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ABSTRACT: We discuss the large-distance approximation of the monopole-vortex complex
soliton in a hierarchically broken gauge system, SU(N + 1) — SU(N) x U(1) — 1, in a
color-flavor locked SU(N) symmetric vacuum. The (’t Hooft-Polyakov) monopole of the
higher-mass-scale breaking appears as a point and acts as a source of the thin vortex
generated by the lower-energy gauge symmetry breaking. The exact color-flavor diagonal
symmetry of the bulk system is broken by each individual soliton, leading to nonAbelian
orientational CPN~! zeromodes propagating in the vortex worldsheet, well studied in the
literature. But since the vortex ends at the monopoles these fluctuating modes endow the
monopoles with a local SU(N) charge. This phenomenon is studied by performing the
duality transformation in the presence of the C PV =1 moduli space. The effective action is
a CPN~1 model defined on a finite-width worldstrip.
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1 Introduction

The idea of nonAbelian monopoles and the associated concept of nonAbelian duality has
proven to be peculiarly elusive. The exact Seiberg-Witten solutions and its generalizations
in the context of N' = 2 supersymmetric theories [1-9] show that the massless monopoles
appearing at various simple singularities of the quantum modiuli space of vacua (QMS)
are Abelian. There are clear evidences [1]-[13] that they are indeed the 't Hooft-Polyakov
monopoles becoming light by quantum effects. This has (mis-)led some people to believe
that the monopoles seen in the low-energy dual theories of the soluble N' = 2 models are
always Abelian. Actually, in many degenerate singularities where Abelian vacua coalesce
(e.g., at certain values of the bare masses and/or at special points of the vacuum moduli
space), nonAbelian monopoles regularly make appearance [14-17] as dual, massless degrees
of freedom. They correctly describe the infrared phenomena such as confinement and global



symmetry breaking.! NonAbelian monopoles are also known to appear in infrared-fixed-
points of A/ = 1 supersymmetric theories, those in Seiberg’s conformal window (N = 1
SQCD, for %Nc < Ny < 3N.) [18] being the most celebrated examples.? Even more
intriguing is the situation in highly singular vacua occurring in the context of ' =2 SQCD
for some critical quark mass in SU(N) theories [19, 20] or in the massless limit of SO(V)
or USp(2N) theories [14-16, 21, 22]. These infrared-fixed-point SCFT’s are described by
a set of relatively nonlocal and strongly-coupled monopoles and dyons, and it is quite a
nontrivial matter to analyze what happens when a A/ = 1 deformation is introduced in
the theory. Is the system brought into confinement phase? And if so, how is it described?
Only quite recently some progress was made concerning these questions [23], taking full
advantage of some beautiful results of Argyres, Gaiotto, Seiberg, Tachikawa and others [24—
26]. Confinement vacua near such highly singular SCFT exhibit interesting features which
could provide important hints about the not-yet-known confinement mechanism in QCD.

Leaving aside this deep issue here, the point is that appearance of the nonAbelian
monopoles as infrared degrees of freedom is quite common in strongly interacting non-
Abelian gauge theories. What is lacking still is the understanding of these quantum ob-
jects, or in other words, of their semi-classical origin. This question is a relevant one, in
view of the difficulties associated with the straightforward idea of semi-classical nonAbelian
monopoles [27-34].

It is our aim in this paper to take a few more steps towards elucidating the mysteries
of nonAbelian duality. For this purpose we study a system with hierarchical symme-
try breaking®

SU(N+1)colior @ SUN ) gavor —= (SU(N) X U(1))eolor @ SUN ) fayor —= SU(N)cyr, (1.1)

with
vy > g, (1.2)

as in [35]-[40]. The homotopy group associated with the gauge symmetry breaking,

I, (SU(N + 1)/SU(N) x U(1)) ~ Z (1.3)

LA typical example is the so-called r-vacua [14-17] of N = 2, SU(N) SQCD with N; quarks in the equal
mass limit, where an exact flavor SU(N) symmetry and the dual SU(r) (r < Ny/2) gauge symmetry appear
simultaneously. Evidently the correct realization of the global symmetry (SU(Ny)) and renormalization
group flow (r < N;/2) are interrelated subtly.

2There is a good reason for the frequent appearance of nonAbelian monopoles in the nontrivial fixed-
point conformal theories. Due to renormalization-group flow, non-Abelian monopoles tend to interact too
strongly in the infrared: unless they do not acquire sufficiently large flavor content, they would not be seen
in the infrared. Abelian monopoles are infrared free, so they can appear more easily as infrared degrees of
freedom. The limit r < Ny /2 for the r-vacua is a manifestation of this fact. The nontrivial IFPT conformal
theories are the critical cases: nonAbelian monopoles and quarks appear together as low-energy massless
degrees of freedom.

3 Although for definiteness we here consider SU(N) theories only, the idea of hierarchical symmetry
breaking and the monopole-vortex connection in a color-flavor locked vacuum can naturally be extended
to other gauge theories such as SO(2N) or USp(2N) [41-43]. Such an extension is straightforward but
interesting: the monopoles transform according to spinor representations of the dual Spin(2/N) or SO(2N +
1), respectively, in these cases.



supports monopoles with quantized magnetic charges, whereas the low-energy U(N) sym-
metry breaking with
I1;(SU(N) x U(1)) ~ Z (1.4)

implies vortices. As neither of them exists in the full theory,
IIo(SU(N + 1)) =II;(SU(N + 1)) = 1, (1.5)

the vortex must end: the endpoints are the monopoles. This fact can be rephrased by the
short exact sequence of the associated homotopy groups:

SU(N+1)

1 =TIy(SU(N +1)) — TI <SU(N>xU(1>

) I (SU(N) x U(1)) — I3 (SU(N + 1)) = 1.

(1.6)
The fact that neither monopole or vortex exist as stable solitons of the full theory does
not prevent us from investigating these configurations. The idea is to keep the mass-scale
hierarchy v; > vy as strong as we wish, so that the concept of monopole or vortex is as
good as any approximation used in physics.*

Note that the topological classifications such as egs. (1.3), (1.4), are not fine enough
to specify the minimum-energy configuration in each class. There are continuously infi-
nite degeneracy of such minimum configurations due to the breaking of the exact global
color-favor SU(N) ¢4 symmetry by the vortex and monopole. The connection implied by
eq. (1.6) however means that each minimal vortex configuration of the minimum class of
eq. (1.4) ends at a monopole of the miminum class eq. (1.4). This connection endows the
monopole with the same C PN =1 orientation moduli of the nonAbelian vortex.

The new SU(N) quantum number of the monopole arises as the isometry group of
this CPN~! moduli space, following from the exact color-flavor symmetry of the original
gauge system. The monopole transforms in the fundamental representation of this SU(N).
Fluctuation of the monopole SU(N) charge excites the well-known non-Abelian vortex
zero modes [35, 44], which propagate as massless particles in the 2D worldsheet. One
way of thinking about this result is that the non-normalizable 3D gauge zero modes of the
momnopole, when dressed by flavor charges, turn into normalizable 2D modes on the vortex
world sheet.

The new SU(N) symmetry is a result of the color-flavor combined transformations
acting on the soliton monopole-vortex configurations: the latter is a nonlocal field transfor-
mation. Nevertheless, in the dual description the new SU(NV) acts locally on the monopole.
This is typical of electromagnetic duality.

This SU(N) charge of the monopole is a confined charge, as the excitation does not
propagate outside the monopole-vortex-antimonopole complex. The M — V — M complex
is a singlet as a whole. The monopoles appear as confined objects, the vortex playing the
role of the confining string. This is correct as the original SU(N) gauge system is in a
completely broken, Higgs phase. The dual system must be in confinement phase.

The following is an attempt to make these ideas a little more concrete.

40f course, quantization of the radial and rotational motions of the monopoles can stabilize such a
system dynamically, without need of the hierarchy, vi > vs.



2 The model

Our aim is to study a simplest possible model which realizes the hierarchical symmetry
breaking eq. (1.1) in which the light matter and gauge fields interact with the monopole
arising from the higher-mass symmetry breaking. The action can be taken in the form,

N

L=~ (Fa) +1Du0P + 3 Duar* = V(6. 0), (21)
I=1

where ¢ is a scalar field in the adjoint representation of SU(N + 1), g7, where I =
1,2,...,Np = N, are a set of other scalar fields, in the fundamental representation. In-
spired by the N/ = 2 theories, we take

‘2

2
V= Z ‘,u ot + )\q} TAqI’ + Z }(TAqﬁA +mr)qj q]I (2.2)
A i

where mq,mg,...my are the (bare) masses of the scalar fields ¢, and p < |mj|. The
quartic coupling A does not play a particular role in our discussion below, and will be set
to unity. In order to attain the minimum of the potential, V' = 0, the scalar field ¢y is either
a non vanishing eigenvector of the ¢ with eigenvalue, m, or must vanish. We shall take
the equal mass limit, m; = mo = ... = my = mg and choose to work in the vacuum with

wzwﬁﬂzm<N1> (2.3)
N

breaking the SU(NN + 1) gauge symmetry to SU(N) x U(1). An inspection of the second
term of the potential shows that the first (color) component of the scalars gq; becomes
massive for all I (with vanishing VEV), with mass

= mo(N + 1), (24)

and decouples at mass scales lower than that. The other components are nontrivial eigen-
vectors qr of ¢. Ny = N eigenvectors can be taken to be orthogonal to each other,
(qf) = c1 0¢. The first term tells

trtty (qrg') =0,  t* CSUW), (2.5)
1

that is, >, qr ¢’ 1. In other words, all ¢;’s are equal. Their normalization is fixed by
the A =0 (see eq. (3.1)) term to be

(qf) =v2df,  wa=2(N+1)pmo < v1, (2.6)

showing that the gauge symmetry is completely broken at low energies, leaving however
the color-flavor diagonal symmetry SU(N)c4p unbroken.



3 Point: the monopole
Let us write the VEV of ¢ as

p(x) =vi M(z), (M) = N2+NlT(O)’ 7©) = 2N(1N+1) (N —11N> . (3.1)

As the system admits the topological defect (the monopole), we need to retain the degrees
of freedom corresponding to the nontrivial winding

I,(SU(N + 1)/U(N)) = Z

that is,
2N 1
— ) g7t 02 _ =
M (z) N1 U(z) T™ U (), Tr (T) 5" (3.2)
The M (z) (U(x)) field defines the direction of the symmetry breaking,
SU(N +1)/U(N) ~ CPY, (3.3)
and can be expressed by a complex (N + 1)-component vector field z(z) as
M—zZ—;]l zZz=1 (3.4)
B N+1"7 - '

By introducing the N + 1 orthonormal eigenvectors of M, z(x) and e;(x) (1 = 1,2,...N)
with eigenvalues,

N 1 1 1
N+1’ N+1’ N+1 7 N+1’

U(z) can be written as
U(z) = z er || en . (3.5)
The 2z and e} can be thought of as local vielbeins [45].
The gauge field can be taken so as to satisfy the so-called Cho gauge [46]

(Dyd) /o1 = DuM = 0,M — ig [A,,, M] =0, (3.6)

which amounts to the low-energy (large distance) approximation where the monopole ap-
pears as a point. Namely, only the winding directions, SU(N +1)/SU(N) x U(1) ~ CPV,
are kept as the dynamical degrees of freedom associated with the monopole. Explicitly, we
take the gauge field in the form,

Ay = Gy M(z) + - [M(2), 0,M ()] + By (3.7)



where
N

ay=>_ el e, ab=1,2... N+1. (3.8)

ij=1
(), is the Abelian gauge field in the direction of the scalar VEV, bz ; are the components of
the gauge fields of the “unbroken” SU(N), and i [M (x), 0, M (x)]/g represents the monopole
field. It can be easily checked that the connection eq. (3.7) indeed satisfies the gauge
condition eq. (3.6).
Note that the Cho condition eq. (3.6) does not uniquely determine the component of
the gauge field A, orthogonal to 221, as

le(...)e,M] =0.
In eq. (3.7) we have chosen A, so that it contains precisely the monopole configuration®
i[M(x),0,M(x)] C su(2) C su(N + 1), (3.9)

besides the “unbroken” massless SU(IV) gauge fields b, and the Abelian gauge field C),
(the U(1) rotations around M direction).

The transformation properties of the gauge connection above have been studied in [45].
Under the U(1) transformation around the M direction,

U = eioM = 1,5 4+ e Fiiee (3.10)
the Abelian field C,, transforms as expected:
C,—C,— 0. (3.11)

Under the SU(N) transformations commuting with M,
U =exp(iwlethe) = eQe + 22, Q = exp(i w™h). (3.12)

where (tA)g (i, =1,2,...N) are SU(N) generators, b, transforms as the usual nonAbelian
gauge field:

by — b = Qb0 —i9,00". (3.13)

®The connection eq. (3.7) in fact differs from the one discussed in [45] by a term of the form, e(...)e,

more precisely by

, 1 :
=ie; |E.0u€f — 5;NTr(éaue) €.

El(ll« b
This term was subtracted from A, in [45], in order to keep the monopole term of the connection invariant
under the “unbroken” SU(N) gauge transformation. For the purpose of the present paper of studying how
the monopole transforms (in a fixed gauge) it is not only unnecessary but somewhat misleading to make
such a rearrangement of the gauge field. The monopole simply resides in a broken su(2) C su(N +1), whose
embedding direction is locked with the low-energy vortex direction in color and flavor, and they transform

together. See below.



3.1 The minimal monopoles

For the minimal monopole one can choose z and one of the e’s to live in a SU(2) € SU(N+1)
subgroup and consider their winding only [45],

cos g —e ¥ sin g
0 0
U 7 0 — : ; 3.14
ewsing ! cosg ( )
0
e?: 1 a=1,...N+1, j=1,....N, j#i. (3.15)

In other words, only the vielbeins z and e; in the first and (¢ + 1)-th color components are
relevant for the monopole. They take the form of normalized spin 1/2 wave functions, spin
up for z, spin down for e;, all the rest of the components being zero. Other vielbeins e;,
Jj # i, have canonical, orthonormal unit vector forms. z and e’s are not independent but
are related by the completeness and orthonormality conditions

N
2%y + Ze?éi = 0y, Ze2 =1, éfle? = 5; . Za€y =10, (3.16)
i=1
but it is an arbitrary choice which of the vielbeins e winds together with z.
For the minimal monopole, eq. (3.14), the (N + 1) x (N 4 1) matrix field M takes
the form,

_ 1 n-7v 11“_1 1
M = = — 1= ! — 3.17
o/ =2%- 57 > T2 TNiU (3.17)
n="_= (sin cos @, sin @ sin ¢, cos ) , (3.18)

,
where 7 and 17 ;4 are the Pauli matrices and the 2 x 2 unit matrix in the (1,74 1) subspace.
The monopole part of the gauge field eq. (3.7) is simply:

Almonopole) _ ;[M, 9, M) = —% -(n x d,n), (3.19)
which is indeed the singular Wu-Yang monopole lying in the su(2) C su(N + 1) algebra in
the (1,7 + 1) subspace. This is nothing but the asymptotic form of the 't Hooft-Polyakov
monopole, far from its center (R > 1/v1).

Rotating this monopole field in one of the legs (i = 1,2,...,N), i.e., in the “unbro-
ken” SU(N) group, amounts to the straightforward idea of nonAbelian monopoles: a set
of configurations of degenerate mass, which apparently belong to the fundamental repre-
sentation of the SU(N). A closer examination however reveals the well-known difficulties
(e.g., the topological obstruction [27-30]). Any deeper understanding of the non-Abelian
monopole notion necessarily involves an exact flavor symmetry, as is fairly well known, and
our following discussion is precisely based on such a consideration.



The gauge field tensor can be calculated straightforwardly:

(Fuw)y = (0,4, — 0, A, —ig[Au, A])y (3.20)
— 0 {M; + NNHOW} Z + € {(KW);Z — Nl+10“”5§‘ + (b))t + (hw);} é
where
Chp = 0,Cyy — 0,Csy My = 0N, — ,N,, N, = 2;2@0“2& : (3.21)
(Kou)! = 0,(B)} — 0,(P) — i g [P PJE (B): = ;égaueg : (3.22)
by = Ouby — Oby — i g by, by ; huw = —ig ([Bu, b] — [Py, by]) -
(3.23)

4 The matter coupling: vortex and the low-energy effective action

The scalar matter fields ¢ in the fundamental representation of SU(N + 1) (“squarks”) can
be decomposed as

qf (x) = 21 + €l 17 (4.1)

where
a=1,2,....N+1, i=12,...,N, I=12,...Ny=N, (4.2)

namely, into the component parallel to the symmetry breaking direction, z, (see eq. (3.3))
and those orthogonal to it, ef’s.
As one sees from the fact that

Ulqr=U'(exr +enr)=| . |, (4.3)
'
x and 7)’s are nothing but the scalar field components in the singular gauge of the monopole
(in which the adjoint scalar field does not wind and approaches a fixed VEV in all direc-
tions). The monopole fields N, P, which couple to the projected scalars x and 1 have
automatically the (asymptotic) form of the 't Hooft-Polyakov monopole in the singular
gauge. As is well known the monopole field develops a Dirac string singularity attached to
it in such a gauge.
By using the orthonormality and completeness of the vielbeins, one arrives at the
following decomposition

: a a = - N
{(0p —igAu) a1} = = {&m + (20u2)x1 — N T CuXI}

. . y . g ;
+ ef {((% —igbu);, -+ & el + "N11 CM?}} : (4.4)



Both x and 1 have U(1) electric charge, whereas only the 7 fields carry non-Abelian SU(N)
charges. The matter kinetic term thus decomposes as

Ny

. 2 . . 2
Tr |(0p —igAu) a1|” = |0ux1 —ig 5y XI— 9N Cux1
O — g b — ig(Pa)n + i OOV (45)
The minimization of the potential eq. (2.2) leads to
(¢ +mol) q” = |(mo(N + 1)M +mol) g* = [mo(N + 1) xz [*, (4.6)

which shows that the scalars in the z direction, x, are massive, which can be integrated
out. The low-energy effective action considered below describes the physics of the massless
fields 77, the “unbroken” gauge fields b, and the monopole PH,6

1 5 ) . . g 12
L = —§TrFWF“ + Z (0, —igby)i. 17]]C —ig(P,)I ny + i 1 Cumy| —Vy
Lj
= [gauge 4 [’scalar o an (4'7)
where
, M N 2
TI“FW,F” - ( ;V + N+10W> +
A 1 , . N\ 2
+tr ((K}W); - mcyyaé + (b,uz/); + (hpz/)é) (48)

and My, (Kuw)%, Cu, (buw)s, ()l are defined in eqgs. (3.21)-(3.23). For the minimum
monopole lying in the (1,7 + 1) su(2) subalgebra, (eqgs. (3.14), (3.18)),

1—cosf : 1 —cosf
Z0,z = i%, €' 0pe; = =20,z = _Z_+os’ (no sum over i), (4.9)
& Ouei =0, j#i, Z0gz = & Oge; = 0. (4.10)

eq. (4.9) is precisely the Wu-Yang monopole in the singular gauge, with Dirac string along
the negative z axis, z € (—o0,0),
ADirac _ 1= c050 cost (4.11)
pg
where p is the distance from the z axis. Taking into account the factor % due to the
su(2) C su(N + 1) embedding 7, we see that the light scalars 1 is coupled to such a

SUnlike in some earlier attempts to study nonAbelian duality [47, 48] we here keep account only of
the massless scalar and gauge degrees of freedom (besides the monopoles and antimonopole): they are the
relevant degrees of freedom describing the infrared physics, i.e., at the mass scale below v;. The lower-
mass-scale scale (v2) symmetry breaking and formation of the vortices are described by these light degrees
of freedom. The physics below the second symmetry breaking scale v2, is the massless Nambu-Goldstone
like excitation modes living on the vortex-monopole world strip, the subject of our study below.



monopole only through the (P,)! term:
1 Dirac

The minimization of the potential V;, then leads to the VEV (appendix A)
Ny =64y, (4.13)

This VEV brings the low-energy system into a color-flavor locked, completely Higgsed
phase. In such a vacuum, due to the exact flavor SU(N)c4p symmetry, broken by indi-
vidual vortex solution, the latter develops non-Abelian orientational zero modes.

4.1 Symmetries

The low-enegy system eq. (4.7) arose from the gauge symmetry breaking,
SU(N +1) — SU(N) x U(1) (4.14)

and if the monopole fields N, and P, are dropped it would be the standard SU(N) x U(1)
gauge theory action. It is clear, however, that in the presence of a minimal monopole,
(egs. (3.14), (3.18), (3.19)), the local color SU(N) symmetry is broken by the specific
direction M (z) = zz — (1/(N +1))1 541 the monopole points. Attempts to define a global
unbroken “orthogonal” SU(NN) group in the presence of the monopole background, lead
inevitably to the well-known difficulties [27-30, 34].

There are however some local and global symmetries which are left intact. In order to
fix the idea, let us take the monopole in the (a,b) = 1,2 color subspace. That is, we choose
particular monopole orientation with ¢ = 1, in eqs. (3.14), (3.18), (3.19). In this case the
only nonvanishing component of P, is:

1 —cosf

P;lzzél&pel:—iéawz—T, Pl,=0, i#lorj#1.  (4.15)
g g g

The action eq. (4.7), eq. (4.8) is invariant under
(i) alocal U(1) symmetry:

ni—>emni, C,—C,—p0o,a, B=(N+1)/g; (4.16)

(i) alocal U(1) symmetry:

U by s Ub, — L0\U go [N o 417
77_> m, :U'_> ( /J'_g H) ’ - 0 677;7]1]\[_1 ) ( . )

,10,



(iii) a local SU(N — 1) symmetry:

i 1 0
— Un, b, — U(b, — -9,)UT, U= , 4.18
n n w (bu g ) < 0 VN—I) ( )
(ii), (iii) are subgroups of the local SU(NN) group broken by the particular orientation of
the monopole.
Finally, the action is invariant under

(iv) a global flavor SU(N)p symmetry:

n—nU',  UeSUN). (4.19)

All the local ((i)-(iii)) and global ((iv)) symmetries are broken by the VEV of the scalars
1, eq. (4.13). However there remains

(v) an exact global color-flavor diagonal SU(N) symmetry
n—unU',  P,—-UPU, b, —UbU, UEcSUN). (4.20)
Note that K., buy, hy, all transform covariantly under eq. (4.20).

In particular, the invariance of the action under (v) requires that, together with the light
matter and gauge fields, the monopole P, = (i/g) € 0ue be also transformed with U.

4.2 Monopole-vortex soliton complex

If it is not for the terms due to the monopole, P,, N,, the action in eq. (4.7) (eq. (4.8)),
would be exactly the SU(IN) x U(1) gauge theory with SU(N) flavor symmetry where the
vortices with nonAbelian C' PV~ orientational zero modes has been first discovered [35, 44].
The homotopy-group argument applied to the system with hierarchical gauge symmetry
breaking (eq. (1.1)), tells us that the vortex must end at the monopole. The nonAbelian
orientational zero modes of the vortex endow the endpoint monopoles with the same C PN 1
zero modes.

On the other hand, if the nonAbelian gauge fields b, were neglected, the above action
would reduce to the low-energy U(1) theory arising from the symmetry breaking of an
SU(2) gauge theory. The SU(2) origin of such a theory is signaled by the presence of
the monopole term: performing the electromagnetic duality transformation explicitly [49],
keeping account of the presence of the monopole (SU(2)/U(1) winding), one gets an effective
action of a static monopole acting as a source of the vortex emanating from it. This analysis
was repeated in the 6 vacua of the original SU(2) theory [50]. The resulting equation
of motion has been solved analytically, reproducing the Witten effect correctly near the
monopole and showing a rather nontrivial behavior of magnetic and electric fields near
the monopole-vortex complex. Our aim here is to generalize this construction to a more
general setting here, where both the vortex and monopole carry nonAbelian orientational
zero modes.

— 11 —
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Figure 1. The magnetic field in the monopole-vortex-antimonopole soliton complex. Taken from
Cipriani, et al. [39].

The fact that the low-energy vortex must end at the monopole can be seen more
directly. The monopole term € d,e is really a non local term: it contains the Dirac-string
singularity running along the negative z-axis, eq. (4.11). In itself, it would give rise to
an infinite energy, unless the scalar field vanishes precisely along the same half line z €
(—00,0): a vortex ending at the monopole (z = 0) and extending to its left.

A microscopic study of such a monopole-vortex complex has been made by Cipriani et
al. [39], including the numerical determination of the field configurations interpolating the
regular 't Hooft-Polyakov monopoles to the known vortex solution in between. See figure 1
taken from [39]. We have not been successful so far in generalizing the derivation of the
effective action for the orientational zeromodes directly from the microscopic field-matter
action as done for the nonAbelian vortex [35, 43] to the present case of complex soliton of
mixed codimensions.”

Here we instead go to large distances first: the monopole is pointlike (this approx-
imation has already been made), and the vortex is a line, without width (see figure 2).
Implementing this last approximation the scalar field takes the form,

i e 0
(m)7 =v2 ( 0 ]1]\7—1) , (4.21)

whereas the relevant nonvanishing gauge fields are C),, and (bu)é‘ of the form,

(bu)} = : (4.22)

"Such a straightforward derivation of the effective action for the monopole-vortex mixed soliton systems
has been achieved in [51], in a particular BPS saturated model. The model considered there is different
from ours: the “monopole” appears as a kink between the two degenerate vortices, one Abelian and the
other nonAbelian.

— 12 —
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Figure 2. The monopole, vortex and anti-monopole complex of the preceding figure, seen from
large distances.

The monopole term is of the form,
(P, = _ : (4.23)

Note the matched orientation in color for the vortex and monopole in egs. (4.21) and (4.23).
The scalar kinetic term in the action, eq. (4.7), takes the form,

J
(bu)i —Nyu/2 e
oot — 5189, — g (bu)3 +ig 0 + ]\f e
1,j : -
i
(4.24)
Clearly the minimum-energy condition for I = 2,3, ... terms requires that
1
(bu)3=(b)s=...=(b)N = C,. (4.25)
N+1
But as tr (b,) = 0, this means that
N -1
M i =—(N - 1)([7#)% == Cu. (4.26)
(bu) N +1
The I =1 term of eq. (4.24) then becomes
1 N, g ?
[scalar 2 9.1 — alb 1 e C
5 {MZ) g(u)1+g2 N1 om
N, N ?
= (ow+o v (427
On the other hand, the gauge kinetic term becomes
1/ M N > 1M, 1 2
Lgauge - _ Hv ——C - Hv ——C — (b 1
2( > TNT1 “”) 2( > TN Cm Gwh
1 2N 2
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Far from the vortex-monopole, the potential can be set to be equal to its value in the bulk,
V' = 0. The action reduces finally to the monopole-vortex Lagrangian

1 ) N, g ’ 2N
1
= =5 (M + Cow)? + (0, + e Ny +eC)? 03, (4.29)

where in the last line we have re-normalized the Abelian gauge field C), by a constant and
defined the Abelian gauge coupling e by

enCy—Cpyy o= g. (4.30)

In the discussion which follows, we take the monopole fields N, and M, in eq. (4.29)
as a sum representing a monopole at r; and an anti-monopole at ro, at the two ends of
the vortex.

4.3 Orientational zeromodes

The action, eq. (4.7), is invariant under the global color-flavor SU(N) transformations,
eq. (4.20). The monopole-vortex field oriented in a particular direction, eqs. (4.21)—(4.26)
breaks this symmetry to SU(N — 1) x U(1); applying U on it

n—unu', P,—uUPU, b, —sUbU, (4.31)

generates a continuous set of degenerate configurations which span the coset,

SU(N)
SU(N —1) x U(1)

~CPNTL, (4.32)

The moduli space can be parametrized by the so-called reducing matrix [52, 53],

1 -BT\ (X2 o0 1 0 X2 —Bly—2
U(B) = - , 4.33
(B) (0 1N1> ( 0 Y—é> (B 1N1) (Bx—é y-3 (4.33)
X=1+B'B, Y=1y_,+BB'. (4.34)

acting on the light fields 7 and b, and on the monopole field e, as in eq. (4.20). B is an
N — 1 component complex vector, the inhomogeneous coordinates of CPN~1,

The fields corresponding to the particular “(1,1)” orientation of the vortex-monopole,
eqs. (4.21)—(4.29), are of the form,

o An+T 1In-T AN+ T
n=e¥ N + , 8,m:8uew Nt )
2 2 2
1 N 1Iy+T
_ Oy = —— T
bt NOIN =g O
In+T 1
p,=-N, N T = : (4.35)
2 —lIn_1
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The action is then calculated to be

1 T
tr< N+

2

where L)y is given in eq. (4.29). When a global (z,-independent) color-flavor transfor-
mation U acts on it, a new solution is generated by {n,b,, P,} — U{n,b,, P,}UT, that is

AN +UTUT Ty —UTUT AN +UTUT
n:ezw N+ n N 7 (%n:@ue“” N+ ’
2 2 2
1 N 1y +UTUT
_ _ In =
bu+ 7 Cnln N +1 2 Chs
Iy +UTUT
P,=—N, % : (4.37)

All the fields now have complicated, nondiagonal forms both in color and flavor spaces.
Note however that

_ 1y —I-UTUT

Iy —uUTUt
2 ’ - 2

1I
B 2 )

o (4.38)

act as the projection operators to the directions in color-flavor space, along the vortex-
monopole orientation and perpendicular to it:

0% =TIg, 5 =1Ip, Hp-Mp=0; trlI5=1. (4.39)

By using these, the action corresponding to the color-flavor rotated configuration, eq. (4.37)
is seen to be still given by

tr Lscalar HQB = Lscalar » tr Egauge HQB = ﬁgauge ) tr HQB Lyv =Lmy , (440)

reflecting the exact CPY~! moduli of the monopole-vortex solutions, following from the
breaking of the exact color-flavor symmetry, eq. (4.20). Therefore the C PN~ modes B of
eqs. (4.31)—(4.34) represent exact zero modes of the monopole-vortex action, eq. (4.7).

4.4 Spacetime dependent B

The configurations eq. (4.24)-(4.29), or the color-flavor rotated version, eq. (4.37), repre-
sents the long-distance approximation of the nonAbelian vortex with monopoles attached
at the ends. They are basically an Abelian configuration embedded in a particular direction
in SUN)c4r,
Iy +U(B)TU(B)

5 ;
This is so (i.e., Abelian) even if the scalar field and gauge (and monopole) fields all have

HBE

nontrivial matrix form in general in color and flavor, as they all commute with each other.

When the orientational moduli parameter B is made to depend weakly on the spacetime
variables x,, however, such an Abelian structure cannot be maintained. The derivative
acting on Il in the scalar field induces the change of charge and current

8, (nllg) = (8um)p + 1 8, (UTUT)
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Figure 3. Worldsheet strip 3 spanned between the worldlines of the monopole and antimonopole.

along the vortex. It implies, through the equations of motion,

1 .
gD Fa=i > [0 t"“Danr = (Danr) 0], (4.41)
I

)

Gauss’ law. Following [43] we have introduced the index « to indicate the two spacetime

new gauge field components, A(QB . This can be understood as nonAbelian Biot-Savart or
coordinates in the vortex-monopole worldsheet >, while indicating with “” the other two
coordinates of the plane perpendicular to the vortex length. See figure 3. For a straight
vortex in the Z direction, a = 3,0 whereas i = 1,2. By assumption B, hence U, is a slowly

varying function of x,. It is not difficult to show® that A&B) is oriented in the direction

AB) oo, UTUNY UTUT = 2UWUtDU) L UT, (4.42)
in color-flavor mixed space, where
1
UTdU) | = 5(uT Oad — TUTOLUT) . (4.43)

UTDsU) | is just the Nambu-Goldstone modes [43, 52, 53] in a fixed vortex background,
eq. (4.35); as the vortex-monopole rotates (4.37), one has to rotate them in order to keep
them orthogonal to the latter.

The effect is to produce the electric and magnetic fields lying in the plane perpendicular
to the vortex direction, Fj., along the vortex.

By using the orthogonality relations

tr Il Ou(UTUT) = tr 15 O UTUTUTUT = 0, (4.44)

8 A, and ZI nm; have both the form a11 + a2 UTZ/IT, where a1,2 are some functions of the transverse
variables x;. 0, acts only on U. Repeated use of

Do UTUNYUTUT UTUT = 8o (UTUT), (00 UTUNUTUT UTU] = 2 00 (UTUT)

and (UTUT)? = 1 in eq. (4.41) yields eq. (4.42).
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it is easily seen that the terms containing the derivatives d,U or @J/{T give rise to the
correction

['({na b, Pu} - E(U{n, b, PN}L{T) = Lgcalar + 0L,
2
AL = const. tr (aa(UTuT)> o tr {X—laaBTy—laaB} , (4.45)
which yields the well-known C'PN~! action
1 -1
Sier = 25/ &2z tr { (1N + BTB) 9, B' (1N + BBT) 8aB} , (4.46)
b

where the coupling constant [ arises as the result of integration of the vortex-monopole pro-
file functions, in the plane perpendicular to the vortex axis. The x,-dependence through B,
by definition at much larger wavelengths than the vortex width / monopole size, factorizes
and give rise to the CPN~1 action defined on the worldstrip.

A proper derivation of such a 2D worldsheet action for the vortex system including the
determination of 3 requires to maintain a profile functions f(r) in (4.21), e — f(r)e'¥,
f(0) =0; f(c0) =1 and study its equation of motion. Although this can be done straight-
forwardly for the pure vortex configuration (without monopoles) [54, 55], the analysis has
not been done in the presence of the endpoint monopoles. We plan to come back to this
more careful analysis elsewhere. A microscopic study of the vortex in a non-BPS system
which is very close to our model, has been done by Auzzi et al. [56], without however
attempts to determine the vortex effective action.

5 Dual description

Following [49, 50, 54, 57, 58] we now dualize the system, eq. (4.29):

_ %(MW b Cu)? + (Bt + e Ny + € ) 0. (5.1)
All the fields above live in the particular direction in the color-flavor space, for instance,
10...0
H%DE]IN;T: 00‘_‘? , (5.2)
00 0

(see eq. (4.21)-eq. (4.23)). The factor tr(l’[g))2 = 1 in the action is left implicit. Decompose
¥ field into its regular and singular part:

=9+ 7. (5.3)

The latter (non-trivial winding of the scalar field) is related to the vortex worldsheet loci
by [54, 57, 58]

7 9,0,)° = SH ()

_ 9 / Dat Dy (dE® A de?) 64 (z — 2(€)) (5.4)
b
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and £ = (1,0), 0 € (0,7), are the worldsheet coordinates and n is the winding. >*" is
often referred to as the vorticity in the literature. Below we shall limit ourselves to the case
n = 1 (the minimum winding) for the purpose of studying the transformation properties
of the vortex and monopole.? We assume that the monopole and anti-monopole are at the
edges of the worldstrip (o = 0, 7):

r; =r(7,0), ro =r(7, 7). (5.5)
It then follows from eq. (5.4) that
0, XM (x) = 2mj” (5.6)

where j” represents the monopole and antimonopole currents:

= /ch?: otz — x(r, 7)) —/dTCi;_V o4z — z(7,0)), (5.7)

with #(7,7) and 2*(7,0) standing for their worldlines. We shall see below that the equa-

¢

tions of the dual system consistently reproduces this “monopole confinement” condition.

The regular part 1" can be integrated out by introducing the Lagrange multiplier

—410%)\3 + A (0,90 + 0,0° + eN, +eC)), (5.8)
which gives rise to a functional delta function
5(OuApu(x)) - (5.9)
The constraint can be solved by introducing an antisymmetric field B, (z),
A= 2 e"P?0, By = 2 P Hypo (5.10)

V2 3v2
Hl/pa = a1/-Bp<7 + apBO'V + 8O'BVp

being a completely antisymmetric tensor field. One is left with the Lagrangian
1 ev
L=~ (Mu+ Cp)’ + TSE“VPGCN(‘)VBPU

U2

V2

€ V9

2v/2

1
+EH5V)\ + —= B, S 4 ——= P M, B,y (5.11)

Now we dualize C), by writing'?

e v

1
/[dC’M] expi/d4x {—4(MW + C,“,)Q + 7 e“VPUCu(?VBpJ}
= [cullal exvi [ s {—xfw # X @ M+ Co)f2 4+ 72 eﬂ”p"cua,,Bpg}

= /[dX/U/] 3("P7 8y (Xpo + € v2 Bpo /V'2)) expi/d4w (=20 + X" Mpo /2} . (5.12)

9Eq. (5.4) can be seen as the change of field variables from v(z) to the string variable x,(7, o). Keeping
track of the Jacobian of this transformation leads to the Nambu-Goto action, [ drdo (det |9,2"dpa”])*/?,
describing the string dynamics, and possible corrections. We shall not write these terms explicitly below in
the effective action as our main interest lies in the internal, color flavor, orientational zeromodes.

10This is the standard Legendre transformation of the electromagnetic duality.
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Again the constraint can be solved by setting
1
Xpv = \ﬁ

and taking the dual gauge field Ap, as the independent variables. The Lagrangian is now

(04Ap, — 0yAp, —V2evs B) (5.13)

1 1 v
L= EH/%V/\ — Z(GMADZ, — 0, Ap, — V2 ey BW)2 + 725 B3 + Ap, J*, (5.14)

where
1
2evy

Hupa = 81/Gp0 + apGau + 80Gupa G" = BM" — (8“A”D - 8”14%) , (515)

and
1 vpo Va4
=0, 5" My = 0, M" (5.16)

represents the monopole magnetic current.!! One sees from eq. (5.12) and eq. (5.13)
that A’fj is indeed locally coupled to J#. Finally, observing that there is a (super) gauge
invariance of the form,

1
V2ews

one can write the Lagrangian in terms of the gauge-invariant field G, ,

0B, = (OuAy — OuAL); SA = A*, (5.17)

U2
V2

Note that use of the gauge invariance under, eq. (5.17) — or the integration over Ap in

1 m?
E — 7‘H2l/)\ - TGZV—F

= o G, m=euvs. (5.18)

eq. (5.14) — introduces a constraint
O XM =eJ”. (5.19)

Let us comment on the relation between this equation and the constraint, (5.6), (5.7).
For the static minimum monopole, eq. (3.21), with the form of z given in eq. (3.14),
one finds
0= 9, LNL,, = 0 ST My, = 0,8
J' = 1/56 po — iif jk = OiDq, (520)

where B; is the magnetic Coulomb field,

1_1
Bi— Lyl (5.21)
g T
following from eq. (3.21) and eq. (4.9).12 Thus
1 1 4
JO= V. V- = S §8(r) (5.22)
g r g

HTo distinguish the monopole magnetic charge current from the point-particle “mechanical” current
(eq. (5.6)), we use J* (for the former) and j# (for the latter), respectively. See eq. (5.24) below.

12We recall that the form of the vector potential eq. (4.9) in the cylindrical coordinates gives precisely
the isotropic Coulomb magnetic field.
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showing that it has the well-known magnetic charge,

47
Im = —, (5.23)
"y
of a 't Hooft-Polyakov monopole, consistent with the Dirac condition (after setting g = 2e¢).

Equation (5.19) then becomes
9,20 = e J = 275, (5.24)

where j%(z) = 63(r) is the mechanical particle current. This is indeed the monopole
confinement condition, eq. (5.6) and eq. (5.7).

Inverting the logic, one may say that the (super) gauge invariance eq. (5.17) hence the
possibility of writing the effective action in terms of the gauge field G, follows from the
built-in monopole confinement condition, 9, X" = 2mj".

The monopole thus acts as the source (or the sink) of the worldsheet and at the same
time plays the role of the magnetic point source for the dual gauge fields. The equations
of motion for G, are:

m
V2e
By taking a further derivative and by using eq. (5.19) one finds

1
0,GM = ——JV. 5.26
H V2m ( )

These equations of motion have been studied in [50] in the general case of a § vacuum

OINHM = —m? G + L (5.25)

of the original high-energy theory. The main results are reported in appendix C. There are
a few remarkable features which will be useful below. First of all, outside the worldsheet
strip, ¥, = 0, so eq. (5.25) tells that G, are massive field which die out exponentially
in all directions, away from the monopole-vortex complex. Second, there are two distinct
nonvanishing components of GG;,,. One is what makes up the vortex cloud, the dominant
part being the constant (in the vortex length direction) magnetic field along the vortex
direction, and having a transverse thickness of the order of 1/gvs. Another component
is a spherically symmetric, Coulomb magnetic field cloud around the monopole, of the
radial size, 1/gv;. This includes, in the § vacuum, the Coulomb electric field due to the
Witten effect.

6 Orientational CPN~! zeromodes in the dual theory

The dualization procedure above can be repeated starting from the monopole-vortex com-
plex of generic orientation, eq. (4.37). The result is the effective action having the identical
form as eq. (5.18) but with all fields replaced by

Iy +UB)TU(B)

G - GB =c0ng, g = : : (6.1)
H;S?/)A - H;(f;\ = 8HG1(/§) + avGE\ﬁ) + ax\G;(fi) ; (6.2)
T =0, %EWWM,,(, — 0, MM — 0, (M™TTg) = 0,00 B . (6.3)
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Figure 4. The muduli space of monopole-vortex configuration in the electric variables (the left
figure) and in the magnetic dual variables (on the right). The points in the two C PN ~! spaces are
in one-to-one correspondence. The motion in C PV~ moduli space in real space-time requires the
fields to be transformed nontrivially, both in the electric and magnetic descriptions.

The equation of motion for H7*"

a}\H)\;w (B) _ _m2 GHv (B) + % DIid (B) , m = gua, (64)

and the equation for G* (which follows by differentiating the above and using eq. (5.6))

1
8,Gm B — v (B) 6.5
I 7 (6.5)

2m

all hold with G*(B) and J¥(B) lying in the color-flavor direction II5. As
trllg =1, (6.6)

the action

2
L= 1—12tr (HE? - (G7) + % tr (GE) s (B)) (6.7)
is independent of B, as long as B is constant .

We find therefore a C PN~ moduli space of degenerate monopole-vortex configurations
described by the dual variables, eq. (6.7), each point of which is in one-to-one correspon-
dence with that of the the monopole-vortex solutions in the electric description, eq. (4.37).
See figure 4.

6.1 Spacetime dependent B and the effective action

Allow now the orientational moduli parameter B to fluctuate in spacetime. A naive guess
is to assume
0 B
GO —cP) (6.8)
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also for spacetime dependent B and to study the excitation of the action due to the
derivatives 0/0z, acting on Ilp in the kinetic term of G,(E), 1—12‘51" (H/Sf))\)z, ie., Hl(f/)\ =
G#Gl(g) + (cyclic). This however is not correct.

In moving in the CPY~! moduli space one must make sure that the massive modes
are not excited. This is the reason, in the electric description, for the introduction of
the new gauge modes A,, such that the YM-matter equations of motions continue to be
satisfied, i.e., to stay in the minimum-action subspace. In other words, one must stay on

the minimum subsurface!®

5S
e

in all (color-flavor) directions. For §G, o Ilp, this is automatic; this condition must

=0 (6.9)

also satisfied for orthogonal fluctuations 0G, o 0,11p, if the system tends to generate
them. Quadratic fluctuation in 9,B computed at such minimum trough then gives the
correct effective action. Another equivalent way to state it is that one must maintain the
correct 2D Nambu-Goldstone direction as the scalar and gauge fields are rotated in the
color-flavor [43].

As we noted above equations of motion (6.4) and (6.5) continue to hold as long as
the derivatives 9/0x, do not act on IIz. Here and below we again use the indices «,
to indicate the coordinates on the worldsheet, whereas the indices i,j are reserved for
those in the plane perpendicular to the vortex length direction (see figure 3). Eq. (6.4) for
(1, v) = (a, B) contains the equations of motion for constant B (plus corrections of at least
second order in the derivative of II). Equations with (u,v) = (i, j) are of higher orders in
Ou, 0g. Potential first-order corrections are in the (u,v) = (5,1) equation:

Oy HOPL(B) 4 3jHj6i (B) — _m2aGPi(B) (6.10)
(XM term is present only for u,v = «, 5 (see eq. (5.4)), or wrtten extensively
o B B B j B B B B
006G + G + 0,65 + 9 [0sGY) + 0:GLS) + 0,650 = —m?GY) . (6.11)
The gauge field for static B (“unperturbed” solution with respect to d,Ilp) contains only

1 af =03
-1 af =30

1 -
G((XB;) = féaﬂijF(B) LV - €0 B(vm")HB’ €af = { (6.12)

2

in the vortex region, far from the monopoles, where B; = §;38%" stands for the vortex

(B)

magnetic field, see eq. (C.7). Eq. (6.11) shows that new gauge components G55 are

generated, satisfying

P[0:G5 + 0,650 +m*GY) = 000,67 (6.13)

where we have dropped terms higher order in 0llp.

13 As we have noted already, this is a nonAbelian analogue of Gauss or Biot-Savart law. In a closer context
of soliton physics, this is also the essence of Manton’s “moduli-space approximation” [62] for describing
the slow motion of soliton monopoles, although here we are concerned with the “motion” of the soliton
monopole-vortex in the internal color-flavor space.
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Eq. (6.13) can be solved for G(B) 5 by setting
G4 = egiar RF 9°T15, (6.14)

and substituting it into eq. (6.13) and recalling eq. (6.12). One finds after a simple calcu-
lation that

R = €Y %OPB(”OT), p=/2? + 3, = =1, (6.15)

where B("*") is the usual vortex magnetic field, eq. (C.7), eq. (C.8). G(F)F can also be
found more directly as follows. We first convert equations of motion (6.4) and (6.5) into
the form,

1
G (B) gy (B) — %EW (B) _ ﬁem(avakz*ﬂ (B) _ gray s (B)). (6.16)

For a static monopole and far from the monopole, we have

. m
(3;0" + m?)GPB) = —— 5B (B) (6.17)
ﬂe

. . 1

(8;07 +m?) G (B) = % NPT . (6.18)
em
The solution for the first equation is
GoBB) = ' g (mp)llp (6.19)
\/§e

where K is a modified Bessel function of the second kind. Solution to the second equation
is then

i 1 Yale!
G (B) = —50'G P, (6.20)

in agreement with egs. (6.14), (6.15).
Eq. (6.14) implies that the excitation energy of the vortex part is given by

2T

o0
AE = ftr(9.11pd, 1),  f= 3 / dpp (9,87 (6.21)
m=Jo

The integral defining f is logarithmically divergent at p = 0, which must be regularized at
the vortex width, p ~ 1/gvs. By a simple manipulation (see e.g. [43]) this can be seen to

be a 2D CPN-1 action,
S0 —of / d?z X to*B'Y19,B, (X=1+B'B, Y=15_1+BB"), (6.22)

by

defined on the worldstrip, ¥. Note that the original 4D integration factorized into 2 + 2,

because the CPN~! coordinate B does not vary significantly over the range of the vortex
width, ~ 1/guvs.
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The monopole contribution to the effective action can be found as follows. Near a
pointlike monopole, JY = 47”53(1'), and the magnetic field G% is the solution of eq. (6.5):
1, e~9vr

1
B;nonopo e(r) _ 5 az .

(6.23)

Note that at distances larger than the vortex width, 1/gvs, this component is screened and
dies out; the magnetic field Gy; is instead dominated by the constant vortex configuration.
On the other hand, near the monopole this is a standard Coulomb field. As J? fluctuates
in time in color-flavor,

JOTT — JOTI + const. JO9p1I, (6.24)

G i =1,2,3, acquire a component in the dyII direction, around the monopole, in order
to maintain eq. (6.5) satisfied. It gives a singular contribution:

3
3 mono oe 27T d?"
»yw/d:”xZGOiGOZ— /d3 Z pel Q—mg/ﬂ, (6.25)
=1

in the coefficient of the fluctuation amplitude, JpII 9gll. The singularity is regularized
at the distances ~ 1/gv; where the monopole turns smoothly into the regular 't Hooft-
Polyakov configuration. Therefore the integral in eq. (6.25) is dominated by the radial
region between 1/gv; and 1/gvs, over which the moduli parameter B(r,t) is regarded as
constant. The 4D integration here factorizes into 4 = 3 + 1. The monopole contribution
to the effective action is therefore

SP — 5 / dt X '9oBY(r;, )Y 19y B(ri, t), g~ % ~ %2

i=M,M govs m

(6.26)

where M = v1/g is the monopole mass and m = gvs is the W boson masses of the lower
mass scale symmetry breaking.
The total effective action is a 2D CPN~! theory with boundaries,

S =8P+ 517+ 5. (6.27)

There is a nontrivial constraint on the variable B(z,): on the boundary where the world-
sheet meets the monopole worldline, the CPY~! variable matches:

B(x(0,7))lo=0x = B, (t(7)) , (6.28)
B($3>$0)‘$3=$M3 = BM(l'O) ; B(:L‘g, x0)|$3=$Ms = BM(xO) . (6-29)

This follows from eq. (4.37), i.e., from the fact that the orientational zeromode of
the monopole-vortex complex arises from the simultaneous SU(N)cip rotations of the
monopole and the light fields.

By introducing the complex unit N-component vector n¢ (¢ =1,2,..., N):

e X B 1 1
(5 (1), o

|
ol
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the vortex effective action above can be put into the familiar SU(N) form of the CPV~1
sigma model,

52D = of / d?x Dont D0, Don’ = {0 — (n10an)Inc, nin =1 (6.31)
b
and similarly for the monopole action:

Sib — 7/ o dt DongDon%, (6.32)
K=M

)

together with the boundary condition

nc(m)|w=$M7$1\7f = n%(|K:M,]\7[' (6.33)

The boundary condition eq. (6.28) or eq. (6.33) can be thought of as something between
Dirichlet (in the infinite monopole mass limit, v — o0) and Neumann (in the light monopole
limit), from the point of view of the 2D CP™~! model defined on the worldstrip of
finite width.™

7 Discussion

Summarizing, we have studied the vortex-monopole complex soliton configurations, in
a theory with a hierarchical gauge symmetry breaking, so that the vortex ends at the
monopole or antimonopole arising from the higher-mass-scale symmetry breaking. The
model studied has an exact color-flavor diagonal SU(N)c4 p symmetry unbroken in the 4D
bulk. The individual vortex-monopole soliton breaks it, acquiring orientational C'PN~1
zeromodes. Their fluctuations are described by an effective CPY~1 action defined on
the worldstrip, the boundaries being the monopole and antimonopole worldlines; in other
words, the effective action is a 2D CPN~! model with boundaries, with the boundary
condition, eq. (6.33), plus the monopole 1D CPN~1 action. The boundary variable n¢ is
a freely varying function of the worldline position, and acts as the source or sink of the
excitation in the worldsheet.

This illustrates the phenomenon mentioned in the Introduction. Color fluctuation of
an endpoint monopole, which in the theory without fundamental scalars suffers from the
non-normalizability of the associated gauge zeromodes [34] and would remain stuck (the
famous failure of the naive nonAbelian monopole concept), escapes from the imprizonment
as the color gets mixed with flavor in a color-flavor locked vacuum, and propagates freely on
the vortex worldsheet. In the dual description the monopoles appear as pointlike objects,
transforming under the fundamental representation of this new SU(N) symmetry — the
isometry group of the CPV =1 action. It is a local SU(N) symmetry, albeit in a confinement
phase: these fluctuations do not propagate in the bulk outside the worldstrip. The M —
V — M system as a whole is a singlet of the new SU(NN). This is appropriate because the
original color SU(XN) is in the Higgs phase. Its dual must be in a confinement phase.

YWe thank Stefano Bolognesi for discussion on this point.
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We see now how a nonAbelian dual SU(NN) system emerges, not plagued by any of the
known problems. The so-called topological obstruction is cured here, as the bare Dirac
string singularity of the monopole, which lies along the vortex core, is eaten by the vortex,
so to speak. The scalar field vanishes along the vortex core, and precisely cancels the
singularity in the action. This is most clearly seen in the explicit microscopic description
of the monopole-vortex complex such as in [39].

Let us end with some more remarks.

Magnetic monopoles have also been studied in the context of a U(N) theory in a color-
flavor locked vacuum (i.e., with Ny = N number of flavors), but without the underlying
SU(N +1) gauge theory [65-69]. By choosing unequal masses for the scalar fields, m; # m;
the flavor (and hence color-flavor) symmetry is explicitly broken, and degenerate N Abelian
vortices appear, instead of continuous set of nonAbelian vortices, parametrized by C PN ~1
moduli. Monopoles appear as kinks connecting different vortices, having masses of order
of O(|m; —mj|/g). These are Abelian monopoles. In order to find candidate nonAbelian
monopoles in such a context, one must choose judiciously the scalar potential (partially
degenerate) [68-70] so that one finds in the same system degenerate vortices of Abelian
and nonAbelian types.

In the limit of equal masses m; = m;, the semiclassical analysis above is no longer
reliable. But since in these systems the vortex is infinitely long (stable), one can make use
of the facts known about the infrared dynamics of 2D CPN~1 theory. It is in fact known
that the quantum fluctuations of the C PV~ modes become strongly coupled at long
distances (a 2D analogue of confinement) [63, 64]; it means that the vortex dynamically
Abelianizes [35, 65-67]. The masses of the kink monopoles are now replaced by O(A),
where A is the dynamical scale of the 2D CPN~! theory. In particular, in the case of
an N = 2 supersymmetric model, the effective 2D theory on the vortex world sheet is
a (2,2) supersymmetric CPY~1 model. Quantum effects lead to N degenerate vacua
(N Abelian vortices); monopoles appear as kinks connecting adjacent vortices. A close
connection of these objects and the 4D (Abelian) monopoles appearing in the infrared in
4D, N' = 2 supersymmetric gauge theories has been noted [65-67], which seems to realize
the elegant 2D-4D duality proposal made earlier by N. Dorey [71]. These monopoles
are confined by two Abelian vortices [67], in contrast to the monopoles considered in the
present work.

Thus even though our system below the mass scale v; has some similarities as those
considered in [65-67], they are clearly physically distinct. Our vortex has the endpoint
monopoles, whose properties have been our main interest. In fact, the effective world
sheet C PN~ action found here is defined on a finite worldstrip, with endpoint monopoles
having their own CPN~! dynamics. It is an open problem what the infrared dynamics of
the C PN~ system defined on such a finite-width worldstrip with the boundary condition
eq. (6.33) is, and how the low-energy phase depends on the width of the worldstrip (the
vortex length).!®

A CPY~! model with a Dirichlet boundary condition and at large N, was studied recently [59]. It
shows a phase transition from Higgs to confinement phase at a critical vortex length.
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The metastability of our vortex-monopole system also means that, when one tries to
stretch the vortex it will be broken by spontaneous creation of a monopole-antimonopole
pair. In this sense the vortex length itself is also a dynamical variable, dependent on the
ratio vg/vy.

Another issue to be kept in mind is the possible relevance of hierarchical symmetry
breaking but with reduced gauge and flavor symmetry at the first stage v1, such as SU(N +
1) = SU(r) x SU(N —r) x U(1). In that case the soliton vortex-monopole system carries
orientational moduli of a product form, CP"~1 x CPN-"=1_ It is possible that in such a
system dynamical Abelianization occurs only partially [61], reminiscent of the quantum r
vacua of the N' =2 SQCD.

More generally, the monopole and antimonopole positions must also be treated as
soliton collective coordinates and their motion should be taken into account as an additional
piece to the action. In eq. (6.32) we assumed that the monopoles are very heavy (v >
v9) and do not move appreciably; taking their motion into account introduces a space
variable dependence of the monopole variable, ng (rg) — nx(xo,r3), K = M, M, and the
CPN~=1 dynamics and the space motion of the monopole positions will get mixed (see for
example [51])).

In the large-distance approximation we have adopted, the U(1) moduli of the classical
't Hooft-Polyako monopole solutions — which rotates the exponentially damped part of the
configuration [31-33] — is not seen. The (internal) monopole moduli (CPY~! rather than
CPN=1x 9) coincides with that of the vortex attached to it. Of course, the electric charge
of the monopole due to Witten’s effect is correctly taken into account in our large-distance
approximation, see appendix C.

A final remark concerns the flavor quantum numbers of the monopole, arising from
e.g., the Jackiw-Rebbi effect [60]. In the case of a supersymmetric extension of the model
considered here (softly-broken N' = 2 SQCD), due to the fermion zeromodes associated
with each scalar ¢ in the fundamental representaiton of SU(N + 1), the monopole acquires
flavor global charge. Due to the normalizability of the associated fermion 3D zeromodes,
this effect is localized near the monopole center (of distances ~ 1/v7). Its fluctuation does
not propagate, and is clearly distinct from the role played by the flavor symmetry at large
distances ~ 1/va > 1/v; in generating the dual local SU(N) system via the color-flavor
locking. The flavor quantum number of the monopole is, in turn, fundamental in the
renormalization-group behavior in the dual theory.

Global flavor symmetry thus plays several key roles, intertwined with soliton and gauge
dynamics, in generating local dual nonAbelian symmetry.
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A Minimizing the potential

The first term of eq. (2.2), after going to the matrix representation of the adjoint field
(¢ = pAT4) and by using the Fierz relation (for SU(N + 1))

1

(TA) (TA) m

1
0505 + 56355, (A.1)
reads )

V,=Tr (A.2)

ta I')q T
g — N+1 (qu qa> + qq

By dropping the massive x fields, and by using the decompositions, eq. (3.4) and eq. (4.2),

this becomes

aj%ah =njn,  aid); = el e ninl, = eeny”; (A.3)
V, = Tr|pmo(N +1) (22— ——1 L (i1 + Lee o[ (A.4)
n = Himo zz N1 2(N +1) nimi 2667777 .
By using the completeness
2Z+ee=1, (A.5)
1 o 1 ’
_ ninr _ .
V,=T Ne—— (g} - — -
n r (Mmo 2(N + 1)(771771)> zz (Mmo + 2(N + 1)> ee + 266"777
2
1 ? (nmi) 1
— N — T T 1 e — —eenn* A6
(Mmo 2(N+1)(771771)) +Tr (umo+ SN 1) ) T e (A.6)
The minimum of the first term gives, writing
77]771 Nd2 (A.7)
N2 m—di2 =0 L d*=2(N+1)um (A.8)
As for the second term, one has, by using
Tr(e;e')(ejé’) = N, Tr(eiéi)(ejékn}né*) = 77}171 = N d?, (A.9)
Tr(esenini 1) e 1y 1) = 567 i inlymm 1 = (jma) (i), (A.10)

and the second term of eq. (A.6) becomes

N LN : L NE N AN RS
HmOT 9N+ 1) AT 5N +1) PN I G T )

(A.11)
which gives the same condition as eq. (A.8). Eq. (A.6) leads also to the conditions
Yo =0, o owlny=0, I#J plm=njm=...=n\w. (A.12)
14
These imply that
) =07 /2(N + 1)ppmo = v2 07 . (A.13)
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B Monopole and vortex flux matching

The fact that the monopole magnetic flux is precisely whisked away by the vortex attached
to it in the context of the hierarchical symmetry breaking, has been carefully studied by
Auzzi et al. [36, 37], and we recall simply the results in our setting. Although the monopole
is coupled to the light scalars through the field P, (see eq. (4.7)), the latter is a part of the
the su(2) C su(N + 1) field

T¢ 73 1 110
Bl — =B} — = _—_V,;- ; B.1
L2 t2 2gv%~ (0 —1) ’ (B-1)

the magnetic flux through a tiny sphere around the monopole is given by

2 4
/dS~B:—g”¢3, /dS-B3:—g7r. (B.2)

The vortex gauge field A, is such that the winding of the scalar field is cancelled at large

distances from the vortex center, in the matter kinetic term,
(8 —ig Al (B.3)
In the gauge where the light field n has the form, (eq. 4.21), the (11) component of the
SU(N) gauge field has the asymptotic behavior
Ay o (B.4)
TS '
This must a part of the traceless SU(N + 1) gauge field

1
Ay ~ 13—, B.5
T (B.5)
belonging to U(1) € SU(2) C SU(N + 1). The vortex flux through a plane perpendicular
to the vortex axis is then

. 2
/dzxv x Ay = %dwiAz = /pd¢A¢ = 573, (B.6)
which matches exactly the monopole flux, eq. (B.2).
C Solution of the dual equations of motion
In the presence of the static (heavy) monopoles at
r1 =r(7,0) = (0,0, —21), ro =r(r,7) = (0,0,0), (C.1)

the worldstrip is at

530 = 9% = 275(2)8(y)0(—2)0(2 + 21), T =0 (uv)#(30),(03); (C.2)
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which clearly satisfies the monopole confinement condition (5.6). The equation of motion
for G, has been solved in [50].

In order to interpret the result in terms of the original electric and magnetic fields, we
note that the duality transformation implies (o = 0g*/87?):

m ~ 1. 1
F,, = Tra? (G —aGpy) = _EEW — E(a"L” —0,L,)
1= 1
Y —————=

g " O+ m? [

aﬂ(ajl/ +51/) - (/j’ A V)] . (C?’)

For instance, let us consider a massive static monopole sitting at r = 0 with a vortex
attached to it and extending into the —Z2 direction:

2% = —5% = 4 §(2)d(y)0(—2), S =0 () #(30),(03);  (C.4)
4 , ~ 1
3= 563@), =05 i=1,23; = GEW, 92 Xo3 - (C.5)

From eq. (C.3) one finds that (we recall o = 0g?/87?)

mon ]‘ mon
& =Fyu=aB™, B = S€inEi = B 4 pen 53 (C.6)
where
(mon) 1 1 2 0
B; = —0,G(r), BN = Zm / dz G(z,y,z — 7)), (C.7)
g g —o0

and G(r) is the Green function, having the Yukawa form

4 —mr
™ 53(1') _ (&

Gr) = —A 4+ m? r

(C.8)

Note the clear-cut separation of the monopole and vortex contributions to magnetic (and
electric) fields, eq. (C.6). In the vortex region, the only nonvanishing component is the
magnetic field in the z3 (vortex length) direction, Fyy ~ Gog ~ B,
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