditions: |A(r = 0)| = 0 at the center of the vortex and |A(r = 00)| = | Apuik| at a position far
from the vortex with a bulk gap Apyk. Since the system is translationally invariant along the vortex
axis, we can always take the fermion states to be eigenstates of the momentum in the z-direction k;,

W (1,6, 2) = Wi (r, 0) €2, (8.4)

where W4 ,, (r, 0) is the wave function on the x—y plane. Here = is for the chirality, left and right, of
the fermion and an integer m is related to the z component of the total angular momentum J,. In the
Nambu—Gor’kov formalism, the wave function W ,, (r, 0) is given as

Qs (. 0) )

8.5
Ns.m—1(r,0) (82

Wi (r,0) = (

with the particle component ¢ ,, (r, 6) and the hole component n ,,—1(r, ). The z component of
J, is m + 1/2 for the particle and (m — 1) + 1/2 for the hole, respectively. Note that the chirality £+
of the particle is assigned opposite to that of the hole.

The solution of the BAG equation (8.1) gives all the fermion modes in the vortex. They include the
scattering states with energies |£| > | Apuik| as well as the bound states with energies |E] < |Apyk]. It
is a nontrivial problem to obtain all the fermion solutions. In the present discussion, we concentrate on
the fermion states with the lowest energy inside the vortex, which are the most important degrees of
freedom at low energies. Furthermore, we here regard the gap profile function |A(r)| as a background
field and do not analyze the self-consistent solution for the gap profile function and the fermion wave
functions. Such study will be left for future work.

As aresult of the particle-hole symmetry, we find that the state with £ = 0 is a “Majorana fermion”,
which has the special property that a particle and a hole are equivalent. The explicit solution of the
wave function of the Majorana fermion is given as, for the right mode (4 for a particle, — for a hole),

_(r ’ ’ JO(,LU’)
0) = Ce JolACDIdr . o
P ) iJi(ur) e (8.6)
N__1(r,0) = Ce Jo 1ACD1dr —Ji(ur)e™ , (8.7)
| iJo(ur)
and, for the left mode (— for a particle, 4 for a hole),
—faeniar [ Jolur)
_o(r,0) = C' e Jo 180N1dr 0 n ,
p_o(r,0) e e 55
—i0
Ny _1(r,0) =C'e” raehiar [J1lur)e 9
s ’ lJO(Mr) ’

where C and C’ are normalization constants, and J,, (x) is the Bessel function. We have represented
the solutions in the Weyl (2-component) spinors. The derivation is described in detail in Appendix E.
The solutions above satisfy a “Majorana-like” condition (k = £1)!?

N (8.10)

which physically implies the equivalence between a particle and a hole. We note that the Majorana
fermion is localized around the center of the vortex. This can be seen by setting |A(r)| as a con-
stant | Apyik |, because the exponential functions in Egs. (8.6) and (8.7) or Egs. (8.8) and (8.9) exhibit

12 = 1 is for the right mode and x = —1 is for the left mode.
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behavior like e~!20ukl” Fermion zero modes (Majorana fermions) in relativistic theories were found
in the (Abelian) vortex in the vacuum [189], where the number of zero modes is determined by the
index theorem to be 2n for vortices with winding number n [365]. The Majorana-fermion solution in
a vortex in a p-wave superconductor was first found by Fukui [136] for non-relativistic fermions, and
later in Refs. [253,378] for relativistic fermions. Although there exist Majorana-like solutions in vor-
tices in p-wave superconductors both for non-relativistic and relativistic fermions, they are absent for
non-relativistic fermions in vortices in s-wave superconductors [69]. We comment that the fermions
bound in the vortex are also intuitively understood in view of the Andreev reflection. When the
fermions meet the interface between the normal phase (inside of the vortex) and the superconduct-
ing phase (outside of the vortex), there appear Cooper pairs created in the superconducting phase and
holes reflected in the normal phase. This is called the Andreev reflection [21]. The Andreev reflec-
tion was also considered in the CFL phase [289]. The multiple number of reflections of the fermions
(particle and holes) at the interface causes the bound state inside the vortex.

8.2.  Bogoliubov—de Gennes formalism and Majorana fermions for non-Abelian vortices
Now let us investigate the fermion structure of a non-Abelian vortex in the CFL phase. Because of the
internal symmetry, the BAG equation is a multi-component equation with 3(color) x 3(flavor) =9
degrees of freedom whose subspaces belong to multiplets of U (1)c4r x SU (2)c+rF symmetry. The
gap structure of a non-Abelian vortex is given as [378]

Ao(r) 0 0
O(r,0) = 0 Ao(r) 0 , (8.11)
0 0 A(r, 0)

with the basis spanned by u(r) = ds(gb), &(g) = su(br) and §(b) = ud(rg), where Aq(r,0) =
A1 (r)] ef corresponds to the vortex configuration with winding number one, and Ag(r) does not
have a winding number (though it is not necessarily spatially constant). We remember that A (r)
satisfies the boundary conditions, Aj(r = 0) = 0 and A|(r = 00) = |AcpL|, with the gap AcpL in
bulk space, while Ag(r) satisfies only Ag(r = 00) = |AcpL|. The value of Ag(r = 0) depends the
details of the equation of the gap profile function. In the configuration in Eq. (8.11), the ud diquark
pair with green and blue has a nontrivial winding number, while the other pairs, i.e. the ds diquark
pair with blue and red and the su diquark pair with red and green, have no winding. Correspondingly,
the explicit form of the BAG equation is (for a similar representation in the homogeneous CFL phase,
see Refs. [7,289])

Ho A1 Ay 0 0 0 0 0 0 Uy iy
Al Ho A 0 0 0 0 0 0 |]d4, dy
Ao Ao Hop 0 0 0 0 0 0 Sh Sh
0 0 0 Ho —-A; 0 0 0 0 d, d,
0O 0 0 —-Ay % 0 0 0 0 ug | =& ug |, (8.12)
0 0 0 0 0 Ho —-Ao O 0 5, 5
0 0 0 0 0 —-Ay Ho O 0 up up
0O 0 0 0 0 0 0  Ho —Aol]s, Sg
O 0 0 0 0 0 0 —Ay Ho/) \d \d,
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where we introduce the notation, e.g., u, for a quark with flavor “up” and color “red” in the Nambu—
Gor’kov representation. The matrices Hg and Aj (i = 0 and 1) are given as follows:

i T
Ho= """ w0 : (8.13)
0 —iyoy -V+u

. 0 A
A= & ovs) (8.14)
—A;vvs 0

To find the solutions in the BAdG equation (8.12), it is useful to express the quark state as

U, g up 9 N
d d, dy|= Zw<A>7{, (8.15)
Sp Sg Sp A=l 2

where g (A =1,---,8) are Gell-Mann matrices normalized as Tr(Aaip) = 2545 and A9 =

+/2/3 - 1. We note that, because the non-Abelian vortex has SU (2)c4+r+L Symmetry only, the quark
state should belong to the representation of SU (2)c4r+L symmetry. To clarify this, we define

W= v+ 0@, 4 w®yy,, (8.16)
W, = U@ + WOy (8.17)

for triplet and singlet states, respectively. Explicitly, W) (i = 1,2, 3, 8, 9) are given as

VWD = (d, +uy)/V2, (8.18)
W = (d, —ug)/(V2i), (8.19)
WO = (u, —dy)/V2, (8.20)
for triplet, and
U = (u, 4+ dg — 255) /36, (8.21)
WO = (u, + dg + 5)/V/3, (8.22)

for singlet. The doublet states (up, dp) and (s, sg)T do not couple to A1, s0 they are irrelevant modes
for the Majorana fermion.

Let us consider the transformation properties of the quark state W (i = 1,2, 3, 8,9). Under the
SU (2)c+r+L rotation, the quark state is transformed as

2 (8.23)
where Ug = eié'i/ 2and Uc = ei‘z';‘/ 2 are the SU (2)L+r and SU (2)¢ rotations, respectively. Since
we used the vector A = (A1, - -+, Ag), the parameters 6 and ¢ are defined only for the first three com-

ponents 6 = (01, 62,65,0,0,0,0,0) andég = (¢1, ¢2, $3,0,0,0, 0, 0). For the locking for rotation
in color and flavor space under SU (2)c+r-+L symmetry, the color and flavor rotations may be locked
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as ¢1 = —01, ¢ = 6>, and ¢p3 = —05 as the simplest choice. We define

- (1 0 ~ (1 O ~ (1 O
= = = 24
01 =0, (0 —1) , =0 (0 1) , 63=03 (0 _1> , (8.24)

with §,~ (i =1,2,3) being real numbers. For infinitesimal 5,-, we find that the quark state Wy is
transformed as a triplet,

sw) = 30@ 9B
SW® = 0,0 — gy, (8.25)
s =gu 9@,

and the singlet W is invariant,
sW® = su® = 0. (8.26)

With the setup for the BdG equation for a non-Abelian vortex with SU (2)c4+r+L, we can find a
fermion solution with £ = 0. Among several representations of the quark state in SU (2)c4+r+1 Sym-
metry, the Majorana fermion is found only in the triplet sector. The wave functions of the Majorana
fermion (for right-handed ones) is given in an analytic form as

1) _ @(r,0) ) _ @(r, 0) 3) _ @(r,0)
v(r, 0) = C <77(”a 9)), W (r,0) = C (—77(’”, o) v (r,0) =Cs e 6) ] (8.27)

where C; are normalization constants and the particle (¢) and hole (1) components are

o(r, 0) = e~ Jo 1810)1dr’ ( Jo(ur) -9> 0 0) = e~ Jo 1ME)Idr (—J_l (r) e"9> . (8.28)
iJi(ur)e iJo(ur)
for the vortex profile |A1(r)|. The wave function is well localized around the center of the vortex,
because the wave function damps exponentially by e~IACFLI" at large distances from the center of
the vortex. The wave functions for the triplet Majorana fermion are exactly the same as that for the
single component Majorana fermion displayed in Egs. (8.6) and (8.7), except for the minus sign in
the hole in W®.
Concerning the singlet quark state, we also obtain a solution for £ = 0, as the asymptotic form
for r — oo was found in Ref. [378]. We show the explicit form of the wave functions of the singlet
solution for the right mode ()5 = +1) in the Weyl representation

LAlr — @1 (rv 9) , d'\g — @2("’ 9) ’ §b — ‘/’3(’3 9) , (829)
ni(r, ) n2(r, 0) n3(r, 0)
where
fi(r) 0
4 | isi (r)e'? _ _ 0
gpl (I", 9) - 0 ’ 771 (r’ 9) - f_‘i(l’)eiie ’ (830)
0 igi(r)
for ii, (i = 1)and d, (i = 2), and
f3(r)e® 0
| iga(r) _ 0
@3(r,0) = 0 ;o ma(r,0) = Aan | (8.31)
0 ig3(r)et?
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for §p. At large r, both |Ag| and |A| become a common constant |Acpr | given in the bulk state.
Then, with an approximation of small |Acpr| and large «, we find asymptotic forms of the wave
functions with a condition of the convergence at large . The first solution is

fi(r) = NeT 1Al 2 go (), (8.32)
gi(r) = Ne 1ALl 2 1y (ur), (8.33)
(i=1,2)and
f3(r) = —%Ve—'ACFL"/ZJo(m), (8.34)
g3(r) = —%/e—'ACFL"”Jl (ur), (8.35)

with a normalization constant . This is the solution given in Ref. [378].
As the second solution, we find a new asymptotic solution, which is very different from the solution
in the triplet sector

fr) = N/e—'ACFL"ﬂ%(w)ZJl (ur) (J1(ur)No(ur) — Jo(ur) Ny (ur)), (8.36)
gj(r) = N'e~|AcrLlr/ 2%( — urdo(ur) + Ji(ur)), (8.37)
(i =1,2)and
£ = N2 B ur JoGur) = J1gar)) = (ur?
x <2Jo(lu”) 1 Bl (w)) (S @INo(ur) = JourNiun)}. (838)

|AcFL

4| AcpL|
+ 7 (ur)? (ur) (J1(ur)No(ur) — Jo(ur)Ny (W))}, (8.39)

gy(r) = NeIaernh 2B 0 | AcrIr) Jo(ur) ( + 2,”) Ji(ur)

with a normalization constant \/’. It should be emphasized that these asymptotic solutions are correct
only at large r, at which |Ag| and |A]| are constant. However, these solutions may be divergent at
small r in general, because |A1| becomes zero at r = 0, and we find that this is the case. The result
that there is no normalizable zero mode fermion in the singlet is consistent with that of the index
theorem, as discussed in Sect. 8.5. Although non-normalizable modes having a singular peak at the
vortex core are usually considered to be unphysical, there is also a discussion in the context of cosmic
strings that they may play some interesting roles, such as in baryogenesis [9].

8.3.  Effective theory in 1 + 1 dimensions along a vortex string

In the previous subsection, we considered the transverse motion of the quark on the plane perpen-
dicular to the vortex axis. Now we discuss the longitudinal motion of the quark along the vortex. Let
us consider the case of a single flavor for an illustration. The Hamiltonian is written as a sum of the
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perpendicular part (with subscript L) and the longitudinal part (with subscript z):

- —ia, -V —p |Ale" yoys i _io‘zaiz 0
—|Ale™yoys  —idy - Vi +u 0 _io‘zaiz

=H, +H,. (8.40)

Because the Hamiltonian is a sum of the contributions from the transverse and longitudinal directions,
we separate the wave function as

W(t, z,r,0) =al(t, 2)Wo(r, 9), (8.41)

where a(, z) is a function with variables of time ¢ and the coordinate z in the longitudinal direction,
and W (r, 0) is a function with variables of (r, #) on the transverse plane. Concerning the transverse
plane, we have found the solution of the Majorana fermion as the lowest mode in the Hamiltonian
H 1, as shown in Egs. (8.6)—(8.9). Since we are interested in the low-energy dynamics, we can take
Wy(r, 0) to be the state of the transverse zero mode. We can identify the field a (¢, z) with the low-
energy degree of freedom on the vortex. The equation of motion for a(¢, z) can be derived in the
following way. We start with the original equation of motion, id/0tV = HW. By integrating the
transverse degree of freedom, namely by multiplying \IJ(;r from the left in the equation of motion
i0/0t¥ = HWV and integrating over the transverse coordinates r and 6, we obtain the equation of
motion for a(z, z) as

9
ialt. ) = / W (r, 6)H, Wo(r, O)rdrdba(t, 2), (8.42)

where we have used the normalization [ \DS Wordrd6 = 1. On the right-hand side, [ \Ifg (r,0)H,
Wo(r, O)rdrdf may be regarded as an effective Hamiltonian for a(z,z). We can rewrite this
equation as

0 0
i{—+ve(u, |[A)=—qalt,z) =0, (8.43)
ot 0z
with the “velocity” vy (i, |A]) defined by
T a; 0
vi(p, AN = | Yy (r,0) 0 Wo(r, ) rdrdf. (8.44)
Z
iEt—ik;z

The solution to Eq. (8.43) is given by a(t, z) o« e with a linear (gapless) dispersion with

respect to k.:

£ = vy (u |A] ke, (8.45)
where )
W
v A) = —2 ) 1 (8.46)
AR+ g (Y g (2 ’ '
E(~ihp) K (~hp)

where K (x) and E (x) are the complete elliptic integrals of the first and second kinds, respectively;

(8.47)

/2 1
K(x) :/ — 4o,
0 1 —x2sin%6

/2
E(x):/ V1 —x2sin”0do. (8.48)
0

We plot vy (i, |Al]) as a function of /| A in Fig. 27 (v4+ = 1 is the speed of light). As a consequence,
low-energy excitations inside the vortex are gapless (massless) fermions described by Egs. (8.43) and
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2 2 6 g 10 WIAI

Fig. 27. Velocity of a zero mode fermion propagating along the vortex axis (Ref. [378].)

(8.44). One can indeed express these fermions in terms of spinors in 1 + 1 dimensions, and write
down an equation similar to the Dirac equation.

The effective theory is obtained also for the triplet Majorana fermion in the CFL phase. The effec-
tive field with ¢ and z has three components, each of which follows Eq. (8.44). The only change is to
replace | A| with | Acpr|. The dispersion relation is not modified from Eq. (8.45).

8.4. The absence of supercurrent along a vortex

We here comment on the absence of electromagnetic supercurrents induced by fermions along vor-
tices, even if we start from charged fermions in 3 + 1 dimensions. This is anticipated from the
“Majorana” nature of the zero-mode fermions. We start with a single-component charged fermion
described by the following Hamiltonian:

P CTR T NS %
—|Ale™yyys  —ia Vi +pu
—ia; <8% — ieAZ) 0
" 0 i (a D 4ieA )
29z b4
=M1 +HL", (8.49)

where the fermion is coupled to an electromagnetic gauge field A*(z, z) = (0,0, 0, A,(z, 2)). As we
are interested in the low-energy dynamics, we can take the wave function as

W (t,X) =a(t, 2)Wo(r,0), (8.50)
where W (r, 0) is the transverse zero-mode wave function that satisfies
H1Yo(r,0) =0. (8.51)

Then, the dynamical equation for the effective dynamics along the vortex axis is derived in exactly
the same way as Eq. (8.43),

3
S-alt2) =i / rdrd0W; (r, 0YHL (1, 2) Vo (r, 6)

= F[vsa(t,z) — i A,(t, 2a(t, 2)], (8.52)

where we have defined the “effective velocity” as

v = gLosps — nltosn, (8.53)
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and the “effective charge” as
;o T ¥
e =e <(Pi03§0i + 77#7377;)
=0. (8.54)

The final equation is obtained by substituting the wave function of the transverse zero mode. Because
the effective charge is zero, the Majorana fermion propagating along the vortex axis is neutral and
does not couple to electromagnetic fields. Therefore, there is no electromagnetic current induced
by the Majorana fermions in vortices. The same is true for the triplet Majorana fermions in non-
Abelian vortices, where the SU (2)c.+r non-Abelian gauge field is switched on along the vortex axis
as AbH(t, z) = (0,0, 0, A; (t,z)) withi = 1, 2, 3 for indices of the adjoint representation (triplet) in
SU (2)c+F symmetry.

8.5.  Index theorem

So far we have discussed zero mode fermions by explicitly solving the BdG equation based on the
mean-field Hamiltonian with a gap profile function. In fact, the existence of zero modes is robust
and does not depend on the details of the system, since the massless modes on the edge of a super-
conductor are closely related to the “topology” of the bulk matter. A manifestation of this fact is
the index theorem [67,134,136,365], which relates the number of zero modes and a topological
invariant. (A detailed description is given in Refs. [134,136].) The index theorem has a long history
and has elucidated topological characteristics of anomalies in gauge fields [91]. The index theorem
has also been applied to condensed matter systems by many researchers [135-137,176,285,292,
293,299]. We here review the application of the index theorem to the non-Abelian vortices in the
CFL phase.

Let us first review the index theorem in the case of Euclidean Dirac operators, H = i[p. We consider
normalized eigenstates of this operator {u; (x)}, which satisfy

Dui(x) = Ajui(x). (8.55)
Suppose we have an operator y5 that anticommutes with :
ysP + Pys =0, (y5)° =1. (8.56)

The zero modes, which are the eigenfunctions of A; = 0, can always be taken as the eigenstates of
chirality,

ysui(x) = u;i(x) or ysui(x) = —u;i(x). (8.57)
Let us consider the analytical index of the operator H, which is defined as the difference between
the dimensions of the kernel and co-kernel of the operator. The analytical index can be written as the
difference of the number of zero mode solutions for positive and negative chiralities,

indH =Ny — N_, (8.58)

where Ny and N_ are the numbers of zero modes for positive and negative chiralities. The index

theorem relates the analytical index to the topological index. To see this, we rewrite ind H as
2

H?+m?

As m tends to zero, only the contribution of the zero eigenvalues survives, and + (—) states

ind H = lim Trys (8.59)
m—0

are accounted with plus (minus) signs due to ys. Furthermore, we introduce the current
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defined by
1

D+m D+M
where k indicates the spatial component and the second term is a regulator with large mass M, which

szjgynwyk< )Mx—y) (8.60)

is eventually taken to infinity. By taking the divergence of the current, one can show the following
relation [365]:

1
imﬂ?:—ifd&Jh+m, (8.61)

where d S is the infinitesimal surface element on the boundary of the space. It can be shown that the
constant ¢; is the Chern number for even d,
M2

im Trys

| e S—— 8.62
M—o00 I‘Iz-i-M2 ( )

cqd =

Thus, the analytical index is related to the topological index defined on the right-hand side of
Eq. (8.61).

We apply the index theorem to count the number of zero mode Majorana fermions in non-Abelian
vortices. In non-Abelian vortices, the analytical index of the operator H | is defined by

indH, = Ny(H,) — N_(HL), (8.63)

where N4 () are the numbers of zero-energy states of | with definite I'> chiralities, '’ = +1
(corresponding to s = %1 in Eq. (8.57)). Here I'? is defined as

r3:<°‘Z O). (8.64)
0 o
Let us review the derivation of the index theorem. We note that the index is rewritten as
3 m*
ind = lim TrI'" ——, 8.65
ind H | lim T TpR— (8.65)

where Tr stands for the trace over two-dimensional space as well as the Dirac indices. For u = 0,
ind H is equal to the number of Majorana fermions. For i # 0, the relation does not hold, since the
chiral symmetry is broken ({I'3, H } # 0). When p is small, we can naturally assume that the states
at finite ; are smoothly connected to the states in vacuum (see Fig. 28). Note that the particle—hole
symmetry is intact even at finite densities, © # 0. Then we can expect that the zero modes can always
appear or disappear in pairs, as one increases the chemical potential x. Thus, in the case of u # 0,
ind H gives the number of zero mode fermions modulo 2. Here we introduce the axial current

J'(x,m, M) = lim Tr"°T"/ . R — 39 x —y)
y—>x —iH| +m —iH, +M
. 1 1
= lim Tr °I'/iH — §P(x —y), 8.66
Jim L (H2L+m2 H2l+M2> (x =) (8.66)

with j = 1, 2 for the coordinate on the two dimensional plane, where M is a large mass parameter
for the Pauli—Villars regulator. Then, the divergence of the current is written as

2 2
. . m M
3;J (x,m, M) =2 lim Tr1 3SriiH — §@(x —y). 8.67
i : yox P <H2 +m?2  H? —I—M2> (=) (8.67)
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(@) index : odd

zero mode fermion

vacuum ————+~ S | Fermi surface
=0 uz0
b .
() index : even
vacuuim —me0-—-—oHooo ] Fermi surface
u=0 u#0

Fig. 28. A schematic picture of energy levels of fermions in vacuum (x = 0) and in matter (i # 0). (a) When
the index is odd, the zero mode fermions in vacuum still exist in matter. (b) When the index is even, however,
the zero mode fermions do not exist in either vacuum or matter.

Therefore, we obtain

1 . )
indH, =c+ lim —% €jJ (x,m, M)dx’, (8.68)
m—0, M— o0 |X]— 00
where we have defined
M2
¢c= lim TrI’——— (8.69)

M—o00 'Hi + M2 '

It is known that ¢ is the Chern number associated with the gauge field. In the present discussion,
we do not consider the gauge field and hence we neglect ¢. We note that the second term in the
above equation is a topological invariant. Thus, we have shown the index theorem; the index ind H |
is related to the topologically invariant quantity. We can know whether the number of zero mode
fermions is even or odd when the index is even or odd, respectively. In most cases, the number of
zero mode fermions is 0 or 1, and other numbers can happen by chance.

The calculation of Eq. (8.65) is performed by supplying the basis of the plane wave, as explicitly
given in Ref. [134]. We use the basis of the plane wave and give the axial current as

A’k _. . 1 .
eI i R, (8.70)

‘]j ) ’ M) = A\

where the regularization of the current is neglected, because the above current is well defined in the
present discussion. Indeed, the index theorem needs the current only at |[X| — oo, where |A| — AcpL
and 9; A ~ O~ 1. The result is

. 20 (singlet)
indH, = T % d00p®r(0) = {0  (doublet) (8.71)
q (triplet)

for the generalized gap profile A(r, 0) = diag(Ag, Ag, Ay) with Ag(r,0) = AL ()] €@ and
the condition O (2) = Ok (0) + 2w k. The case of Q =0 and g = 1 corresponds to the vortex
configuration in Eq. (8.11). Therefore, the zero mode exists only in the triplet sector.

From the result of the index theorem, we find that the doublet zero-mode does not exist, and the
singlet zero-mode does not exist either. Although an asymptotic form of the wave function can be
found at large r — 00, as shown in Egs. (8.32)—(8.39), it turns out that the wave function is divergent
at the origin (r = 0). Because the index theorem counts the number of the zero mode (precisely, the
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difference between N4 and N_), which is normalizable over the space, the result does not contradict
that from the analysis of the BdG equation.

The index of the Hamiltonian 7, is also calculated by the analytical method [188,189], as
presented in Refs. [134,136]. We consider the equation of motion

Hi(r,0)W(r,0)=0 (8.72)

and analyze the eigenwave function W(r, #). The advantage of this method is that it gives us the
number of zero-energy states for each I'3-chirality (I'® = =+1), namely N, and N_.
Let us see the doublet and triplet states. We rewrite the Hamiltonian as

( 0 HL‘) (%) =0, (8.73)
HJ_’+ 0 W_

where + denotes I'3-chirality, and

il 1A
= ‘ : 8.74
HJ_,:I: <—|Aq(r)|e’q9 l'a¥ ( )

with 81 = (8, +idp /r). This is the equation for the triplet. If ¢ is replaced with Q, then we
obtain the equation for the doublet. We set the wave function with the variables r and 6 as

a,, (r)eEime )

ile(r)ei(:I:qu:I:I)H (8-75)

Wi +(r, 0) = (

where m is the quantum number associated with the angular momentum, and «,, () and S, (r) are
radial components. The equation for the radial components is given as

(i _ M sz) V() = 0, (8.76)
dr r

for Y (r) = (@ (r), B ()T, Mx = diag(m, —m — 1 + ¢), and

0 14l
Q= . 8.77
() %) 7

The solutions of this equation were studied in Ref. [189]. Following their analysis, we naturally
assume the asymptotic behavior of the gap profile function; [A,| ~ rlalat r — 0. We also assume
generically that Q2 is expanded as

o0
Q=> Q" (8.78)
=0

where Q¢ = 0 if g # 0. From a mathematical point of view, we can assume that [A,| ~ r at r —
0. However, it turns out that this behavior gives a logarithmic term (logr) in the wave function.
Therefore, we neglect the case of |A,| ~ r and consider the case of [A,| ~ rla! only.

With this setup, we expand the wave function as

U ) = D A (8.79)

for i = 1, 2. The leading power n; is one of the diagonal elements of M; ny = m and np, = —m —
1 + ¢ for ' =+1,andn; =mandn, = —-m — 1 — q for '3 = —1.The normalizability ofw,g)(r)
atr — 01is guaranteed by n; > 0. [t means that0) <m < g — 1 forT3 = +1,and 0 <m < —q —1
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for I'> = —1. Then, we obtain (1) Ny =gand N_ =0for1 < g, (2) Ny = N_ =0forqg =0, and
(3) Ny =0and N_ = —¢q for ¢ < —1. We finally conclude that indH; = N — N_ = ¢ in any
case. This result is consistent with that from the topological discussion.

As a final remark, we notice that another gap configuration A(r, 8) = diag(A1, A1, Ag) (Q =1
and g = 0) corresponds to the M, vortex. As discussed in Sect. 5, this is an unstable configuration,
decaying to two M vortices. Nevertheless, it will be interesting to consider the zero mode fermions
(two zero modes in singlet and one zero mode in doublet), if the M; vortex could exist as a quasi-
stable state. In particular, zero mode fermions in a doublet form a Dirac fermion, which is still zero
mode, inside the single vortex. As the Majorana fermion in the M| vortex contributes to the non-
Abelian statistics, the Dirac fermion in the My vortex provides us with non-Abelian statistics, as
discussed in Sect. 9.

8.6. Topological superconductor

Topological phases have recently been attracting much attention in condensed matter physics. Topo-
logical superconductors are characterized by a full pairing gap in the bulk, and gapless surface states
that consist of Majorana fermions. A state with a nontrivial topological number is called a topological
state. When there is a boundary between two states with different topological numbers, the energy
gap should be closed on the boundary so that the topological number can change. This assures the
existence of gapless surface states.

We now come to the question: is a color superconductor topological? This question is addressed
and discussed by Nishida [253]. Whether a superconductor is topological or not is determined only by
discrete symmetries of the Hamiltonian and spatial dimensionality according to the periodic table of
topological superconductors [307], at least for non-interacting Hamiltonians. As already discussed,
the mean-field Hamiltonian of a color superconductor has a charge-conjugation symmetry. We can
also define a time-reversal symmetry for this Hamiltonian. Then the Hamiltonian belongs to the
symmetry class DIII, which is topological in three spatial dimensions.

We can define topological charges Ngr and Ni, for right-handed and left-handed sectors indepen-
dently in the chiral limit, in which the two sectors are independent. For an even (odd)-parity pairing'?,
NRr = FNL. Because of these non-zero topological charges, surface states exist. For example, a vor-
tex in the superconductor supports right-handed and left-handed massless fermions propagating in
opposite directions'*

At finite quark masses, right-handed and left-handed sectors mix and only the total topological
charge N = NR + NL is well defined. What becomes of the surface states at finite quark masses?
The results are qualitatively different depending on the parity of the pairing. For the even-parity
pairing case, the total topological charge is zero, N = 0. In this case, the presence of the fermion
mass immediately opens up a gap for localized fermions on a vortex. When the pairing gap is parity
odd, the topological charge is unchanged for small fermion masses, since the system remains gapped
aslong as m? < pu? + |A|%. If the fermion mass is increased further, there will be a topological phase
transition at m?> = u? + |A|? and the fermions would acquire a mass gap.

13 For an even-parity pairing, the order parameter is given by ® ~ (g7 Cysq), and by ® ~ (¢” Cq) for an
odd-parity pairing.

14 The vortex state discussed in Ref. [253] is not the lowest-energy vortex solution, so it would be unstable
against decay.
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9. Non-Abelian exchange statistics of non-Abelian vortices

The exchange statistics in the system of multiple numbers of quantum vortices with zero mode Majo-
rana fermions provides a novel statistics, which is different from the conventional statistics, such as
the Fermi—Dirac statistics for fermions, the Bose—Einstein statistics for bosons and the (Abelian)
anyon statistics for anyons. The exchange statistics of vortices with Majorana fermions obeys the
non-Abelian statistics. This is the subject of this section. In Sect. 9.1, we discuss general proper-
ties of exchanging vortices. In Sect. 9.2, we review the non-Abelian statistics for Abelian vortices
with Majorana fermions. In Sect. 9.3, we discuss the non-Abelian statistics for non-Abelian vortices
with Majorana fermions. In Sect. 9.4, we comment on the case of (non-)Abelian vortices with Dirac
fermions.

9.1. Exchange of vortices

Let us suppose that there are multiple numbers of non-Abelian vortices. The motion of the parallel
vortices in d = 3 + 1 dimensional space is regarded as the motion of the particlesonad =2 + 1
dimensional space, because the vortex has translational invariance along the vortex axis. Generally
speaking, the exchange of two particles on a plane obeys the braid group. We introduce an operation
Ty that exchanges the kth and (k + 1)th vortices, where the former vortex rotates around the latter
vortex in a counterclockwise direction. The braid group is given by two rules:

@) Tk Ti+1Tk = Te+1 Tk T+ 9.1)
(i) Tk Ty = Ty T, (Jk — €] > 1). (9.2)

It should be noted that the inverse of 7} is not necessarily identical to T} ((Tk)_1 # Ty ) because the
operation is directed. This property of the braid group leads to the non-Abelian statistics [82,156,
185,281,339,348].

We consider that the vortices are exchanged adiabatically as shown in Fig. 9.1. Then, the Majorana
fermion plays an important role because it is the most stable state protected topologically by pertur-
bation from outside. The wave function of the Majorana fermion is a double-valued function for the
angle around the vortex axis. This can be inferred from the form of the BdG equations (8.12); when
we shift the phase winding of a vortex as & — 6 + «, it can be canceled if the phases of the particle
and hole wave functions are shifted by «/2 and —a/2, respectively. This implies that, when quasipar-
ticles travel around a vortex at « = 2, both particle and hole wave functions receive a minus sign.
In order to regard the wave function as a single-valued function, we need to introduce a cut from the
center of the vortex to infinitely far from the vortex. The directions of cuts are arbitrary and gauge
dependent. This means that the wave function acquires a minus sign when the Majorana fermion goes
across the cut. Let us pick up the kth and (k + 1)th vortices among the multiple numbers of vortices,
and consider the exchange operation T} for these two vortices as in Fig. 29. By the operation T,
the positions of the kth and (k 4 1)th vortices are exchanged, where the kth vortex goes across the
cut from the (k + 1)th vortex. Then, the wave function of the Majorana fermion in the (k + 1)th
vortex acquires a minus sign, while that in the kth vortex does not change. The resulting exchange is
expressed by the Majorana fermion operators ;' and y, | for the kth and (k + 1)th vortices. Here
a indicates the component of the Majorana fermion with internal symmetry. The fermion operators
y; satisfy the anticommutation relation

e vl} = 2618 (9.3)
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vortex k Y/? vortex k+1 Yl?+1 vortex k+1 YI?+1
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Fig. 29. Exchange of two vortices k and k + 1 with Majorana fermions described by v’ and !, | (@ = 1, 2, 3),
respectively. The dashed lines are cut from the vortex to an infinitely distant point. (Ref. [379].)

We note the relation
vH =y (9.4)
because the particle state is equal to the hole state as the property of the Majorana fermion.
We find that the operation T} gives the following exchange rule:

a a
Tj - { Vo 7 Ve 9.5)
YVit1 =7 Yk

Here a = 1, 2, 3 denote the components in the triplet state, because the Majorana fermions belong
to the triplet of SU (2)c4+r =~ O (3)c+r- In the present discussion, we do not consider the singlet
component.

From Eq. (9.5), we find that the operation by two-time exchanges does not give the initial state;
Tk2 # 1. This means that the exchange of vortices is different from neither the Fermi—Dirac statistics
nor the Bose—Einstein statistics.

9.2.  Abelian vortices with Majorana fermions

The explicit expression of the operation 7 in terms of Majorana fermions was first found by Ivanov
in the case of “Abelian” vortices with single component Majorana fermions (¢ = 1 only) [185] in
chiral p-wave superconductors. See also the early discussions on other systems in Ref. [295]. The
non-Abelian statistics by Majorana fermions in (Abelian) vortices, explicit forms of which will be
shown below, is attracting many researchers as devices for quantum computing [204,205,246,369].
They can be realized not only in the core of half-quantized vortices in chiral p-wave superconductors
or p-wave superfluids [361], but also in the edge of topological superconductors and insulators [131],
and even in the three dimensional systems in which Majorana fermions are trapped on monopole-
like objects [347]. Before moving on to the detailed discussion about the exchange in Eq. (9.5) for a
multiple number of Majorana fermions, in this subsection, let us study the case of the single fermion
component found by Ivanov [185]. In this case, we have the Majorana fermion operators y; and yj41
at the vortex k and k + 1, respectively. Under the exchange of vortices, yx and yx 41 are transformed as

Ve o 7™ Vi+1

Ty : 9.6)
Vi+1 = —Vk
If we define the operator
1
T = —=(1 + i1 7). 9.7
7 Yk+1Vi .7)
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up to an overall phase, it is easy to confirm that the transformation in Eq. (9.6) can be reproduced by
ve = Tt (9.8)

Hence, the operator 7 represents the operation 7.

Next, let us define the Hilbert (Fock) space. It should be noted that the annihilation of the Majorana
fermion is identical to the creation of the Majorana fermion (y; = ykJr ). Hence it is not possible to
construct the Hilbert space on a single vortex. When preparing a pair of vortices, we define the Dirac
operator by

o 1
Uy = 5 (Yok—1 + ivok) - 9.9)

The Dirac operator satisfies the usual anticommutation relations for the creation (lIJ,ZL) and annihila-
tion (W) operators:

(o, 07 =6, {0 0} = {9, 8]} =0 (9.10)

We then define the Fock vacuum |0) as Wy |0) = O for all k. We can build the Hilbert space by
acting the creation operators on the Fock vacuum.

In the case of n = 2 vortices, the Hilbert space can be constructed as {|0), llllT |0)}. With these bases,
the operator 7| can be expressed by a matrix form as

e—in/4 0
r1:< . eim). (9.11)

Because of a nontrivial phase factor, this gives rise to an Abelian anyon statistics.

The non-Abelian statistics can be found in the case of n > 4 vortices. For the case of n = 4 vortices,
we define the Hilbert space {|0), i\IJ;\Il1T|O), \IIIT|O), iII’2T|O)}. With these bases, 7; (k =1, 2, 3) can
be expressed by matrix forms

ot 0 0 0 1 -1 0 O ot 0 0 0
1 1 1
_— 0 w 0 0 = b 0 O R 0 w 0 O 9.12)
0 0 w O J210 0 1 -1 0 0 o* 0
0 0 0 o* 0o o0 1 1 0 0 0 w
with @ = ¢/™/* and w* = e~"/4. In these bases, 71, T3 are diagonal but 7, is non-diagonal. One

cannot diagonalize all of these at the same time. We find the non-Abelian nature; t172 # 127]
and 1213 # 1372. This implies that the order of exchanging the kth and k + 1th vortices is not
commutative. It is straightforward to show the non-Abelian property

Tk Th+1 7 Th+1Tk (9.13)
for any even number n. This is very different from conventional statistics, such as the Fermi—Dirac

statistics, the Bose—Einstein statistics, and even the (Abelian) anyon statistics. In these conventional
statistics, the state after the exchange does not depend on the choice of which particles are exchanged.
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9.3.  Non-Abelian vortices with Majorana fermions

Now, let us discuss the property of the exchange of non-Abelian vortices. For this purpose, we
introduce an operator 7 that represents the operation Ty by

1
fo= [ &, withé = —=+ 470 (9.14)
_ V2
a=1,2,3
This is invariant under the SO (3) symmetry. The operator 7; represents the operation Ty, because
Tyl T, ! reproduces the exchange rule in Eq. (9.5). We also introduce the non-local Dirac opera-
tors by

| .
W= 5 (Vi1 +ivsg) (9.15)

satisfying the anticommutation relations
{lif,?,liffT} = 58, {\i',?,\ifé’} = {@,ﬁ*,@f*} —0. (9.16)

Then, we can define the Hilbert (Fock) space. The Fock vacuum state |0) is defined by \il,? 0) =0
for all k and a = 1, 2, 3, and multiparticle states are defined by operating successively \iJ,fT to the
vacuum state.

As an example, we consider the four non-Abelian vortices (n = 4). Noting that the Dirac fermion
is a triplet state, we obtain the Hilbert space with M-plet (M = 1, 3, 5). Furthermore, each M-plet
is classified by even or odd numbers of the Dirac fermions (P = &£, O). Thus, the basis of the Hilbert
space can be classified according to the representations (M, P). Their explicit forms are given as

[100) = |0), (9.17)
133) = i%e“bc%edefnijf%f*\iff*@jﬂir;*\i/{*|0>, (9.18)
1 wgin
) =i— a5"0), (9.19)
12) = %%ea“%ead@f%ﬁ@jw?|o>, (9.20)
for the singlet-even (1, &) states and
103) = %e“b“\if;*@éﬁ\ir;*m), (9.21)
130) = —i%ea“@f*\ijf*@fﬂm, (9.22)
1151) = —%%e““@f*@f"'@g*|o>, (9.23)
112) = i%%em\i}f*\i}f*@ﬂox (9.24)

for the singlet-odd (1, O) states.
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There are six bases,

|
302) = Ee“bcwz*wgﬂox

1
1331) = —i — PTG @I 0),

3'
1 abc1 bdel cfg"dTAeTAfTAgT
322) = B e e W W Wy {0),
1 n Bt A
1311) = iﬁe“bCWfT‘P?IO),

|
1320) = —Ee“bcwl*wfﬂox

1
Bis) =g PTG o),
for the triplet-even (3, £) states and
1301) = ¥5710),

1 1 ~ A f
|332> 3 delIJbT\IjCT\IJ 5 Eaef\IJ;T\Ijzf'”O),

R TR
|321> — _eabcgebdelljl ‘\Ilfl\lj;'”o)’

V2
1 1 A bt AT A
1312) = —iﬁéabcgéme‘pfw’?q’;”o),
U peptoct L gopedbsets
|323> — EeabclplleTTyedef\PZ \I/;T\If‘zf-n())’

1310) = i¥{710),
for the triplet-odd (3, O) states. There are two bases,

1/1
5 — 7 _ acd\pck\_p bef\ljeTlIJf‘
522) lN{z (2' ol
U beagetgar 1 aer get g ri
+ e z—!e“ef\yz &)

5ab 1 e
che\pd'

pet 1 creg figet
T T z—!ecfg\yz 11/2’}|0),

1 ~ —;- A A A Sab A A
1511) = —N{5 (U179 b7y - wa*\yf} 10,
for the quintet-even (5, £) states and
. 1 1 Ad b 1 n et Adt oA

890 1
_ Cde\.ch\IJ lIJ;T |0>,
32!

1 A dt w1 cia
5 N T delIlC "IJ \IJ acdq] \I’
I512) = { ( 2 +¥y 5

3eb 1
o (,de\IICT\IJ W;T |O>,
32!
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for the quintet-odd (5, ©) states with N’ = \/3/2 fora = b and N = /2 for a # b.
According to the classification by (M, P), the operator 7 is given as matrices with the bases of
the Hilbert space. We find that the matrix representations of the operators 7y are

T;\A’P = O']'(AA ® hP, 9.41)

i.e. a tensor product of the M-dependent term UkM and the P-dependent term hkp Their matrix forms

are
-1 0 1{1 3 .1
0'11:<0 1), (721:§<\/§ _1), 03 =0}, (9.42)
for M =1,
-1 0 0 | 1 V2 1 1 0 0
oi=10 10 05 =3 V20 —V2|.ai=|0o 1 o], (9.43)
0 0 1 1 V2 1 0 0 —1
for M = 3, and

for M = 5. On the other hand, hf are common to all the M-plets, and are given as

e _,0_[¢F 0 e_,o_ 1 (1 —I £_ 01 _ ¢

Those matrices give the mixing of the wave functions of the Dirac fermions in exchanging the
vortices. We note that they are non-Abelian matrices;

AM,P AM,P AMP AM,P
U T AU (9.46)
o AMAM 4 AM A M PPIP PP PP Thi ~
This is confirmed by 6,0, # 0;7,0;" and hy h, | # h,  h, . This means that simultaneous

diagonalization is not possible. In other words, different exchanges of neighboring vortices can lead
to different states. Therefore, it obeys the non-Abelian statistics.

An important remark is in order. We note that hf is nothing but the matrices in the non-Abelian
statistics for “Abelian” vortices that contain a single component Majorana fermion found by Ivanov.
What is new for “non-Abelian” vortices is the existence of the multiple component Majorana
fermions with SO (3) symmetry. Then, the non-Abelian statistics of the non-Abelian vortices have
been obtained as a tensor product of UkM and hf, where akM is a new ingredient from the SO (3)
symmetry. Interestingly, it is found that crkM obeys the Coxeter group [80,177]. The Coxeter group
gives a symmetry of the polytopes in high-dimensional space. The Coxeter group was studied by
Harold Scott MacDonald (“Donald”) Coxeter, one of the great mathematicians of the 20th century.

The generators s; (i = 1, 2, ...) of the Coxeter group are given by two conditions;

@s}=1, (9.47)
(b) (sis))™i =1, (9.48)

with positive integers m;; > 2. The conditions (a) and (b) represent the mirror reflection and the
rotation of the polytopes, respectively. In our present case, it is confirmed that akM satisfies these two
relations; (a)al.2 = land (b) (0;0;)" = 1 withm;; = 3for|i — j| = 1andm;; = 2for|i — j| > 1.

The matrices o*k1 for M = 11in Eq. (9.42) represent the symmetry for a triangle, and the matrices GI?
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triplet (3)
singlet (1)
ag‘f
<>
0'11
2-simplex (triangle) 3-simplex (tetrahedron)

Fig. 30. The triangle for M = 1 and the tetrahedron for M = 3 are shown. (Ref. [379].)

for M = 3 in Eq. (9.43) represent the symmetry for a tetrahedron in Fig. 30. As a result, it is found
that the structure of high dimensional polytopes exists in the Hilbert space for non-Abelian vortices.

Finally, we comment that the decomposition in Eq. (9.41) can be obtained for the operator 7 itself.
The operator 7 is expressed as a product of two SO (3) invariant unitary operators,

% = Gy (9.49)
where
5 1 1.2 1.2 2 .3 .23 3.1 3.1
O = E<1 Vi1 Vi1 Ye Ve = Vit Ve 1 Ve Ve — Vi1 Vi1 Ve yk) (9.50)
and
~ 1
hk:—<1_y1 V2P y1y2y3). ©9.51)
V2 k+17 k417 k+17k Yk Yk

It is easily verified that operators 6y satisfy relations (a) and (b) of the Coxeter group, such that
o =1,
66’ =1 for |k—1I =1,
66> =1 for |k—1I]>1. (9.52)

We confirm that 63 obeys the Coxeter group for an arbitrary number of non-Abelian vortices. There-
fore, for an arbitrary large number of non-Abelian vortices, the non-Abelian statistics contains the
polytope structures in high dimensional space. This is a useful method, because it can be applied to
vortices with SO (N) symmetry (N: odd number), as demonstrated in Ref. [172].

9.4.  Abelian/non-Abelian vortices with Dirac fermions

So far we have discussed the exchange statistics of vortices, where either a single Majorana fermion or
three Majorana fermions are contained. They are called Majorana vortices. There, the Dirac fermion
is defined by picking up two Majorana fermions that are located in different vortices. In this sense,
the Dirac fermions are defined non-locally.

However, the situation is very different when there is an even number of Majorana fermions [377,
380]. In this case, we can construct the Dirac operators by picking up two Majorana fermions at the
same vortex. Namely, the Dirac fermions are defined locally at the single vortex. Vortices containing
the Dirac fermions can be called Dirac vortices.

In the CFL phase, an M vortex contains three Majorana fermions and can be regarded as a Majo-
rana vortex as discussed above, while an M, vortex contains two Dirac fermions [134] and can be
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regarded as a Dirac vortex. Although M, vortices are energetically unstable against decay into two
Mj, as illustrated in Fig. 11, there is a possibility that the M, vortices might be metastable when
gluons are much heavier than other scalar fields. As shown for the Majorana vortex, we can consider
the exchange of Dirac vortices. The Dirac fermions in the M; vortices can have internal degrees of
freedom from U (2) symmetry [377]. It was found that, while exchanges of vortices with a single
Dirac fermion do not give non-Abelian statistics [380], exchanges of vortices with multiple Dirac
fermions such as the M5 vortices do give non-Abelian statistics [377]. We also note that non-Abelian
vortices in supersymmetric U (N) QCD contain N — 1 Dirac fermions in their cores, as summarized
in Appendix A.

10. Topological objects associated with chiral symmetry breaking

In the previous sections, we have studied the (non-)topological solitons in the order parameter man-
ifold U)c—a+r)+B = [SUQB)c x SUB)L+r x U()BI/[SUB)c4+1L+R X Z3]. In this section,
we study topological objects in the chiral symmetry breaking sector U (3)L_r+a = [SU3)L X
SUB)R x U()Al/[SU@B)L+r X Z3]. The U(1)s symmetry is explicitly broken by the instanton
effect (the chiral anomaly) and the corresponding U (1) 4 Nambu—Goldstone mode, the " meson,
acquires a potential term. In Sect. 10.1, we first discuss U (1) axial domain walls interpolating
ground states of the instanton-induced potential, with massless and massive quarks. After giving a
linear sigma model in Sect. 10.2, we discuss U (1)p Abelian axial vortices and non-Abelian axial
vortices in the absence of the instanton-induced potentials in Sect. 10.3. In Sect. 10.4, we discuss
composite states of axial domain walls and axial vortices in the presence of the instanton-induced
potentials. In Sect. 10.5, we discuss the quantum decay of axial domain walls. Skyrmions as qualitons
are briefly discussed in Sect. 10.7.

10.1.  Axial domain walls

10.1.1.  Fractional axial domain walls in the chiral limit. Instantons flip the chiralities of quarks
and thus break the U (1)a symmetry (the chiral anomaly). Instanton effects in the CFL phase are
parametrically small at asymptotically high densities and controlled calculations are possible. In the
chiral limit with massless quarks, the leading contribution to the mass of the n” meson arises from
two-instanton diagrams [302]. As shown in Eq. (2.92), the instanton-induced potential takes the form

Voinst = —2C c0s 3¢a. (10.1)

Here the U (1) phase mode ga is arg(det X) in terms of the gauge invariant field ¥ in Eq. (2.72).
Thus, the effective Lagrangian for the " meson is given by

o

£ == ((Gopa)? = v} (3i9a)?) +2C cos 3pa, (10.2)

where the elementary meson field is defined as g = 21'/v/6 Sy The decay constant f,, and the
velocity v, were found as [333]
3 ,u2 1
= —=, ) = —. 103
272 K V3 (10.3)
The above Lagrangian is the sine-Gordon model with a period ¢a ~ @a + 27/3, which allows
sine-Gordon domain wall solutions [327]. Since the potential is periodic in ¢ with the period 27 /3,

fn’

there are three different minima ¢ = 0, 27 /3, 477 /3 in the period pa € [0, 277). One of the minimal
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configurations is a domain wall, which interpolates between g = 0 at x = —o0 and g5 = 277/3 at
x = 0o. Assuming that the field depends only on one space direction, say x, an exact solution of a
single static domain wall can be available:

4 T (x—x0)
palx) = 3 arctane v (10.4)
where
24/3C
My = (10.5)
fn/

is the mass of the n” meson, and x denotes the position of the domain wall. The tension of the domain
wall is given by

_ 8VCf, ' Uy’
= —ﬁ .
The other two domain walls interpolating between pa = 27 /3 and pa = 47 /3, and between pp =
47 /3 and 27 are simply obtained by phase shifts. All three domain walls wind the U (1) phase
1/3 times, unlike the unit winding for the usual sine-Gordon domain walls. Therefore, these domain

T (10.6)

walls can be called fractional axial (sine-Gordon) domain walls.

2R with distance

Two fractional sine-Gordon domain walls repel each other (the repulsion ~ e~
2R) [272]. If one considers an integer sine-Gordon domain wall winding U (1) once, it splits into
three fractional sine-Gordon domain walls.

Note that, if we include the amplitude mode | det ¥| in addition to the effective theory for ¢a
in Eq. (10.1), it is similar to the so-called N = 3 axion model [89,268,269], which is an elegant
extension of the standard model for solving the strong CP problem [268,269,366,368]. The domain
walls in the axion models were first studied in Ref. [325]. Domain walls in the N > 1 axion models
are stable because they connect two vacua with different phases ¢a. Consequently, the domain wall
energy dominates the energy density of the universe, causing the cosmological domain wall problem.
Only the N =1 case is known to be cosmologically viable, in which the domain wall can decay,
as is explained in Sect. 10.5.1, and the domain wall energy does not dominate the energy density
of the universe. In our case of dense QCD, one might think that the axial domain walls would be
stable because they interpolate between two disconnected points among ¢p = 0, 27/3, 47t /3. This
is, however, not the case. The axial domain walls in dense QCD are metastable as we discuss in
Sect. 10.5.2.

10.1.2.  Integer axial domain walls with massive quarks. Let us next consider an axial domain
wall in the case that the quark masses are not all zero [335]. Here, we assume my = mq = mg = m
for simplicity, so that the mixing in the neutral mesons (°, 1, ') simply vanishes [47,233,302,303].
As shown in Eq. (2.92), the potential for the n” meson receives two additional contributions to the one
in Eq. (10.1). One is from the quark mass term [333] and the other is the one-instanton contribution
[302,335],

V = —6mAcospp — 12Bm? cos @A — 2C cos 3pa, (10.7)
where the first term stands for the one-instanton contribution, which is a contribution from the chiral
condensates. The coefficients A, B were obtained in Ref. [302].

In the limit where the chemical potential is infinite while keeping the quark masses fixed, we have
m%B > mA > C. So we can omit the terms whose coefficients are A and C, then the effective
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Fig. 31. A composite of fractional axial domain walls. An example of a numerical solution for a generic
sine-Gordon potential V. = —a cos pa — B cos 3, is shown in the left panel. We sete = 1, 8 = 5,and f; =
to show a typical configuration. The domain wall solution is shown in the right panel. The integer axial domain
wall consists of three fractional axial domain walls.

theory becomes
r— T" ((30<,0A) — 7 (ipA) ) + 12Bm” cos ga. (10.8)

This is the conventional sine-Gordon model. A single static domain wall solution is known to be
[325,335]
mi(x—xo)

@a(x) = 4arctane "’ , (10.9)
with m,, = 2m~/2B/ f,y. The tension of the domain wall is given by

T = 24v2B fyvym. (10.10)

The difference between the axial domain walls in Egs. (10.2) and (10.9) is only the coefficients;
In contrast to the fractional axial domain wall in Eq. (10.2), the domain wall in Eq. (10.9) winds
the U(1)a once; therefore it can be referred to as an integer axial (sine-Gordon) domain wall
characterized by the first homotopy group'®

mi[U(1)a] ~ Z. (10.11)

The classical stability of the integer axial domain walls was studied in Ref. [60].

Finally, let us consider the most generic potential in Eq. (10.7). If we include the two-instanton
contributions, the potential includes cos g and cos 3py as in Eq. (10.7). This potential is known as
that of the triple sine-Gordon model. For generic parameter choices, the minimum of the potential is
unique, a4 = 0, and only an integer axial domain wall winding the U (1) o phase once is allowed. A
numerical solution is shown in Fig. 31. The figure shows substructures of three peaks, and this integer
axial domain wall can be interpreted as a composite of three fractional axial domain walls with 1/3
U (1)5 windings in Eq. (10.9). Without the two-instanton contribution cos ¢y, these three fractional
axial domain walls repel each other and the integer axial domain wall decays completely into three
fractional axial domain walls, as mentioned above. On the other hand, the two-instanton-induced

15 Sine-Gordon kinks should be regarded as textures more like defects. So they are classified by an approx-
imate order parameter manifold in the absence of the potential, while the exact order parameter is lifted by
the potential. When the spatial infinities are identified as a point, topological textures in R are classified by
a map from S¢ to the (approximate) order parameter manifold M, and the corresponding homotopy group is
74(M). Fractional sine-Gordon domain walls discussed in the last subsection cannot be characterized by the
first homotopy group.
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potential cos ¢ introduces the energy between domain walls, resulting in a constant attractive force
between them. Therefore, the linear confinement of domain walls occurs.

10.2.  Linear sigma model

As discussed above, instanton effects are parametrically small in the asymptotically high density
limit. Then the U(1)s symmetry becomes an exact symmetry of the system. In the CFL phase,
the diquarks are condensed and the U (1) is spontaneously broken. As explained in Sect. 3.1.2,
therefore, there exist topologically stable global vortices, U (1)a global vortices. However, this is
not the whole story. One should be careful that not only the U (1) 54 symmetry, but also the full axial
symmetry [SU (3)L—r X U(1)al/Z3 of QCD is spontaneously broken completely in the CFL phase.
As we have seen, this kind of spontaneously broken non-Abelian symmetry gives rise to non-Abelian
vortices. One crucial difference from the previous sections is that no local symmetries take part in
here. Thus, the U (1) 5 vortices that we study in this section are global non-Abelian vortices.
We start with a generic linear sigma model in the chiral limit:

X B 2
L=Tr [aozTaoz Fu2, 2T S — a3t E)? 4+ nzsz] e (Tr [Z'ED

3774

—k(detX +cc) — ——M,
( ) 431+ 22)

(10.12)
where X is a 3 x 3 complex matrix scalar field without any constraints, as is defined in Eq. (2.72).
The speed of the modes is taken to be u ~ v; ~ v,/. The coefficient « of the anomaly term is related
to the C of the chiral Lagrangian as « (£)3 = C. The field ¥ is invariant under SU (3)c and U (1),
while it transforms under SU (3)1, x SU(3)r x U(1)a as

S — ¢ gl Tgr, (ei@A, gL, gR) € U(Da x SUB)L x SUB)R. (10.13)

Here, we have used different notation for 65 from Eq. (2.73). Since we are interested in topological
vortices in this model, we do not specify values of the coupling constants A1 2, n but leave them as
the parameters of the model. By taking the heavy mass limit, one can relate this linear sigma model
with the chiral Lagrangian of the light fields in Eq. (2.83) with the anomaly term in Eq. (2.92). We
also ignore the electromagnetic interaction here.

Taking into account discrete symmetries, the full chiral symmetry of the Lagrangian in Eq. (10.12)
is G, given in Eq. (2.74). Let us consider the case in which the anomaly effect is absent, x = 0. The
ground states are stable when the coupling constants in Eq. (10.12) satisfy

n? >0, 3i +i >0. (10.14)

Up to the flavor rotation, one can choose the ground state value as

_ _
(T) =vlz, v= TS (10.15)

The vacuum expectation value v should be identified with v ~ f; ~ f,. In the ground state, the
chiral symmetry Gr breaks down to its diagonal subgroup Hr = SU (3)v/Z3v, given in Eq. (2.79).
Then, the order parameter manifold is Gg/Hg >~ U (3)L—Rr+4, given in Eq. (2.80).
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The mass spectra are as follows: there are 8 + 1 NG bosons associated with the spontaneously
broken U (3)1.—r+a and the same number of massive bosons, whose masses are

m3=2n% mj =4’ (10.16)

Note that the linear sigma model (10.12) can be regarded as that for the chiral symmetry breaking
in the low density hadronic phase. There are a number of works studying various topological solitons
in the hadronic phase. For example, 1’ strings, which are the U (1) s global vortices, were studied in
Refs. [34,386]. Non-topological vortices called pion strings with a trivial topology 71[SU(2)] = 0
were studied in Refs. [59,386].

Non-Abelian global vortices in the hadronic phase were first found by Balachandran and Digal in
Ref. [33]. Various aspects of the non-Abelian global vortices were studied in the subsequent papers
[111,244,261]. Since the linear sigma model for the chiral symmetry breaking in the CFL phase
shares many similar properties with that for the hadronic phase, there should exist the same kind of
non-Abelian global vortices in dense QCD.

10.3.  Abelian and non-Abelian axial vortices

10.3.1.  Abelian axial vortices. Since the order parameter manifold Gg/ Hr >~ U (3)L_Rr+A 1S not
simply connected, the first homotopy group is nontrivial:

T [U()a] = Z. (10.17)
Therefore, there exist topologically stable vortices. In order to generate a nontrivial loop in the order

parameter manifold, one may use only a Ty generator. Such a loop corresponds to the n’ string [34,
386] for which the order parameter ¥ behaves as

2, 0) = vf(r)e'1s. (10.18)

The equation of motion for the amplitude function f(r) is of the form

/ 2
% <f”+——i2>—mf(f2—l):0. (10.19)
r 2

r

This is exactly the same equation as the equation of motion for the familiar U (1) global vortices.
Solutions can be numerically obtained with the suitable boundary condition f(0) = 0 and f(oc0) =
1; see e.g. Ref. [355]. The tension of the Abelian global string is [261]

L
Ty, = 3 x 2mv*u? log g + const (10.20)

with the size of the system L and the size of the axial vortex & = ml_l.

10.3.2.  Non-Abelian axial vortices. One can construct a smaller loop inside the order param-

eter manifold by combining the U(1)s generator Ty ~ 13 and non-Abelian generators 7, (a =
1,2,---,8) of SU(3) [33]. They correspond to non-Abelian axial vortices characterized by the
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homotopy group
71 [UB)L-r+a] = Z. (10.21)
The three typical configurations are given by
Y= vdiag< 0 £(r), g(r), g(r)) 2225 vdlag( i0 1, 1)

=ve 3d1ag< -

)=
).

¥ = vdiag <g(r) elgf(r) g(r)) == v diag <1, e, 1)
:vei%diag( —i% e - )
)=

¥ = vdiag <g(r) g(r), ¢l £ (r) Iz v diag <1 1,¢e )
6 -0
=ve 3d1ag< i3, ¢7'3, ¢ 3) (10.22)
with the profile functions f(r) and g(r) satisfying the boundary conditions
fr—o00)=g(r —o00)=1, f(0)=g0)=0. (10.23)

The boundary condition at spatial infinities in Eqgs. (10.22) clearly shows that the corresponding
loops wind 1/3 of the U (1) phase, and are generated by non-Abelian generators of SU(3)L._gr at
the same time. They are called fractional vortices because of the fractional winding of the U (1)
phase and non-Abelian vortices because of the contribution of the non-Abelian generators. Because
ofthe fractionality of the U (1) o winding, the tension of a single non-Abelian axial vortex is one-third
of that for an Abelian axial vortex [261]:

L
TUG)_roa = 27v%u? log A + const., (10.24)

with & ~ max(mgl, mfl).
The equations of motion for the amplitudes f(r) and g(r) are

, 2
u2(f//+f _ri) f(f +2g )_%f(fZ_gz):O, (10.25)

/ m m
u2 (g”+g7> —?18(]&4‘282_3)‘*'?857(](2_572):0’ (10.26)

where T = mg/mj. These should be solved with the boundary conditions f(0) = g’(0) = 0. The
asymptotic behavior of a profile function of a U (1) global vortex is established; see e.g. Ref. [355].
On the other hand, the profile functions for a non-Abelian axial vortex were studied in Refs. [111,261]
in detail. Typical profile functions for the cases with m| < mg and m| > mg are shown in Fig. 32.
The asymptotic behaviors depend on the two mass scales m| and mg. For instance, the profile
functions near the center of the vortex and far from the vortex were found [111,261] to be

fry=cir+er’+--, gr)=do+dor* + -+, <r<<min{m1_l,m8_1}), (10.27)
and
a a by b
f(r)=1+r—§+r—j+--~, g(r)_1+—+—4+ (>>mm{m1 .mg }) (10.28)
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Fig. 32. Typical profile functions of f () (solid line) and g () (broken line). The parameters are setto m; = 1
and mg = 2 for the left panel and m| = 2 and mg = 1 for the right panel.

While numerical study is needed to determine the coefficients ¢; and d;, the coefficients a; and b;
are analytically determined [111] as

L1 + 2 b b ! (10.29)
am=—|—=+—=1, =—|—=-—]. .
2 3 m% m% 2 3 m% m%

Full numerical profile functions were also obtained in Refs. [111,261].

The configurations in Eq. (10.22) are connected by the flavor rotation SU (3); +r and all of them
form an infinitely degenerate family [261]. Since the configurations in Eq. (10.22) are invariant under
the little group U (2)1+R, the physically independent solutions are labeled by

SUGILR ~ CP2. (10.30)

U(DL4+r X SUQ2)L+R
Therefore, C P? Nambu—Goldstone modes appear as semi-superfluid non-Abelian vortices. However,
these C P2 Nambu—Goldstone modes are not localized around a vortex. Instead, the wave functions
of the C P2 modes extend to spatial infinity, because SU (3) 4r transformations change the boundary
conditions at spatial infinities, as can be seen in Eq. (10.22). They are non-normalizable and should

be regarded as more like bulk modes. '

The intervortex force between two well separated non-Abelian axial vortices was obtained in
Ref. [244]. The details of the calculations are quite similar to those in Sect. 4.2. As explained in
Sect. 4.2, as far as two string interaction is concerned, only an SU (2)r 4R rotation is enough to set
up two strings whose relative orientation is generic. In the following, we fix the amplitudes f(r) and
g(r) at one, which is valid for a vortex distance 2R much larger than the mass scales ml_l, mg I
Thus, we take two well separated strings parallel to the z-axis separated with the distance 2R into

the x-axis as in Fig. 8:

¥ = vdiag(e'™, 1, 1), (10.31)

and $i62 L
S =v]|? )¢ , (10.32)

0 1

where g is an element of SU (2)1 4R
@ L L.«

= —+in- —. 10.33
g cosz—i-m asm2 ( )

16 If g1 were the gauge transformation, as is the case in Sect. 3 (g — gc € SU(3)c), the boundary condi-
tions are physically identical, because they can be transformed to each other by a suitable gauge transformation
in Eq. (4.19). Consequently, the C P? modes would become normalizable.
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The interaction energy density of the two strings is obtained by subtracting two individual string
energies from the total configuration energy for the Abrikosov ansatz ¥,y = £1X; as

F(r6.R,a) = Tr(|azmt|2 — 93— |azz|2)

—R%>+r2
R* 4+ 714 —2R%r2c0s20 /)’

==+( —i—cosoz)( (10.34)
where the sign = is for the vortex—vortex and vortex—anti-vortex pairs. Integrating this over the x—y
plane, one gets the interaction energy

E(a,a, L) = +7(1 + cos ) [— In4 —2InR + In(R? + LZ)] . (10.35)

Finally, the intervortex force can be obtained by differentiating £ by the interval 2R as

R

1
f(R,a, L) ==4nm(1 4+ cosa) <E — m

) ~ 41+ cosa)%. (10.36)

Although the calculations here are quite similar to those in Sect. 4.2, there is a sharp contrast in
comparison with the intervortex forces. While the intervortex force of the semi-superfluid vortices is
independent of the orientation at the leading order, one of the non-Abelian axial vortices depends on
the relative orientation « at the leading order. This difference reflects the fact that the orientational
modes C P? are normalizable or non-normalizable for semi-superfluid vortices or non-Abelian axial
vortices, respectively.

The intervortex force at the leading order in Eq. (10.36) vanishes at « = /2. For instance, the
three configurations in Eq. (10.22) do not interact at this order. A U (1) vortex can be marginally
separated to three non-Abelian axial vortices as

diag (%, €'?, ') — diag (¢!", 1, 1) x diag (1, ¢'®, 1) x diag (1, 1, ¢'%) (10.37)

at this order, where 0] » 3 denotes an angle coordinate at each vortex center.

However, when the leading order term vanishes in general, one needs to consider the next-leading
order. The next-leading order of interaction between two vortices winding around different com-
ponents was obtained in the context of two-component Bose—Einstein condensates in Ref. [108]. In
terms of the parameters in Eq. (10.12), the interaction energy and force between vortices at a distance
2R much larger than mfl, mg Vare

log2R /&)

Enext )"2 (2R)2 9
~ A ! 1 2k 1 10.38
fnext 2@(@%?_5), ( . )

respectively, which is repulsive.

10.4. Composites of axial domain walls and axial vortices

Let us next take into account the instanton effects in the presence of vortices. We first consider
the chiral limit with massless quarks in Sect. 10.4.1, followed by the case with massive quarks in
Sect. 10.4.2.
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Fig. 33. A three-pronged fractional axial domain wall junction is formed in the presence of an Abelian axial
vortex in the chiral limit. The effective potential is V,; = —C cos 3¢, which is generated by the two-instanton
effect. The energy density is shown in the left panel and the U (1) phase (cos @a, sin @) is shown in the right
panel.

10.4.1.  Abelian and non-Abelian axial vortices attached by fractional axial domain walls in the chi-
ral limit. In the chiral limit, the instanton-induced potential for the ’-boson is given in Eq. (10.1).
While we have studied domain walls in the chiral Lagrangian in Sect. 10.1, they remain almost the
same with slight modifications in the linear sigma model introduced in Sect. 10.2. Similarly to axion
strings, Abelian axial vortices are attached by axial domain walls in the presence of the instanton-
induced potential ~ cos3¢pa. Since the phase changes from @5 = 0 to ¢4 = 27 around a single
Abelian axial vortex, three different domain walls forming a three-pronged junction attach to it, as
illustrated in Fig. 33. Since the domain walls repel each other, the configuration becomes a Z3 sym-
metric domain wall junction. A numerical solution for this configuration was first obtained in the
chiral phase transition in the low baryon density region in Ref. [34].

Next, let us consider non-Abelian axial vortices in the presence of the instanton-induced potential
~ cos 3pa [102]. The U (1) s phase changes by 277 /3 around a non-Abelian axial vortex. Therefore,
one fractional axial wall attaches to one non-Abelian axial vortex, as illustrated in Fig. 34. Let us
consider it in more detail, focusing on the configuration of the type diag(e’?, 1, 1). In the vicinity of
the vortex, let us divide a closed loop encircling the vortex to the paths b and b, as in Fig. 34. Then,

along the path b and b;, the order parameter receives the transformation by the group elements

2 LAY b4 big

exp|% (60 + %) diag(1,1,1)| € U(1)4, by:—%2 <6<

2(6) = p[j (0 +3) : g1, D} € Ua 2T (1039)
exp [ (0 — §)diag2, =1, —-D]w € SUB)L-r, br:% <6 <37

Only the U (1)4 phase is rotated in the path by while only the SU (3)1._r transformation acts along
the path b,. This configuration was discussed in the chiral phase transition in the low baryon density
region in Ref. [33]. This is of course unstable because it is pulled by the domain wall tension to
spatial infinity [102].

As for non-Abelian semi-superfluid vortices, there is an M, non-Abelian vortex, which is

% = vdiag (g0, € £(r), ¢ 1))

= v diag <1, eie, ei9> = ve’%diag <e_’%, ei%, ei%) , (10.40)
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Fig. 34. A non-Abelian axial vortex attached by a fractional axial domain wall with the instanton-in-
duced potential V,y = —C cos3¢,4. Along the path b, only the U(1)s phase is rotated by 27 /3. Then,
the SU (3)L_r transformation exp[(i/3)(6 — w/2)diag(2, —1, —1)] is performed along the path b,, where 6
(m/2 <6 < 3m/2) is the angle of the polar coordinates at the black point.

fractional non-Abelian fractional
sine-Gordon wall M, vortex sine-Gordon wall
C

Fig. 35. An M, non-Abelian axial vortex attached by two fractional axial domain walls with the instanton-in-
duced potential V,y = —C cos 3¢,.

in the absence of the instanton-induced potential. In the presence of the instanton-induced potential,
the U (1) o phase rotates by —2 /3. Therefore, two axial domain walls are attached, as illustrated in
Fig. 35. A numerical solution was constructed in Ref. [33] with an approximation.

Let us point out that an axial vortex attached by three fractional axial domain walls decays into
a set of three non-Abelian axial vortices, each of which is attached by a fractional axial domain
wall [102]. Let us remember that, in the absence of the instanton-induced potential, an axial vortex
can be separated into three non-Abelian axial vortices without binding force at the leading order
as in Eq. (10.37), since the force in Eq. (10.36) vanishes at « = 7. Therefore, the configuration of
the single Abelian axial vortex attached by three domain walls is unstable to decay, as illustrated
in the right of Fig. 36, because each non-Abelian axial vortex is pulled by the tension of a semi-
infinitely long domain wall. The U (1) phase changes by 27/3 around each of the non-Abelian
axial vortices attached by fractional axial domain walls. We show a detailed configuration of this
decaying configuration in Fig. 37. The Abelian axial vortex initially located at the origin O decays
into three non-Abelian axial vortices, denoted by the red, green, and blue dots. The three fractional
axial domain walls denoted by the red, blue, and green dotted lines initially separate ¥ ~ 13 and
wlz, wl; and @ 13, and w115 and 13, respectively. The red, blue, and green non-Abelian axial
vortices are encircled by the paths

by —r3+ry, by—ri+r3, by—r+r (10.41)

respectively, as in Eq. (4.27) for non-Abelian semi-superfluid vortices. At the boundary of the spatial
infinity, the U (1) 5 phase is rotated by exp[ifdiag(1, 1, 1)] with the angle 6 of the polar coordinates
from the origin O. Therefore, the U (1) 5 phase is rotated by 277 /3 along each of the paths b, b, and
b3. Let us suppose that the three paths in Eq. (10.41) enclose the three configurations in Eq. (10.22),
respectively. Then, we find that the transformations g(r) € SU(3)L—r occur along the paths rq, rp,
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Fig. 36. Decay of a three-prolonged fractional axial domain wall junction in the chiral limit. The junction is
three unstable to decay non-Abelian axial vortices that are pulled by three semi-infinitely long fractional axial
domain walls. The figures (the potential energy density in the left panel and the total energy density in the right
panel) in the second line are snapshots taken at an instant. These figures clearly show three domain walls torn
off from the junction point. An initial configuration is the junction solution given in Fig. 33.

and r3 as

diag(1,1,1), r=0

ry: g(r) =-expliu(r)diag(0, —1, D] = {
diag(1, 0™, w), r =00

diag(1,1,1), r=0

, (10.42)
diag(w, 1,07 "), r =00

. g(r) =expliu(r)diag(l,0, —1)] = [

diag(1,1,1), r =0

: — ; diag(—1,1,0)] =
r3: g(r) = expliu(r)diag( ! {diag(w‘l,w, D, r=o0

respectively, as in Eq. (4.28) for non-Abelian semi-superfluid vortices, where u () is a monotonically
increasing function with the boundary conditions u(r = 0) = 0 and u(r = oo0) = 27 /3. We find that
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Fig. 37. Classical decay of an axial domain wall junction. The three ground states are ¥ = 13, wl3, and
o~ '13 = w13, and the origin O is ¥ = diag(w™', 1, w). The Abelian axial vortex initially located at the
origin O decays into three non-Abelian axial vortices, denoted by the red, green, and blue dots. The three
fractional axial domain walls denoted by the red, blue, and green dotted lines initially separate 15 and wls,
wls and @~ '13, and @~ '13 and 13, respectively. by, by, and b3 are the paths with angles 27/3 at the bound-
ary at spatial infinity, and ry, r,, r3 denote the paths from the origin O to spatial infinities. For by, b;, and b3,
the U (1) phase is rotated by exp[ifdiag(1, 1, 1)] with the angle 6 of the polar coordinates. Along the paths
ry, 12, and r3, SU(3)L_r group transformations occur: exp[iu(r)diag(0, —1, 1)], exp[iu(r)diag(l, 0, —1)],
and expliu(r)diag(—1, 1, 0)], respectively, with a monotonically increasing function u(r) with the boundary
conditions u(r = 0) = 0 and u(r = o0) = 2x/3.

the origin O is consistently given by
¥ = vdiag(w™ ', 1, w). (10.43)

From a symmetry, permutations of each component are equally possible as the case of decay of a
U (1) vortex.

The M, non-Abelian axial vortex in Fig. 35 also decays into two non-Abelian axial vortices for
the same reason.

Note that there is a sharp contrast to the axion string. Though an axion string in the N = 3 axion
model also gets attached by three domain walls, the domain walls cannot tear off the axion string
into three fractional strings [355].

10.4.2.  Abelian axial vortices attached by a composite axial domain wall with massive quarks.
What happens when we include an effect caused by the quark masses? The dominant contribution to
the potential for the n” meson in the high density limit is ~ cos g4, as in Eq. (10.8). One interesting
consequence is that this potential does not allow the existence of a non-Abelian axial vortex alone.
For the single-valuedness of ¢a, a set of three non-Abelian axial vortices must appear at the same
time as an integer Abelian axial vortex, and a single integer axial domain wall attaches to it, as
illustrated in the left panel of Fig. 38.

When both cos ¢ and cos 3pa exist, there appears an integer axial domain wall as a composite of
three fractional axial domain walls, as discussed in Sect. 10.1.2. Again, only an Abelian axial vortex
can exist, which is attached by an integer axial domain wall as a composite of three fractional axial
domain walls, as illustrated in the right panel of Fig. 38.

10.5. Quantum decays of axial domain walls

10.5.1. Decay of integer axial domain walls. Inthe U (1) o model with the potential V ~ cos ¢a,
the minimum domain wall is an integer axial domain wall interpolating between ¢4 = 0 and pp =
27, given in Eq. (10.9). While this domain wall is classically stable [60], it is metastable if one takes
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Fig. 38. An Abelian axial vortex attached by axial domain walls for the effective potential
V,y = —acospa — C cos3ps witha = 6Am + 12Bm*. When C = 0, a fat single axial domain wall attaches
to an axial vortex. When neither o nor C are zero, three thin domain walls are bounded as in Fig. 31 and attach
to a vortex. The case with @ = 0 and C # 0 is shown in Fig. 33.

v

Im>

Fig. 39. Unwinding an integer axial domain wall. The potential is composed of a Mexican hat potential plus
a linear potential. A metastable axial domain wall is represented by a red loop. This can be unwound through
the blue and green loops by quantum tunneling.

(@) (b)

27
C
J JT
wall anti- | yortex wall x?2
vortex
b2 b] ;L_. 1 vortex loop
0 x3

Fig. 40. Quantum decay of an integer axial domain wall. (a) A hole bounded by a pair of an Abelian axial
vortex and an Abelian axial anti-vortex is created in d = 2 + 1. The numbers denote the phase of ¢a. (b) A
two-dimensional hole bounded by a closed Abelian axial vortex is created ind = 3 + 1.

into account the quantum tunneling effect, and it can decay into the ground state quantum mechan-
ically (or thermally), as illustrated in Fig. 39. This is also discussed in Ref. [30], where it is called
a ribbon soliton. Since the axial domain wall separates pa = 0 and pp = 2w, which are equivalent,
a hole can be created as in Fig. 40(a), where the order parameter remains the same along the path ¢
through the hole. The U (1)a phase is rotated counterclockwise along the closed counterclockwise
loop b1 + c; it encloses an Abelian axial vortex, denoted by the black point in Fig. 40(a). On the
other hand, the U (1)a phase is rotated clockwise along the counterclockwise loop —c¢ — by, which
encloses a U (1) anti-vortex, denoted by the white point in Fig. 40(a). Therefore, the hole is bounded
by a pair of a vortex and an anti-vortex. In d = 3 + 1 dimensions, a two dimensional hole bounded
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by a closed Abelian axial vortex loop is created, as illustrated in Fig. 40(b). The energy of the axial
domain wall turns to the radiation of the n’ mesons.

Let us calculate the decay probability of axial domain walls. Similar calculations were done for the
U (1) axial domain wall in the 2SC phase in Ref. [335] and an application of their calculations to
the CFL phase was also pointed out there. Once the hole is created on the integer axial wall, it will
expand if the size of this hole is larger than a critical value, and the axial domain wall decays. The
quantum tunneling probability of this process can be calculated following Ref. [277]. Let R be the
initial radius of the hole created on the axial domain wall. Then, the bounce action of this tunneling
process is

4
B = 4w R*T, — §mR3TW, (10.44)

where T, and Ty, stand for the tensions of the vortex and the axial domain wall, respectively. The
critical radius R, is the one that minimizes this bounce action, given by

2T,
R, = . 10.45
¢ =T (10.45)
Thus, the decay probability is
16w T}
~ ,—B _ _ v
P~e |R:Rc = exp ( = van\%) . (10.46)

The factor 1/v,, in the exponent reflects the fact that v,/ is the speed of the modes in this system
[335]. Since we have T, ~ fn% log L/Acrr ~ p*log L/ Ackr, and Ty ~ ~/B fym ~ AcpLim, the
decay probability is roughly estimated as P ~ exp[—(ulog L/Acrr)*/(AcrLi)?]. Here, L is an IR
cutoff scale and we choose Acpr as a UV cutoff. Thus, at the high baryon density limit, the decay
probability becomes parametrically small and the integer axial domain walls have a long lifetime.

10.5.2.  Decay of fractional axial domain walls. The U (1) o model with the potential V ~ cos 3¢pa
allows the ground states pa = 0, oo = 27/3, and pp = 47/3, and the minimum domain wall is a
fractional axial domain wall interpolating between two of them, say pa = 0 and oo = 27/3, as given
in Eq. (10.4). As described in Sect. 10.1.1, minimum axion domain walls in the N = 3 axion models
are stable because they connect the vacua with different phases @a .

On the other hand, fractional axial domain walls in the CFL phase also interpolate between two
different ground states, say ¢a = 0and o = 27 /3, separated by the potential term V ~ cos 3¢, for
the phase 4. However, they are not stable, unlike the case of the N = 3 axion model, but they are
metastable and can decay quantum mechanically or thermally [102]. The point is that these ground
states can be connected by a path in the SU (3)1._r group without a potential inside the whole order
parameter space U (3)L—r+a = [SUB)L-r X U(1)al/Z3. To see this, we note that the ground states
oa =0, 2m/3, and 47/3 are ¥ ~ 13, wl3, and 0?13 = w13, respectively, with o = emi/3 Let
us first consider d = 2 + 1 dimensions for simplicity. For example, let us consider an axial domain
wall interpolating between X ~ 13 and ¥ ~ w13, as in the left panel of Fig. 41. This wall can decay
by creating the path c¢ in the right panel of Fig. 41, along which the two ground states 1 and w are
connected by

exp| - (0 . Z) diag2, -1, —1) | @ = T <g<in (10.47)
3 2 27 T2
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Fig. 41. Quantum decay of a fractional axial domain wall. A pair of a non-Abelian axial vortex and a
non-Abelian axial anti-vortex is created.

in the SU(3)1._r group. Here 6 represents the angle from the black point. Then, one finds that the
counterclockwise loop b1 + ¢ encloses a non-Abelian axial vortex of the type diag (¢'?, 1, 1) (rep-
resented by the black point). This is nothing but the configuration in Fig. 34. The clockwise closed
loop —b> + ¢ also encloses a non-Abelian axial vortex (denoted by the white point), which implies
that it is a non-Abelian axial anti-vortex. Therefore, a hole bounded by a pair of a non-Abelian axial
vortex and a non-Abelian axial anti-vortex is created.

In d = 3 + 1 dimensions, a two dimensional hole bounded by a closed non-Abelian axial vortex
loop is created as the Abelian case. When one deforms the path b1 to —c in Fig. 41, one must create a
non-Abelian vortex, implying an energy barrier between these two paths. Therefore, the calculation
of the decaying probability is the same as Egs. (10.44)—(10.46) in the case of an integer axial domain
wall, replacing the tension of vortices and domain walls with non-Abelian ones. Through this decay-
ing process, the domain wall energy turns to radiation of the U (3)—r+a Nambu—Goldstone modes
(the n” meson and the CFL pions).

We conclude this subsection by noting that, while integer axial domain walls can decay without
SU (3)L—r degrees of freedom, fractional axial domain walls can decay once SU (3)1 _r degrees of
freedom are taken into account, unlike the case of the N = 3 axion model, in which domain walls
are stable.

10.6. Quantum anomalies and transport effects on topological defects

It is well known that the axial U (1) symmetry is explicitly broken by the quantum anomaly in the
QCD vacuum. Even at finite density, it was found that the anomaly plays important roles, especially
in the presence of topological solitons [332,337]. Because the effective theory has to reproduce the
anomaly relation of QCD, the effective theory given in Sect. 2.2.2 should be corrected. The additional
terms were found in Ref. [337] as

1 ~ 1 ~
Lanom = WSMWA [echyyAvF/w — 2eCaBy (U«nv - Eav(ﬂB> FHY

1 1
_ QCABBGWWS <;,mv — E8,,(,0]3) 8a8ﬂ<pB:|, (10.48)

with n, = (u, 0, 0, 0). The first term describes two-photon decay like n” — 2y. For the CFL phase,
the coefficients were found as

4 2

Cayy = 3 CaBy = 3. CaBB = (10.49)

1
3 3
Although the anomalous terms do not contribute to the equations of motion since they are total
derivatives, they give extraordinary effects if a topological soliton exists. According to Ref. [337],

here we review two phenomena below. The first anomalous phenomenon is axial current on a U (1)
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Fig. 42. Schematic pictures of the anomaly effects on a U (1) superfluid vortex, an axial domain wall, and an
axial vortex (drum vorton) [337].

superfluid vortex. Let us consider a straight U(1)p superfluid vortex extending along the z-axis.
Then, rotation of the U (1) phase is j]g = (0x0y — 0y0x)pB = 2w 8(x)8(y); see Egs. (2.63) and (3.5).
Therefore, in the presence of a U (1) superfluid vortex, the anomaly term reduces to

Lanom = —— / dt dz d,0n. (10.50)
127
From Noether’s theorem, this anomalous term gives the non-zero axial current
A 12
= ——(0,0,0, ). 10.51
i = 1o ( ) ( )

Thus, there is an axial current running on the superfluid vortex; see Fig. 42.

The second anomalous phenomenon is magnetization of axial domain walls under a background
magnetic field B. Let us consider an axial domain wall perpendicular to the z-axis. Since the U (1)
phase ¢ changes from O to 27 along the z-axis, we have non-zero d,¢a. Then the anomaly term
reduces to

e - -
——B - V. 10.52
1272 DA ( )

This equation implies that the axial domain wall is magnetized with a finite magnetic moment per

ﬁanom =

unit area equal to
_en
C o6
The magnetic moment is oriented perpendicular to the axial domain wall.

(10.53)

This phenomenon can be understood in a different way. Since an axial domain wall is metastable,
it is bounded by an axial vortex; see Fig. 42. It is called a drum vorton [70], which was first found
in a nonlinear sigma model at finite temperature. Since €;;x0; kA = 2782(x 1) on the axial vortex,
the anomalous action can be written as a line integral along the vortex as

Sanom = [ ai - A. (10.54)
37
This means that an electric current runs along the core of the axial vortex equal to
jEM e (10.55)
3n

When the axial vortex surrounds an axial domain wall, it gives rise to a magnetic moment per unit
area equal to jEM/2 = e /(67), which is exactly the same as Eq. (10.53).
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These anomalous effects were further investigated in Ref. [332], in which it was found that a strong
magnetic field of order 10'7—10'8 [G] transforms the CFL phase into a new phase containing multi-
ple n (or ") domain walls, which are magnetized due to the anomalous effects. It was also proposed

in Ref. [332] that enormously strong magnetic fields of magnetars (104713 |

G]) are due to ferromag-
netism (spontaneous magnetization) by the non-zero gradient of the chiral field in the meson current
(Goldstone boson current) phase [213,304]. There are also a number of works studying anomalous
phenomena. The so-called chiral magnetic effects [139,201] are similar phenomena that occur when
a system with a non-zero chiral chemical potential is under a strong magnetic field. Electric charge
separation of Q-balls by the chiral magnetic effect was studied in Ref. [100], and seemingly anomaly
induced electric charges on a baryon as a Skyrmion under a strong background magnetic field were
discussed in Refs. [99,202,362]. It was found in Ref. [151] that fermions escape during the decay
process of metastable defects through the anomaly term. It was found for low-density nuclear matter
that a stack of magnetized pionic domain walls is energetically more favorable than nuclear matter
[332]. The relation between the ferromagnetism of neutron stars and a stack of magnetized pionic
walls was also discussed in Ref. [98]. It has also been proposed that an anomalous global vortex may
generate primordial magnetic fields in galaxies [59].

10.7.  Skyrmions as qualitons

As discussed in Sect. 2.2.2, there are Nambu—Goldstone boson modes (CFL mesons), namely
SU (3)c+L+R octet and singlet modes, in the ground state of the CFL phase. The nonlinear real-
ization of the Nambu—Goldstone bosons gives the effective Lagrangian whose forms are restricted
by SU (3)c+L+r symmetry. The simplest form of the effective Lagrangian for the pion field is consti-
tuted by the kinetic term, the four-derivative term (the Skyrme term), and the Wess—Zumino—Witten
term from the chiral anomaly:

F2 F/2
Lefr = TTY (DOCDLDOCD}:> - TTr (Di @ D; <D£) + Lskyrme + nLLwzw

+L<R)+--, (10.56)

where @1 R is restricted by | det &1 r| = 1, np. = 1, and the ellipsis denotes the terms with the higher
order derivative.!” F is the “pion decay constant” in the CFL phase. Because of the nontrivial third
homotopy group of the order parameter manifold,

73[U (B)L—r+A] = Z, (10.57)

one expects the existence of Skrmions [326,328] as three-dimensional textures, as explained in foot-
note 15. As the solution, there is a “hedgehog” configuration as the most stable (soliton) state from
the energy balance between the kinetic term and the Skyrme term [175]. The Wess—Zumino—Witten
term guarantees the correct quantization of the soliton as a spin 1/2 object. The winding number in
Eq. (10.57) carries the baryon charge (1 mod 2)/3. We note that U (1)g symmetry for baryon num-
ber conservation in the QCD Lagrangian is broken to Z; symmetry in the CFL phase, because the
transformation ¢ — —gq for the quark field ¢ leaves the condensate invariant. This stable object is
called a “qualiton” (or “superqualiton”) [175]. Since the low-energy constants as the coefficients in
the effective Lagrangian in the CFL phase are calculable by matching with QCD in high density

17 The Skyrme term that stabilizes the hedgehog solution was given in Ref. [190].
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limit, we obtain the hedgehog configuration and hence the mass of the qualiton. They were given as
adr F [174,175], with « = O(0.1 — 1) and the pion decay constant F' in the CFL phase. We note
that the mass « 477 F is proportional to the chemical potential ; because F' ~ u (see Eq. (2.86)).
However, this is different from the quark mass (2.29) in the CFL phase. This discrepancy will be an
interesting problem. The mass of the qualiton is important, because the qualiton can be produced
easily in the ground state and can cause the rearrangement of the ground state, if the mass is smaller
than the gap [175].

We make a comment that the word “qualiton” was originally used in the quark soliton model to ana-
lyze the properties of hadrons in vacuum at zero chemical potential. We have to be careful to strictly
distinguish the “qualiton” in the CFL phase from that in vacuum. The qualiton in the CFL phase cor-
responds rather to the Skyrmion in vacuum. Thus we observe that the state of “qualiton” in the CFL
phase corresponds to the baryon state in vacuum. In fact, there is a discussion that the qualiton is
identical to the quark [175]. This may support the idea of the “quark—hadron duality”, which indicates
the correspondence of the low-energy modes in the CFL phase and those in vacuum [190,215].

11. Topological objects in other phases

We review topological solitons in phases other than the CFL phase in this section. The CFL phase
discussed so far is the ground state at high densities where masses of the three flavors are small
compared to the baryon chemical potential. If one lowers the density gradually, the effect of finite
strange quark mass comes in. Then it is expected that kaons form a condensate in addition to the
CFL condensates. This is called the CFL+K phase [47]. If the density is further decreased, only the
light flavors (u and d) contribute to the condensate, which is called the 2SC phase [32]. In Sect. 11.1,
we discuss the domain walls and color magnetic fluxes in the 2SC phase. In Sect. 11.2, we review
the strings, vortons, domain walls, and drum vortons in the CFL+K phase.

11.1. 2SC phase

11.1.1. U(1)a domain walls. The CFL phase changes into the so-called 2SC phase at a lower
density [11,31,32,280]. Due to asymmetry among the strange quark mass and the masses of the up
and down quarks, only up and down quarks form Cooper pairs in the 2SC phase. The 2SC pairing
pattern is thus given by

(PLR)D ~ 8483, (11.1)

where the symmetry breaking pattern is

SUB)c x SUQ)L x SUQR)r x U(1)g x U()s x U(1)a
— SU@2)c x SUQ)L x SUQ)r x U(D)g x U(1)s. (11.2)

Here we assume that the up and down quarks are massless. The axial U(1)a symmetry is not an
exact symmetry but it is explicitly broken by instanton effects. U(1)g is a linear combination of the
original U (1)p and the broken U (1)g € SU (3)c generated by Tg. The U (1)g is the phase rotation of
the strange quark. The order parameter space is of the form
SUB)c x U()s
— X
SU@2)c x U(D)B
It was observed that metastable U (1) o domain walls [335] also exist in the 2SC phase. Although
domain walls are very familiar in field theory, it is widely believed that the standard model has no

U()a. (11.3)

28C =
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domain walls. It was pointed out that metastable domain walls could exist in QCD at zero temperature
and density [127], but no definite statement can be made because the theory is not under theoretical
control. In contrast, QCD at high density is a weakly coupled theory due to asymptotic freedom, so
that the relevant physics are under theoretical control. In Ref. [335], it was found that QCD at high
density, especially in the 2SC phase, must have domain walls.

The domain walls in the 2SC phase are similar to those explained in Sect. 10.1.2. In the 2SC phase,
the chiral symmetry is not broken but the U (1), is spontaneously broken by the diquark conden-
sate. Then the relevant order parameter manifold is U (1) 5. The corresponding mode ¢4 is a pseudo
Nambu—Goldstone field, which gets a finite mass by instanton effects. The effective Lagrangian is

L=f? [(ao<pA)2 — Uz(aiwA)z] — Vinsts (11.4)

where the constants f and v were determined [43] as f2 = u?/87% and v? = 1/3. Vi stands for
an instanton-induced effective potential that was calculated [335] as

Vinst = —ap> Agpp cos ga. (11.5)

The dimensionless coefficient a that vanishes at © — oo is given by

7 29

A 3

a=5x104<1og K’ ) < QCD) . (11.6)
AqQcp i

The Lagrangian (11.4) is in the same form as Eq. (10.8), so that integer sine-Gordon domain walls
exist. The domain wall tension was found to be

725 = 8v2avf uAckL. (11.7)

Its decay probability was also calculated [335] as

4,3 2 3
Ttv’ ou 1
' ~exp{ ——— (log—) } (11.8)
{ 3 a Ay Va
Since a decreases with increasing u, the decay rate is suppressed and the domain walls are long-lived
[335].

11.1.2.  Color magnetic flux tubes. The interesting problem of the color Aharonov—Bohm scatter-
ing of fermions off the color magnetic flux tubes'® in the 2SC phase and forces exerted on vortices
are studied in Ref. [14]. The authors calculated the cross section for Aharonov—Bohm scattering of
gapless fermions off the flux tubes, and the associated collision time and frictional force on a moving
flux tube. Since the CFL phase has no gapless quarks, a color magnetic flux tube in the 2SC phase
is considered where several massless fermions are present and the effect would be more significant
than in the CFL phase.

The Aharonov—Bohm effect turns out to lead to a strong interaction between a charged particle and
a magnetic flux tube. In the case of a single U (1) gauge group, the cross section per unit length is

18 Since they are non-topological solitons and their stability is not ensured by the symmetry, they would be
unstable against decay.
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given by [15]
d in* (7 B -
do _ SIH'(JZT,B) . B= q_p’ (11.9)
d9  2mksin“(6/2) qc

where ¢, and g, are the charges of the scattering particle and condensed field respectively, k is the

momentum in the plane perpendicular to the vortex, and 6 is the scattering angle. The Aharonov—
Bohm interaction has several important characteristics:

o The cross section vanishes if 3 is an integer.

o The cross section is independent of the thickness of the flux tube. The scattering occurs even at
energies much smaller than the symmetry breaking scale.

o The cross section diverges for small k£ and forward scattering 6 ~ 0.

Thus, it is important to determine the values of 8 for gapless fermions in the 2SC phase, which is
done in Ref. [14].

The authors also calculated the characteristic timescale for a perturbation from equilibrium to relax,
due to scattering of the fermions off the color magnetic flux tubes. The timescale is roughly the mean
free time of collisions of fermions off fluxes, which is evaluated for a fermion species i as

n ~
7' = —Lsin*(xfy), (11.10)
PFi
where n, is the vortex area density and pp; is the Fermi momentum of the fermion denoted by i.
The timescale are compared with the relaxation time due to Coulomb interactions,
L 6003)

w = ol (11.11)

where ¢(3) = 1.202, T is the temperature, and « is the fine structure constant for the rotated electro-
magnetism. The temperature 7y below which flux tubes dominate the relaxation of deviations from
thermal equilibrium is determined as

7% sin? (T Bpu) ny

"S%® @ n

where By, is the B for the up blue quark (which is the most abundant) and ., is the quark chemi-
cal potential. Below the temperature (11.12), the Aharonov—Bohm scattering plays the main role in

(11.12)

thermal relaxation.

11.2. CFL+K

In this section, we will review solitons in the CFL+K phase. We will ignore instanton effects in
Sect. 11.2.1 and take them into account in Sect. 11.2.2.

11.2.1.  Superconducting strings and vortons. The CFL phase is the ground state in the massless
three-flavor limit in high-density QCD. If one considers a finite strange quark mass, it puts a stress
on the ground state to reduce the strange quark density compared to up and down quarks. As long as
the strange quark mass is small, it cannot overcome the diquark pairing energy and the ground state
is in the CFL phase. At sufficiently large strange quark masses, a kaon condensate would be formed
[44,47,300], since kaons K (d5) and K (u§) are the lightest mesons [333] that can reduce the strange
quark content of the ground state. Kaon condensation is characterized by the spontaneous breaking
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of U(1)y symmetry or U (1)gy symmetry, or both. Let us denote the kaon field as K = (K+, K0T,
The field K is transformed under U (1)y and U (1)gv symmetry as

K+ ) K+ K+ eiﬁ(x)K—F

respectively, where o and B(x) are parameters characterizing U (1)y and U (1)gm transformations.
We here consider the phase in which U (1)y symmetry is broken in the bulk. The diquark condensate
takes the form
1 0 0
Tro=]0  cosb e~ Vsingy |, (11.14)
0 —e'Vsinfp cos by

where 6 represents the strength of the K condensation and the phase v corresponds to the Nambu—
Goldstone mode associated with the spontaneous breaking of the hypercharge symmetry U (1)y. The
strength of condensation was found [47] as

2 2 2
m 3A m
costy = —,  mj=—Emy(mg+mg), e = oo (11.15)
Hefg T DF

We can expect the appearance of topological vortices that are characterized by U (1)y winding
numbers [128,330]. Furthermore, a particularly interesting possibility is pointed out: the cores of
U (1)y vortices can be electromagnetically charged and superconducting [194]. Namely, U (1)gm
symmetry is broken only inside vortices. We here briefly review these topological vortices following
the argument given in Ref. [61]: Firstly, we expand the chiral Lagrangian (2.83) to the fourth order
in the lightest fields K = (KT, K°) as

2\ 2
Lk = 00K |> = V2|8 K|*> — & (|K|2 — %) —sm’K'o3K, (11.16)
with
4M2 —m? m2 + m>2 m% —m?
poe =0 o = e — 2 —F, mP= 0, (11.17)
612 2 2
3AZ 3AZ
mj = an%L my(mg +ms), m2 = ﬂi}g ma(ms + my). (11.18)

The reduced theory (11.16) has a stable topological vortex solution whose profile is described by the

standard ansatz [61]
w2 — m2 ‘
KOr,0) = \| == f (e, KT(,0) = 0g(), (11.19)

where the profile functions f(r) and g(r) satisfy the boundary conditions f(co) =1, f(0) =0,
g(00) = 0and g’(0) = 0. At the center of the vortex core, there is a non-zero K~ condensate. Since
K™ is charged, the vortex is a superconducting string: A persistent electromagnetic current can flow
ona U (1)y vortex. In contrast, U (1)y symmetry is restored inside vortices since the K 0 condensate
vanishes. Such vortices are dense-QCD realizations of the superconducting cosmic strings, that have
been studied for a long time [372].
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Vortex loops that carry persistent currents are called “vortons” in the context of cosmic strings
[84]. The vortons may exist in the CFL+K° phase [45,46,61,62,194]. For the vortons, we should add
a time and z dependence in the phase of K™ as

K9 = K©

string

(r,0), KT =K (r,0)e i@tk (11.20)

cond

where z is the coordinate along the vortex loop. Substituting this into the original Lagrangian (2.83)
and picking up all the terms to fourth order in the fields, one finds [61]

Lk = —vz|0iK°)” — vz 0, K*|?
+ MGIKOP + MK TP = KO = K = | KOPIKT P, (11.21)

with the parameters defined by

Wit = O + fhetr, MG = szf — mg, Mi = wgff —vik? -~ mi (11.22)
B — Hwggy — vzk?) —m3 (et + Hefr)® + 4wcfilefs — V2kE —mT — m§ (1123)

The vorton is characterized by two additional conserved changes; a topological charge and a Noether
charge

d
N = 7§ 2 arglog K+ = kR, (11.24)
C 2

0= / d>x j ~ RwetS, (11.25)

with R being the radius of the vorton and S = [ d?x |[K*|?. The stability of the vorton can be seen
by finding the R dependence of the energy of the vorton

22 (u3 — m?) L 1 1
Evorton(R) >~ [+Ov2 log : R+ <ﬁ + 2nv§N25> = (11.26)

The existence of a global minimum implies that the vorton is stable and its size is given by

02 + (27)2v2 N2§2
27 R = 5 5 T
mSv=(log L /&) (piggy — mg) /A

Note that there are no constraints on the size of vortons. The vortons can be any size as can cosmic

(11.27)

string vortons.

11.2.2.  Domain walls and drum vortons. 1t was pointed out in Ref. [330] that the CFL+K phase
may have metastable domain walls. When weak interactions are taken into account, U (1)y symmetry
is explicitly broken. So the U (1)y Nambu—Goldstone mode i gets a small mass. This is seen in the
effective theory in Eq. (11.16) by adding an effective potential [330]

V() = f2m?cos y, (11.28)

16227 Gk
2 . 2
M T 8log2 g CoSfesimbemums Ay (11.29)

where GF is the Fermi constant and ¢ is the Cabbibo angle. Thus the effective theory for the quasi
Nambu—Goldstone particle 1 is the sine-Gordon model, and there exists a metastable domain wall
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solution that we call the kaon domain wall
¥ (2) = 4arctan /"7 (11.30)

where z is a coordinate perpendicular to the domain wall. The tension of the domain wall was
calculated [330] as

TX = 8v, f2m. (11.31)

It was also found that the decay rate of the kaon domain wall with respect to hole nucleation is
parametrically small at high density and zero temperature:

4.3 (2
T mg
I ~ exp (— 12” —mﬂz log — ) , (11.32)

with f7$/1n2 ~ u?/m?.

Let us next consider the superconducting vortices explained in Sect. 11.2.2 in the presence of the
instanton-induced potential. As we have seen in Sect. 10, a kaon domain wall must be attached to a
kaon superconducting string due to the potential in Eq. (11.28). When a kaon domain wall decays
with a hole nucleation, a kaon superconducting string attaches to the edge of the hole.

Let us next turn to kaon vortons in the presence of the potential (11.28). Since any kaon super-
conducting strings are attached by the kaon domain walls, the kaon vortons also have domain walls
stretched across their surfaces as drums [61]. They are called drum vortons [70], and were first found
in a nonlinear sigma model at finite temperature. It has been argued that the domain wall gives an
upper bound on the size of vortons, in contrast to the vortons without domain walls [61].

12. Summary and discussions

Quark matter at extremely high density becomes a color superconductor due to the formation of
diquark pairings. It exhibits superfluidity as well as color superconductivity because of the sponta-
neously broken baryon symmetry as well as color symmetry. When a color superconductor is rotating,
as is the case if it is realized in the core of a neutron star, non-Abelian vortices are created along the
rotation axis. Non-Abelian vortices are superfluid vortices carrying 1/3 quantized circulation and
a color magnetic flux. Corresponding to the color of the magnetic flux, a non-Abelian vortex car-
ries orientational zero modes CP2. The properties of non-Abelian vortices have been studied in
the time-dependent GL effective theory for high density QCD and the BAG equation. A superfluid
U (1)p vortex decays into a set of three non-Abelian vortices, because the interaction between two
non-Abelian vortices at large distance is repulsive, independent of orientational modes. Two kinds of
bosonic gapless modes propagate along a non-Abelian vortex string. One is a translational or Kelvin
mode with a quadratic dissipation (of the type II Nambu—Goldstone mode), and the other is an ori-
entational CP? zero mode with a linear dissipation (of the type I Nambu—Goldstone mode). The
dynamics of these modes can be described by the low-energy effective theories on the 1 4+ 1 dimen-
sional vortex world-sheet, a free complex scalar field with the first derivative with respect to time
and a C P2 model, respectively in d = 1 + 1 dimensions. The SU (3) isometry of the CP? space is
exact, neglecting quark masses and electromagnetic interactions. The effect of strange quark mass
can be taken into account as an effective potential in the C P2 vortex effective theory, which shows
that all vortices decay into one kind immediately. On the other hand, the electromagnetic interaction
contributes a finite correction to the tension of the non-Abelian vortex, which also induces an effec-
tive potential in the CP? vortex effective theory. As stationary solutions of the effective potential,
there exist the BDM vortex as the ground state in the absence of strange quark masses, metastable
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C P! vortices, and unstable pure color vortices. Metastable CP! vortices decay into the BDM vor-
tex through quantum tunneling. Another effect of the electromagnetic interactions is that the vortex
effective theory becomes a U (1) gauged CP? model.

Neutron vortices and proton vortices exist in the npe phase because of neutron superfluidity and
proton superconductivity under rotation and magnetic field, respectively. The existence of colorful
boojums has been predicted in the interface between the CFL phase and the npe phase, between
which there may be other phases, such as the CFL + K, 2SC phases, and so on. At a colorful boojum,
three non-Abelian vortices with the total color flux canceled out join in the CFL phase, and three
neutron vortices and three proton vortices meet in the npe phase. There appear a Dirac monopole
of the massless gauge field and a surface current of the massive gauge field. Two kinds of colored
monopoles appear at non-Abelian vortices when strange quark mass is taken into account.

At the extremely high density limit in which the strange quark mass can be neglected, there appears
a quantum mechanically induced potential in the low-energy CP? vortex effective theory through
non-perturbative effects. Consequently, there appear quantum monopoles confined by non-Abelian
vortices as kinks on the vortex, which are relevant to show a duality between the confining phase,
where quarks are confined and monopoles are condensed, and the CFL phase, where monopoles are
confined and quarks are condensed. Yang—Mills instantons are trapped inside a non-Abelian vortex
and stably exist as lumps or sigma model instantons in the d = 1 + 1 dimensional C P2 model in the
vortex world-sheet.

The interactions between a non-Abelian vortex and phonons and gluons have been obtained by
a dual transformation in which the phonon field and the gluon field are dualized into an Abelian
two-form field and a non-Abelian massive two-form field, respectively. On the other hand, the inter-
action between the mesons and a non-Abelian vortex can be described in the chiral Lagrangian.
The interaction between a non-Abelian vortex and photons can be described by a U(1) gauged
CP? model. One interesting consequence of the electromagnetic interactions is that a lattice of
non-Abelian vortices behaves as a polarizer.

It has been shown in the BAG equations that there exist localized and normalizable triplet Majorana
fermion zero modes and a localized but non-normalizable singlet Majorana fermion zero mode in
the core of a non-Abelian vortex. The low-energy effective theory of the localized gapless fermions
propagating along the vortex string has been constructed and the chemical potential dependence of
the velocity of gapless modes has been obtained. The index theorem for the fermion zero modes in
the background of a non-Abelian vortex ensures the existence of such fermion zero modes. As a
result of the Majorana property, localized fermions do not carry a current along a vortex string. A
characterization of color superconductors as topological superconductors has also been discussed.
As a novel application of Majorana fermion zero modes trapped inside a non-Abelian vortex, the
exchange statistics of non-Abelian vortices in d = 2 + 1 dimensions has been studied and a new
non-Abelian statistics has been found.

In the CFL phase, the chiral symmetry is also spontaneously broken, and there appear various
kinds of topological objects, such as axial domain walls, Abelian and non-Abelian axial strings, and
Skyrmions. In the chiral limit with massless quarks, the instanton-induced potential shows that a non-
Abelian axial string is attached by an axial domain wall. An Abelian axial string is attached by three
axial domain walls and decays into three non-Abelian axial vortices, each of which is attached by an
axial domain wall. In the presence of quark masses, three axial domain walls attract each other to be
combined as a composite wall. Consequently, three axial domain walls attached to an Abelian axial
string are also combined. While integer and fractional axial domain walls are metastable classically,
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they decay by quantum tunnelings. The quantum anomaly induces an axial current along U (1)p
superfluid vortices, and an electric current along U (1)  axial strings and magnetic field perpendicular
to axial domain walls in the presence of a background magnetic field.

Finally, we have reviewed topological solitons in phases other than the CFL phase. The CFL phase
is the ground state at high densities where the masses of the three flavors are small compared to
the baryon chemical potential. If one lowers the density gradually, the effect of finite strange quark
mass comes in. Then it is expected that kaons form a condensate in addition to the CFL condensates
(CFL+K phase). If the density is further decreased, only the light flavors (# and d) contribute to the
condensate, which is called the 2SC phase. We have discussed the domain walls and color magnetic
fluxes in the 2SC phase, and the K-strings, vortons, domain walls, and drum vortons in the CFL+K
phase.

Here we make comments on the other phases that we did not discuss in the last section. The mag-
netic CFL (MCFL) phase was proposed as the CFL phase under a strong magnetic field [117,121,
122]; it may be relevant in the cores of neutron stars. At moderate densities, charged gluons are con-
densed due to the chromomagnetic instability in the ground state, known as the Nielsen—Olesen insta-
bility [252]. Gluon vortices can be formed inducing a magnetic field of a rotated magnetic field inside
a superconductor [118]. The gluon vortices are different from the non-Abelian vortices discussed in
this paper. When gluon vortices are generated in dense quark matter under a strong magnetic field,
anti-screening occurs, boosting the magnetic field to values higher than the applied one [118], a phe-
nomenon similar to that in magnetized electroweak theory [17,18]. See also Refs. [119,120,123,124].

The different type of vortices for the gluonic phase in dense two-flavor QCD was discussed in
Ref. [147].

The gap function of metallic superconductors is proposed to have a spatial modulation under
strong magnetic field [224], i.e., in the Fulde—Ferrell-Larkin—Ovchinnikov (FFLO) states [140,214].
Recently, exact self-consistent solutions of the FFLO states have been found [39—41] (see also
Ref. [383]). A similar modulation was discussed in color superconductors of dense QCD [248].
The crystalline superconducting phase has been proposed in dense QCD matter; see Refs. [22,72]
for a review. In this case, the modulation is not only along one spatial direction but also along three
dimensions, forming a crystal. If this is realized, for instance in dense stars, it should significantly
affect various dynamics. For instance, vortices created by a rotation should be trapped in nodes of the
modulations. It is an interesting problem whether the coexistence of a vortex lattice and a crystalline
structure is possible.

Before closing this review paper, let us summarize future problems. We first make a list of problems
and explain each of them subsequently.

(1) Dynamics of vortices.
(a) What does the U (1)5 anomaly do for non-Abelian semi-superfluid vortices?
(b) The stability of vortex rings.
(c) Nonlinear/higher order effects on the low-energy effective theory.
(d) The vortex—vortex interaction at short distances.
(e) The metastability of U (1)g (and Mj) vortices.
(f) The reconnection of non-Abelian semi-superfluid vortices.
(2) Generation of vortices.
(a) Rotation of the CFL matter.
(b) The Kibble—Zurek mechanism at phase transitions.
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(3) Vortex lattices, vortex phase diagram, and vortex states.
(a) Transitions from a colorful vortex lattice to a colorless U (1)g vortex lattice.
(b) Disordered colorful vortex lattices.
(c) Vortex matter/vortex phase diagram.
(d) Quantum turbulence. Kolmogorov’s law.
(4) Dynamics of orientational modes.
(a) Quantum monopoles, instantons, and the quark—hadron duality.
(5) Interaction between vortices and quasiparticles.
(a) Effects on the transportation properties of various quasiparticles.
(6) Fermions.
(a) Coupling between bosonic and fermionic zero modes.
(b) Fermions scattering off vortices. The Callan—Rubakov effect.
(c) The use of the non-normalizable singlet Majorana fermion.
(d) Self-consistent solutions of vortices.
(e) Vortex core structures in the BEC/BCS crossover.
(f) Do the non-Abelian statistics affect the state of matter?
(g) Topological quantum computation.
(7) Chiral symmetry breaking.
(a) The interaction between non-Abelian axial vortices and CFL pions.
(b) The interaction between Skyrmions and non-Abelian axial vortices and axial domain walls.
(c) The interaction between non-Abelian axial vortices and non-Abelian semi-superfluid
vortices.
(8) How do we detect the CFL phase? Hadron colliders and neutron stars.
(a) Heavy-ion collisions.
(b) Physics of neutron stars such as pulsar glitch phenomena, strong magnetic fields (magne-
tars), cooling of neutron stars, and gravitational waves from neutron stars.

(1a) A production of magnetic field by axial domain walls was studied in Sect. 10.6. However, the
anomaly effects on non-Abelian semi-superfluid vortices have not been studied. The U (1)4 axial
current should exist along non-Abelian semi-superfluid vortices as for U (1) superfluid vortices.
There should be a significant role of such a current in a colorful vortex lattice in rotating CFL matter
in Sect. 4.4.

(1b) In the absence of dissipation at zero temperature, a superfluid vortex ring moving at constant
velocity is stable because of the inertial force. A non-Abelian semi-superfluid vortex ring is also
stable. In the presence of dissipation, the size of the ring decreases in time because of the Magnus
force. However, due to (1a), the U (1) current is present along the vortex ring and would make it
stable. The stability of vortex rings should be important for states of superfluids such as quantum
turbulence. In the case of a superfluid vortex ring, the dynamics can be described by the sine-Gordon
model [223]. This may be extended to the case of non-Abelian vortex rings.

(1c) For translational zero (Kelvin) modes X and Y of a vortex, a higher order term for X and Y
in the low-energy effective Lagrangian was studied in the context of fluid mechanics [162], and a
nonlinear Schrédinger equation was found. Nonlinear soliton waves, called Hasimoto solitons, were
studied extensively. While higher derivative correction terms should be in the form of the Nambu—
Goto action in the case of relativistic field theories, it is not clear whether such action is relevant
for non-relativistic cases. On the other hand, higher derivative corrections were found for the C P>
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orientational zero modes in the context of supersymmetric theories [97]. A more general form of
the possible higher derivative correction was given in Ref. [221] by using nonlinear realizations. A
similar term should be present for non-Abelian semi-superfluid vortices in the CFL phase.

(1d) The interaction between two non-Abelian semi-superfluid vortices is essentially the same
as that between Abelian superfluid vortices, at large distances much larger than the core size. The
interaction is mediated by the massless U (1)p Nambu—Goldstone boson (phonon), giving a long-
range force. At short distances, two vortices begin to exchange massive modes such as gluons and
massive scalar (Higgs) fields. In Sect. 6.1.2, the contribution from gluons was found to depend on
relative C P2 orientations, or color fluxes. It is attractive when the two vortices have different colors.
There remains an open question of what is the contribution from the Higgs fields. Full numerical
calculations or an analytic estimation from asymptotic forms are needed, as was done for a related
model [26].

(le) A U (1)p vortex has been suggested to decay into three non-Abelian vortices because of being
energetic at large distances and repulsion between non-Abelian vortices. However, the interaction
at short distances is not known thus far, as explained in (1d). In fact, U (1)p vortices do not carry
fluxes while non-Abelian vortices do. Therefore, the gauge field gives an attraction among non-
Abelian vortices with different colors and a binding energy among them so that there is a possibility
of metastability of U (1)p vortices. Metastability was found for vortices in a three component BEC,
which is the same as the diagonal configuration of dense QCD except for the absence of gauge
fields [75].

(1f) When two vortices collide in superfluids such as helium superfluids or atomic BECs, they
reconnect with each other [211,247], as was confirmed numerically by the Gross—Pitaevskii equation
[68] and experimentally by direct observations in helium superfluids [52]. The reconnection pro-
cess is very important in quantum turbulence [267,351,353,357] where vortices reduce their length
through the reconnection. In the case of CFL matter, it is quite nontrivial whether two non-Abelian
semi-superfluid vortices reconnect when they collide because they have internal orientations in the
C P? space; when two vortices have different C P? modes, they may pass through without reconnec-
tion because the two different orientations could not be connected if they reconnected. This question
was addressed in the context of cosmic strings; whether two cosmic strings produced at a phase tran-
sition in the early universe can reconnect or not is important for how many strings remain in our
universe. This problem was solved for relativistic non-Abelian strings [101]; even when two non-
Abelian vortices have two different orientations (color fluxes) in the internal space, they always
reconnect at least when the colliding speed is not large, in which two different orientations are
smoothly connected at the collision point, as in Fig. 43. Although this result was shown for rel-
ativistic strings, we expect that the same holds for semi-superfluid vortices in the non-relativistic
case, because the C P? effective theory is relativistic (of the type I NG modes). After a reconnection,
Kelvin modes are induced and propagate along the two strings as in the case of the usual superfluid
vortices. In addition, the C P modes are also induced and propagate along the two strings. Strings
would emit phonons and gluons through the interactions studied in Sect. 6.1.

(2a) As for creation vortices, one mechanism is rotation. Since dense stars rotate rapidly, this is
the more plausible scenario if CFL matter is realized in their core. However, the minimum vortices
in the CFL phase are non-Abelian semi-superfluid vortices carrying color magnetic fluxes. Since it
is unlikely to be the case that color fluxes are created from nothing, one plausible scenario is that
U (1) superfluid vortices are created at first as usual and they decay into non-Abelian vortices with
total fluxes canceled out (however, see (1¢)). A simulation for the formation of non-Abelian vortices
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Fig. 43. Reconnection of two non-Abelian vortices.

in rotation is one important future problem. As a similar simulation, creation of superfluid vortices
with formation of Abrikosov lattices and splitting into fractional vortices with formation of colorful
vortex lattices was simulated in a three-component BEC [75].

(2b) The other scenario of a creation of vortices is the Kibble—Zurek mechanism at the phase tran-
sition [169,203,388,389]. In cosmology, this is an almost unique mechanism of a creation of cosmic
strings and other defects [169]. The Kibble—Zurek mechanism has been experimentally confirmed in
various condensed matter systems. An estimation of the number of non-Abelian vortices produced
at phase transitions should be made.

(3a) We have introduced colorful vortex lattices in Sect. 4.4. As the rotation speed is larger, the
distance between the vortices becomes shorter. At some point, there may be a transition to a U (1)p
vortex lattice because there should be attraction between vortices with different colors, as discussed
in (1d), and U (1)p vortices may be metastable (1e).

(3b) Another interesting topic is what happens when a colorful vortex lattice is not ordered in color
as in Fig. 13(b). If the colors of a vortex lattice are ordered as in Fig. 13(a), it is easily transformed
into a U (1)p vortex lattice and connected to superfluid vortices in the confining phase, as supposed
in Sect. 7. However, if the colors of a vortex lattice are disordered as in Fig. 13(b), there should
appear an unpaired triplet when the lattice is transformed to a U (1)p vortex lattice or connected to
superfluid vortices in the confining phase. There may be characterization of the disordered lattice by
frustration or entropy.

(3¢) Vortex matter, like vortex-solid or vortex-liquid, is expected to exist in high 7t superconductors
[55]. Such kinds of vortex matter could also exist in the CFL phase and it is important to determine
what kind of vortex state is realized at finite rotation speeds and temperatures. In particular, at finite
temperatures, vortices fluctuate and Kelvin modes are induced. When the temperature is further
increased, a vortex lattice would eventually melt into a vortex liquid. At even higher temperatures,
vortices start to reconnect with each other frequently as in (1f). In this state the CFL condensates
vanish and the matter is no longer in the CFL phase. This is a view of the quark-gluon-plasma phase
from the vortex point of view.

(3d) The quantum turbulence is a state of superfluids governed by quantized vortices. The energy
flows from a larger scale to a smaller scale and Kolmogorov’s power law E ~ k—>/3 holds. This
energy transfer is carried by reconnection of vortices and emission of phonons from Kelvin waves
[267,351,353,357]. It is interesting whether such a law holds for CFL matter and whether there is a
state that can be called “non-Abelian” quantum turbulence.

(4a) In Sect. 5.4, we constructed quantum monopoles on an infinitely long non-Abelian vortex
string. However, we do not want to have a monopole—anti-monopole meson with an infinite string.
Therefore, we may consider monopole—anti-monopole mesons in a vortex ring, which may be stable,
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as discussed in (1b). Such monopole mesons with finite mass may be more relevant for the quark—
hadron duality. It is still unclear whether the quantum potential can be explained by an effect of
Yang—Mills instantons trapped in the vortex world-sheet discussed in Sect. 5.5.

(5a) The transportation of phonons was studied in Ref. [228]. Bulk viscosity was studied in
Ref. [229]. We may take into account the presence of colorful vortices. Phonons are scattered by
vortices through the vortex—phonon interaction studied in Sect. 6.1. In particular, a vortex reconnec-
tion (1f) induces Kelvin modes and enhances the dissipation through the phonon—vortex interaction.
Interactions of vortices with other quasiparticles such as the CFL mesons and gluons studied in
Sect. 6 would also affect the transportation of these quasiparticles.

(6a) Thus far, bosonic zero modes and fermionic zero modes have been studied independently
in the GL theory and the BdG equations, respectively. However, we have not discussed a relation
between them or if they are coupled to each other. In this regard, fermions cannot be dealt with in
the GL theory because fermions are integrated out. Therefore, we should use the BdG equation to
study both fermions and bosons in a unified way. It is, however, not easy to deal with bosons in
the BAG equation not only technically but also practically. As a compromise, we can use nonlinear
realizations [66,79] to construct coupling between the triplet Majorana fermion zero modes and the
C P? zero modes, since the CFL symmetry SU (3)cF is spontaneously broken into SU (2) x U (1)
and fermions belong to the triplet of the unbroken symmetry. The C P? zero modes are frozen in the
presence of strange quark mass, and therefore this coupling is not relevant for the study of fermions
in the energy scale below strange quark mass.

(6b) The Callan—Rubakov effect was first proposed for the scattering of fermions off magnetic
monopoles in Refs. [63—-65,286], where the s-wave component of the fermion wave function is greatly
enhanced, and it was later extended to the fermion scattering off cosmic strings and domain walls [58].
The idea is that when fermions in the bulk interact with topological solitons only fermion zero modes
can reach the cores of solitons. The solitons give the boundary condition for scattering fermions and,
for instance, enforce the condensates of fermions close to the core. This mechanism was applied for
instance to proton decays in grand unified theories and baryogenesis by cosmic strings. The fermion
zero modes found in this paper may give a similar effect.

(6¢) The singlet fermion zero mode was found to be non-normalizable and cannot be counted by
the index theorem as shown in Sect. 8.1. Although non-normalizable modes having a singular peak
at the vortex core are usually considered to be unphysical, there is also a discussion in the context of
cosmic strings that they may play some interesting roles such as in baryogenesis [9].

(6d) We have constructed only fermion zero modes that are expressed in terms of the gap func-
tion. To know the precise form, we need the profiles of the gap function. For this, one needs to
construct the gap function and fermion solutions self-consistently. Self-consistent vortex solutions
were constructed numerically for s-wave superconductors [157,158]. One also obtains all massive
modes trapped inside the core of a vortex. Self-consistent vortex solutions in the CFL phase remain
as a future problem.

(6e) Superfluidity of ultracold Fermi gases was established in all the regions of the BEC/BCS
crossover by experimentally observing a vortex lattice [390]. Theoretically, for instance, the pres-
ence (absence) of fermion modes in the vortex cores in the BCS (BEC) region [226] is one of the
interesting phenomena in the BEC/BEC crossover. Crossover of BCS (weak coupling) at high density
and BEC (strong coupling) at low density in QCD was also studied in Refs. [5,237,254]. As in ultra-
cold atomic gases, the vortex core structure of the BEC/BCS crossover in dense QCD is an interesting
problem.
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(6f) Non-Abelian statistics of non-Abelian vortices have been studied [172,379], as reviewed in
Sect. 9. This makes vortices non-Abelian anyons when restricted to d = 2 4+ 1 dimensions. When
promoted to d = 3 + 1 dimensions, vortices are strings. The statistics still remains when one con-
siders adiabatic exchanges of parallel vortices. Another possibility is vortex rings. As discussed in
(1b), non-Abelian vortex rings are stable in the absence of dissipations at zero temperature, or they
may be stable even at finite temperature once axial anomaly is taken into account. In this case, one
may consider exchange of two vortex rings where a smaller one passes through inside a larger one.
It is an open question whether such a statistics affects the dynamics of CFL matter.

(6g) Apart from QCD matter, non-Abelian exchange statistics can be used for topological quantum
computations [246], which were proposed as a quantum computation robust against perturbations. It
is an open question whether triplet Majorana fermions can be useful for it.

(7a) The interaction between a non-Abelian semi-superfluid vortex and gluons was achieved [170]
by dualizing gluons to massive two-form fields [314] in Sect. 6.1. In this case, the order parame-
ter space, U (3)c—p+B, around which semi-superfluid vortices wind, is gauged by the SU (3)c color
gauge symmetry, and so we have massive two-form fields. On the other hand, the order parameter
space U (3)L—_r+a is not gauged. Accordingly, the interaction between a non-Abelian axial vortex
and the U (3) fields, i.e. the CFL pions and the " meson, should be described by dualizing the
U (3) fields to massless two-form fields, known as the Freedman—Townsend model [130] (see also
Ref. [141]).

(7b) Skyrmions can interact with axial domain walls and axial vortices. Presumably the interaction
is attractive. After a Skyrmion is absorbed into an axial domain wall, it may be stable as a lump
(2 + 1-dimensional Skyrmion) or unstable depending on the models [255,256]. On the other hand,
if a Skyrmion is absorbed into an axial vortex, it may become a kink on the vortex.

(7¢) In the CFL phase, two kinds of non-Abelian vortices are present as discussed in this review,
non-Abelian semi-superfluid vortices and non-Abelian axial vortices. While the order parameter
spaces around which these vortices wind are different, it is an open question whether these two kinds
of vortices interact nontrivially.

(8a) In heavy-ion collision experiments, where two relativistically accelerated nuclei are collided, it
might be possible that some kinds of superfluid phases are realized, like the neutron superfluid or the
CFL matter, especially at low-energy collisions. If a superfluid is produced in heavy-ion collisions,
quantum vortices would appear since the created matter would have finite angular momentum at oft-
central collisions. It is an interesting problem to find the experimental signatures of such phenomena.

(8b) A more plausible candidate for dense QCD matter in nature may be the cores of dense stars
such as neutron stars (or quark stars) [146,316]. It has been argued that the recent discovery of a
massive neutron star [87] tends to deny the existence of exotic matter such as hyperon or quark
matter in their cores because of the equation of state for neutron stars, but there is also an argument
that exotic matter is still possible (see e.g. Refs. [235,294,346,367] and Refs. [54,381] for recent and
earlier works) and the situation is not conclusive. Although the evidence for the presence of such
quark matter is elusive, we may give observation limits to the existence from rotating QCD matter in
particular vortices. For reviews of dense matter in compact stars, see Refs. [266,306,382]. Here we
make brief comments on this issue.

Pulsar glitch phenomena may be explained by unpinning of pinned vortices, as suggested by Ander-
son and Itoh [19]. While some unpinning mechanisms were suggested, there has been no agreement
thus far. Non-Abelian vortices in the CFL phase may play some role in explaining this mechanism,
in particular colorful vortex lattices and boojums.
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Strong magnetic fields of neutron stars are still a very important unsolved problem, in particular
magnetars. As discussed in Sect. 10.6, magnetic fields are produced from axial domain walls and axial
vortices by the axial anomaly. This mechanism may explain the strong magnetic fields of neutron
stars.

The emission of neutrinos is the main process of the cooling of compact stars [146,316]. Neutrino
emission in the CFL phase was studied in Refs. [191,282]. It turns out that the decays of phonons into
neutrinos are the dominant process of cooling (phonons couple to Z° weak bosons). The astrophysical
implication of the cooling of compact stars in the presence of color superconducting phases was
studied; for instance, see Ref. [262]. One should take into account the presence of a colorful vortex
lattice, since the phonons interact with vortices. Reheating in the presence of vortices was also studied
in Ref. [249], without specifying the kinds of vortices.

Gravitational wave detectors are now one of the hottest topics in astrophysics. Gravitational waves
in the presence of vortex lattices in the CFL phase (and the 2SC phase) were studied, assuming
vortex lattices of unstable color magnetic fluxes, and compared with neutron star observations in
Ref. [145]. The calculation should be revised by considering colorful vortex lattices. Apart from
vortices, the r-mode instability of neutron stars and gravitational waves related to this mode were
studied assuming the CFL phase [20,230]. This calculation should be modified in the presence of a
colorful vortex lattice.

Sole observations of gravitational waves will tell us only the stiffness of the equation of state of
neutron stars, while these observations combined with observations of neutrinos, gamma rays, and
X rays will give us more detailed information on the cooling process of neutron stars, which should
contain information on the presence or absence of exotic matter and vortices in such matter.

We believe that the problems listed above are important and should be investigated in the future.
We hope that this list is useful for those who are interested in this field.
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Appendix A. Non-Abelian vortices in supersymmetric QCD

In the context of supersymmetric (SUSY) QCD, non-Abelian vortices were discovered independently
in Refs. [25,159] as a generalization of Abrikosov—Nielsen—Olesen (ANO) vortices [3,251] in the
Abelian—-Higgs model. Since then, much progress has been made in recent years; see Refs. [103,
107,209,210,319,320,349,350] for a review. They are topologically the same objects as non-Abelian
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vortices in dense QCD, discussed in this review paper. It is interesting that such similar objects
were found in different contexts, dense QCD and SUSY QCD, almost at the same time. Here, we
summarize the differences and similarities of non-Abelian vortices in dense QCD and SUSY QCD,
and summarize the properties of non-Abelian vortices in SUSY QCD, which may be useful in the
study of those in dense QCD. One of the most important common features is the existence of bosonic
orientational gapless modes C P? and C PV~ in the core of a non-Abelian vortex in dense QCD and
SUSY U (N) QCD, respectively.

Three crucial differences are present between non-Abelian vortices in dense QCD and SUSY QCD,
as summarized in the following:

(1) The overall U(1) symmetry is global U (1)g symmetry in dense QCD, while it is gauged in
SUSY QCD. Consequently,

(a) vortices are global vortices in dense QCD, while they are local vortices in SUSY QCD,

(b) the energy of vortices in dense QCD is logarithmically divergent with the infinite system
size, while that of local vortices in SUSY QCD is finite,

(c) the interaction between two vortices at a distance R is 1/R for dense QCD, while it is zero
for two local BPS vortices in SUSY QCD, and e ~¢® for two local vortices in non-SUSY
QCD.

(2) Dense QCD matter is non-relativistic while SUSY QCD is relativistic. Consequently,

(a) Two translational zero modes are not independent of each other, one is the momentum
conjugate to the other, and there exists only one Kelvin mode (Kelvon) for vortices in dense
QCD, as shown in Sect. 4. On the other hand, two translational zero modes are independent
in vortices in SUSY QCD. The former are so-called type Il Nambu—Goldstone modes and
the latter are so-called type I Nambu—Goldstone modes [168,260,363], as summarized in
footnote 8.

(3) The bosons are not independent degrees of freedom, and fermions couple to bosons (with
the order parameter A) in the BdG equation in dense QCD, while bosons and fermions are
degrees of freedom independent of each other in SUSY QCD, and they are related by SUSY
transformations. Consequently,

(a) Majorana fermions belonging to triplet (the adjoint representation) of the unbroken SU (2)
symmetry in the vortex core are localized in a non-Abelian vortex in dense QCD, while
Dirac fermions in the fundamental representation of the unbroken SU (N — 1) symmetry
in the vortex core are localized in a non-Abelian vortex in SUSY QCD.

(b) Fermion zero modes and bosonic zero modes are not related to each other in dense QCD,
while fermion zero modes are “tangent bundle” to bosonic zero modes. On the other hand,
in SUSY QCD, linearized equations of motion of the bosonic fields coincide with the
equation of motion of the fermions, and therefore the index theorems for fermions and
bosons coincide [159].

Although these are major differences, both vortices have many common features.

Unlike ANO vortices in the Abelian—Higgs model, non-Abelian vortices have non-Abelian inter-
nal orientations and associated conserved charges. In the case of U (V) gauge theory with N flavors
of Higgs fields in the fundamental representation, the internal orientation is the complex projec-
tive space CPV~!, which corresponds to Nambu—Goldstone modes associated with the SU (N)c .4k
color—flavor-locked global symmetry spontaneously broken in the presence of vortices. Because of
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non-Abelian internal orientations, we can expect that the dynamics of the non-Abelian vortices is
much richer and more interesting compared to the ANO vortices.

Since there exists no net force between multiple BPS vortices, a space of the whole solutions is
characterized by multiple collective coordinates called moduli. The number of the moduli parameters
was determined to be 2k N for k vortices in U (N) gauge theory [159]. The moduli space of multiple
vortices with full moduli parameters was completely determined without metric by partially solv-
ing the BPS vortex equations [106,107,109,184]. The moduli space for k separated vortices is a
k-symmetric product

M =~ (€ x CPYH /S € My (A1)

of the single vortex moduli space [106], while the whole space M is regular.

First, let us consider vortex particles in d = 2 4 1 dimensions or parallel vortices in d = 3 + 1
dimensions. Although there is no force between BPS vortices at rest, vortices scatter nontrivially
when they are moving. The low-energy dynamics of BPS solitons can be described as geodesics of
a proper metric on the moduli space [232]. By using a general formula for the moduli space metric
given in Ref. [105], the explicit moduli space metric was obtained for the moduli subspace /\/lzep
of k well separated vortices, which is valid when the separation of vortices is much larger than the
length scale of the vortices, i.e., the Compton wavelength of massive vector bosons [132]. This metric
describes low-energy scattering of two slowly moving vortices [96]. The moduli space metric of the
moduli subspace for two coincident vortices [92,93,101], which is supplementary to /\/lzejz inside
the whole space Mj—>, was also found, which shows that two non-Abelian vortices scatter at 90
degrees in head-on collisions, even though they have different internal orientations CPN~! as the
initial conditions [101].

Going back to d = 3 + 1 dimensions, one nontrivial and important dynamics is the reconnection
of two vortex strings colliding at an angle. It was shown in Ref. [101] that when two vortex strings
collide at an angle, they always reconnect each other.

There exists a static force between non-BPS vortices. Static force between two non-BPS non-
Abelian local vortices was shown to depend on internal orientations [26]. The dynamics of non-BPS
vortices can be described by the moduli space approximation plus the potential term corresponding
to the static force. Therefore, the dynamics of non-Abelian vortices in dense QCD is also expected
to be described by the moduli approximation and the potential term of the static interaction 1/r
studied in Sect. 4.2. In particular, the reconnection dynamics should hold for non-Abelian vortices
in dense QCD, because its possibility depends only on topology. Since the reconnection dynamics is
an essential process, for instance in quantum turbulence in superfluids and ultracold atomic gases, it
should be important if the CFL phase is realized in the cores of dense stars.

Non-BPS non-Abelian vortices were studied for instance in Refs. [26,148,149]. It was also claimed
that vortices in Ref. [148] describe those in dense QCD but this is not the case because the U(1)g
symmetry is gauged there.

Appendix B. Toric diagram

Here we would like to explain a geometrical aspect of the complex projective space CPY~!, which
is a complex manifold of the complex dimension N — 1. The CP"~! manifold is known as a toric
geometry, on which there is a U(1)V~! action allowing several fixed points. One can find a good
explanation of the toric geometry in Ref. [218].
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The simplest example of toric geometry is the complex plane C. Let z be a coordinate on C. There
exists a U (1) action

> eiQZ. (Bl)

A fixed point of U (1) is the origin z = 0. The complex plane can be seen as a half-line with a circle
on top. The circle shrinks at the fixed point; see Fig. B1.

The next example is CP!. Asis well known, CP! is the space of two complex numbers (¢1, ¢2),
which are not all zero. The two complex numbers are themselves identified up to multiplying by a
non-zero complex number

(P1, $2) ~ M(1, ¢2), A eC" (B2)

One can fix the equivalence relation by setting
(¢1,¢92) —> (1,2)  for ¢ #0, (B3)
(¢1,42) — (2, 1) for ¢ #0. (B4)

z and 7’ are complex numbers, which are related by zz’ = 1, except for the z = 0 and 7z’ = 0 cases.
There is again a U (1) action

(1,2) = (1,e%2), @, 1) — (9, 1). (B5)
The fixed points are z = 0 and 7’ = 0. Let us take a real basis that is invariant under the U (1) action

22
14+ z12 14 |Z1*

(B6)

This X takes values in the segment [0, 1]: X =0 and X =1 correspond to z =0 and 7' =0,
respectively. Thus, CP! can be viewed as the interval with a circle on top, as shown in Fig. B2.

- 0

Fig. B1. A toric diagram for the complex plane C.

Fig. B2. A toric diagram for the complex plane CP'.
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Fig. B3. A toric diagram for the complex plane C P2,

CP? is a straightforward extension of CP!. It is defined as the space of three complex numbers
(¢1, ¢2, ¢3), not all zeros, with the following identification:

(@1, P2, $3) ~ A1, 2, ¢3), A e C™ (B7)

One can fix this equivalence relation by setting the first component ¢; = 1 when ¢ # 0 as

(¢1, 2, d3) = (1, z, w). (B8)

There is a U (1)? action except for the trivial U (1). Without loss of generality, one can take the basis
of U(1)? as

(1,z,w) — (1, ez, ei¢w). (B9)
As in the case of CP!, let us take a real basis that is invariant under U (1)2. It is of the form

2
|z|? lw]

_ - Y =— B10
L+ 22 + |w|? L+ |z + |w|? (B10)

Both X and Y take their value in the segment [0, 1] and X 4+ Y < 1 holds. Therefore, CP? is
expressed as a rectangular equilateral triangle, as shown in Fig. B3. At a generic point, we have
a T? fiber (0, ¢) since the action of U (1)? is not free. The T2 fiber shrinks to a T2 at the edges of
the triangle. For instance, ¥ = 0 (w = 0) is the fixed point of ¢. Therefore, the T fiber of ¢ shrinks
there. Note that the submanifold at ¥ = 0is CP!, which can be easily understood by setting ¢3 = 0
in Eq. (B7). The other edges correspond to the other CP's. At the vertices of the triangle, the U (1)?
action becomes completely free. Therefore, the 72 fiber shrinks.

Appendix C. Derivation of the low-energy effective theory of orientational zero
modes

Here we explain how to derive the low-energy effective field theory (5.8) of the unit wind-
ing non-Abelian vortex. The effective action consists of a linear combination of Tr[ Fy; F @] and
Tr[De ®D*dT] (o = 0, 3). Therefore, we only need to calculate these terms one by one in terms of
the orientational moduli field ¢ (¢, x>), which appears via the gauge field A, given in Eq. (5.7). To
this end, it will turn out that it is convenient to introduce a 3 x 3 matrix valued function F (a, b) of
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two complex variables (a, b) by
Fola,b) = apded’ +boudd’ + (a — b)p dpdagd’. (C1)

One finds that this function Fy (a, b) satisfies the following relations:

Fola,b)' = F@b*, a*), (C2)

TrFy(a,b) =0, (C3)
aFy(a,b) = Fy(aa, ab), (C4)

Fala,b) + Fod',b') = Fyla+a', b+ D). (C5)

Then the gauge field given in Eq. (5.7) can be expressed as
[P

Ay = —Fo(1,—1). (Co)
8s
One can easily check the following equation by making use of the constraint ¢ ¢ = 1
Tr[Fola. b) F*(a, b)] = (ja]* + |6 LE),., (C7)

where no summation is taken over « and Eg‘;z is given in Eq. (5.12). In terms of the function F,

the covariant derivative and the field strength are expressed by
i0
Do® =e3 AcrLFo(f — 8+ a8, [ — 8 — paf), (C8)
I xj i xj,
Foi = —€ij—5 (1 — pa) Fa(1, 1) = ——=p, Fo (1, —1). (C9)
& T 8 T

With these expressions at hand, we can now calculate the effective Lagrangian. Let us first calculate
the F? term

1 xjx! 1

. x'xi
Tr[Fio F'] = 5 =-h*g(1 — pa)?Gu (1, 111, 1) — — = (p)* G (1, = 1]1, 1)
8 T 8 T
2 h*(1 — pg)?
=-= [pgﬂ + —2} &, (C10)
85 r
where we have defined
G (k, 1lm. n) = Te[ Fo k. 1) F* (m, n)], (C11)

with no summation for «. Note that we have eliminated the term proportional to G, (1, 1|1, —1) in
Eq. (C10) because G, (1, 1|1, —1) is zero. Let us next calculate the | D, ®|? term. To this end, let us
rewrite D, ® as

o (=8P (f = 8)pa

oo =i, (L0 U )
+fa(f—g+pag+%,f—g—paf+@>
o (=8P (f = 8)pa L U+ (4 8)Pa
—fa< 5 5 >+fa(f g+ 5 /-8 5 )
_ ¢ —2g)pafa(1, Dt Folf — g f— )+ Fo <(f +2g)pa, e +2g)pa>
= (1 - ’)2—“) (f — ) Fu(l, 1) + mﬁx(l, —1). (C12)
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Then we have

2.2
X Pag, 11, -

2
T D0 = (1= 2) (f = 9)Gu(l 111 D) +
2
=2A%k [(1 —p)(f — &) + %"(fz + gﬂ L, (C13)

Plugging Egs. (C10) and (C13) into Egs. (5.9) and (5.10), it is straightforward to find the Kéihler
classes C%3 given in Egs. (5.13) and (5.14).

Appendix D. Derivation of the dual Lagrangians for phonons and gluons

In this appendix, we derive the dual Lagrangians for phonons and gluons. After a dual transfor-
mation, massive gluons are described by massive non-Abelian antisymmetric tensor fields [314]
and U (1) phonons are described by massless antisymmetric tensor fields. In the dual description,
vortices appear as sources that can absorb or emit these particles.

Appendix D.1 Low-energy effective theory of the CFL phase

We start with a time-dependent Ginzburg—Landau (GL) effective Lagrangian for the CFL phase,
which is given in Eq. (2.56):

_ &3 aZ_L a\2 + 0 ANt i
L) =5 (B = 5= (BY) + KoTr [(Do®)" D' | + K3Te [ (Di#) DI

— 4iyTr [cDTDooD] —V(®), (D1)

where EY = Fy., B = %ei ij]‘.’k. The effect of U(1)gm electromagnetism is neglected here. The
parameters €3 and A3 are the color dielectric constant and the color magnetic permeability. The
Lorentz symmetry does not have to be maintained in general since superconducting matter exists.
However, the kinetic term of the gluons has a modified Lorentz symmetry in which the speed of
light is replaced by 1/4/e3A3. It is always possible to restore the Lorentz invariance of the kinetic
term of the gauge fields by rescaling X9, Ay, Ko, v, and K3. Therefore, we can start with the
Lagrangian in which € and A are taken to be unity. For notational convenience, we introduce a vector
K, = (Ko, K3, K3, K3). Thus our starting point is the following GL Lagrangian:

Lix) = —4—11 (Fo)* + K, Te [ (D, @) Do | — 4iyTe [ 07 Do ] = V(). (D2)

Appendix D.2 The dual transformation

Here we perform dual transformations within the path integral formalism to derive a dual Lagrangian
for the CFL phase. After the transformation, massive gluons are described by massive non-Abelian
antisymmetric tensor fields [314] and U (1) phonons are described by massless antisymmetric tensor
fields. We show that in the dual description vortices appear as sources that can absorb or emit these
particles.

Appendix D.2.1 The dual transformation of massive gluons The partition function of the CFL phase
can be written as

7= /DAZ(x)DdJ(x)exp{i/d4x£(x)}, (D3)
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with the Lagrangian defined in Eq. (D2). We shall impose the gauge fixing condition on the field ®
rather than on the gauge fields since they are integrated out in the end. The gauge fixing condition is
taken care of when we consider a concrete vortex solution.

We introduce non-Abelian antisymmetric tensor fields Bj, by a Hubbard—Stratonovich transfor-

exp |:i/d4x {—le(sz)z}]
x fDBZv exp [i / d*x {—% [mz(Bzv)2 - ZmEZvF”’“U)] }i| , (D4)

where Efw = %e,wpg B%P? _The parameter m introduced above is a free parameter at this stage. We

mation,

will choose m later so that the kinetic term of By, is canonically normalized.
Substituting (D4) into (D3), we can now perform the integration over the gauge fields Aj. The

degrees of freedom of gluons are expressed by B¢ after this transformation. Each term in the

j7ay
Lagrangian is transformed as follows:

K, Tr{(D, ®)T (D ®)} — 4iyTr [chDocb]
— K, Tr {CDT((B_,L +ig AST) (" — igSAb"‘Tb)CD} — 4iyTr [CDT(BO - igsAj;T“)cb]
= K, Tr{(8,®) (8" @)} — 4iyTr [cb"‘aocb] + go A% JOH
+ 8280/ K, Ky A1 APV T [cb*T“T”cb] : (D5)
with J¢ = —i K, Tr [qﬂ((a_ﬂ _ _8>M)T“<D] +4yTe[®TT9®], and

1 1 bc oAb
—5mBl FO = —om B, 20,4, + g f" A} A)

o (D6)
= mAfbavBﬁv + EmgsfabCAa AﬁB/c“)

Performing the integration over A%, the following part of the partition function is rewritten as
g g n gp p

4 2 b Ab. ~ gs ,
/DA" exp{ /d [2 ABIKED A ”—m(@”BZU—;Jﬁ>A““]}

o (det KW)_I/2

o0 {i/d4x |:_% (gﬂ)Z (apga,up _ %Ja,u) <K_1>Zb <agéb,pg _ %Jb,v):” . (D7)
s v

where K “b is defined by

K = gw,/K K Tr[chT"T" ] . 2 pebepe,
) (D8)

— ah nab
= o) — ;Bw,

with @45 = 1 2uny/K K, Tr [@TT¢TP @] and ézl]’) = f”bcﬁ’fw. We define the inverse of K45 by the
power-series expansion in 1/g:

-1 00 n
K= (<1> - ﬁé) —o '} (ﬁéqu) . (DY)
n=0
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As a result, we obtain the following partition function:

Z x /DBZU(det Kby~ exp {i / d“xﬁg(x)} , (D10)
where L denotes the gluonic part of the dual Lagrangian:

1 2 - ab ~ 1
o3 () o ) () - ) s o
S

a
7Y
tional to By, ,. Collecting the relevant terms in the above Lagrangian, the coupling between massive

Now we define the non-Abelian vorticity tensor w? , as the coefficient of the term linearly propor-

gluons and the VOI’tiCity is giVCIl by
1m ~ — ~
>X<G D) —2 —gs [apB“’W@ I)Zl").) by + JYM (@ I)Z[fjapBb’v’o]

L(m =1 pg—11ab b.
- (;)J‘”‘[(P Bo1jk b
(?) B, 0" (D12)
S

2
1
2

a

where we have defined the vorticity tensor wj

, as
w7 = oy {@hh st | e @ @ i L o13)

Here A(ff,’)) is a symmetrized summation defined by A(fj")) = Afff) + ASZ. This expression for
the non-Abelian vorticity is valid for general vortex configurations. The information on vortex
configuration is included in @ and J;;.

Appendix D.2.2 The dual transformation of U (1) phonons In the following, we perform a dual
transformation of the NG boson associated with the breaking of U (1)g symmetry. This mode corre-
sponds to the fluctuation of the overall phase of @, which can be parametrized as ® (x) = e Ty (x),
where 7 (x) is a real scalar field. Substituting this into the following part in the Lagrangian (D2)
leads to'?

K, Tr{(3,®)" (8" ®)} — 4iyTr(® 9 ®}
= K, (9u7)

with Jg = —46,10)/M2 and M2 = Tr [WTW]- We will transform the U (1) phonon field 7z (x) into a
massless two-form field Bgv. Note that the field 7z (x) has a multivalued part in general; since 7 (x)

M2~ M) + K Te(@u9)? — 4iyTe(y T agyr), (D14)

is the phase degree of freedom, 7 (x) can be multivalued without violating the single-valuedness of
@ (x). In fact the multivalued part of 7 (x) corresponds to a vortex. Let us denote the multivalued
part of 7 (x) as myv (x).

The dual transformation of this U (1)g phonon field is essentially the same as the case of a super-
fluid. We basically follow the argument of Ref. [216]. Let us introduce an auxiliary field C,, by

' The term Tr [0,y "y — ¢79,¥] automatically vanishes since v can be decomposed as ¥ = (A +
o)y + (x* 4+ i¢*)T* and the modes ¢“ are absorbed by gluons.
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linearizing the kinetic term of 7 (x) in the partition function as follows:
Z X /DnDnMv expi |:/ d*x (MZK,L {Bu(n + 7TMV)}2 — M +71MV)J3>]
CZ
x /DnDnMVDCH expi [/ d*x (—F’g —2C, /K 0" (r + mmv) — 0% ( + nMV)JS):| .
(D15)

Integration over 7 (x) gives a delta function

/Dn expi [/ d*x (—ZCMma“n n nawg)] =5 {a“ (2C,M/K7+ J,Sf)} . (D16)

Then let us introduce the dual antisymmetric tensor field Bgv by

/DCM aﬂ (2Cu VK, + J° /DCMDBO 2CHF+ I = mP9 Bl )
(D17)
where the dots denote the rest of the integrand and m° is a parameter. By this change of variables
we have introduced an infinite gauge volume, corresponding to the transformation 832,1 =0 Ay —
0y A, with a massless vector field A ;. This can be taken care of by fixing the gauge later. There is no
nontrivial Jacobian factor as the change of variables is linear. We integrating over C,,, and transform
a resultant term in the Lagrangian as

m®9" B}, 0" mvy = —m B €,1p5 3" 9" iy

(D18)
= —27m°B**" o),
where the first equality holds up to a total derivative and we have defined
0 1 Vau
Oy Ee,wma Hmmy. (D19)
We thus obtain the dual Lagrangian for the U (1)g phonon part
1\? 8

Lo = — (m) K, (m®3,B)), — IO = 2rm B ) . (D20)

Note that the term linear in Bgv coming from the first term of (D20) is a total derivative and does
not contribute to the equation of motion. The partition function is proportional to

7 x / DrvyDB)), expi [ / d4x£l’§h]. (D21)

The U (1)g phonons are now described by a massless two-form field Bgv and vortices appear as
sources for Bgv.
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Appendix D.3 The dual Lagrangian

We have shown that the partition function Z of the CFL phase is proportional to Z* with the dual
Lagrangian L£*:

ZxZ*= f DBY, Dy DB, Dy (det Ki0)~1/2 exp{i / d4x£*(x)}, (D22)

where
LY =L§+ Ly, + K,,,Tr(aﬂx//)2 — 4inr{1//T801//} - V). (D23)

Here L and L;, are given in (D11) and (D20), respectively. The result above is valid for general
vortex configurations. We can discuss the interaction between vortices and quasiparticles in terms of
the dual Lagrangian. Vortices are expected to appear as a source term for gluons and U (1) phonons.

Appendix E. Derivation of fermion zero modes

We consider the BdG equation for the single component fermion. The Hamiltonian is given by the
particle-hole basis as

Hy — A i0
= 0 _fz |A(r) e voys E1)
=A@ e yoys Ho + 1
where we define
_ —i5 -V
Ho=| % V) (E2)
—io-Vys  —u
The BdG equation is then given by
HWY, = EV,, (E3)
with the wave function
U, = (Wn-i—l) ’ (E4)
n
with the particle component (1, 1) and the hole component (1,,). Then, the BdG equation is given
explicitly as
Hy — A(r)le
0 _% [AMeTyoys) (Vnsr) _ g (¥ne1) (E5)
—|Ar) e yoys Ho + M M
The particle and hole components are written as
QLY @,
. @ ' (D .
. 8(r)Ppii ik g | 8§(r) P oikez. (E6)
L f(r)Py Ff(r)d,
i g(r)®Pnt1 Fi g(r)Pnt1
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where we introduce four functions f(r), g(r), f(r), and g(r), and define ®, = ¢"?. Here + (F)
refers to the eigenvalue of 5. From Eq. (E5), we obtain

0 2 _
<—uikz>fi(5+%)g¢|A|f=Ef, (E7)

0 n-+1 _
:F(a__ )f+<—wkz>gq:|A|g=Eg, (ES)

r r
_ 0 1 _
<M:sz>f¢(5+%) 2F|Alf = Ef, (E9)
9 _

i<a—r—§)f+(uikz)§¢lAlg=E§- (E10)

Now, we consider the solution of the zero-mode fermion with E = 0. Here, we impose the
“Majorana condition”,

v =UW¥*, (E11)
with the unitary matrix
U= (0 y2> , (E12)
2 0
which satisfies
U™'"HU = —H*. (E13)

We then find that the Majorana condition leads to the solution with £ = 0. From the BdG equation,
HWY = EWV, we obtain H*W* = EW*, which in turn gives H¥V = —EV¥ from W = UW¥™* and
U~"HU = —H*. Therefore, we obtain E = 0. The Majorana condition restricts the wave functions,
VYn+1 and 1y, as

n=-—1 (E14)
and
f =g, (E15)
g=1r (E16)
Thus, we find the BdG equation simplified to
a 1
—Mle:<—+—)g+|A|g=0, (E17)
ar r
ad
F5,f —ng—IAlf =0, (E18)
0
Fug — o fFIALf =0, (E19)
a 1
|3t )eFuf FlAlg=0, (E20)
r r
with k;, = 0, which turns out to be the two independent equations,
d
Foof —IAIf —ng =0, (E21)
a 1
:I:(—+—)g+|A|g—uf=0. (E22)
ar r
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When we eliminate g(r), we obtain the equation only for f (),

92 19
— 4+ -—— =+
8r2f+ ror

The solution of this equation is given as

0 A
28t 2y v amyr =0 (E23)

Fr) = Ce ho 15N Jour, (E24)

with the condition that it is regular at » = 0 and infinitely large r. As a consequence, we find the
other components as

g(r) = £Ce Jo 18O 1 (1), (E25)
Fr) = FCe Jo 180 1 (1), (E26)
g(r) = Ce Jo 180D ), (E27)

This is the wave function of the Majorana fermion.
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