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ABSTRACT: Remarkable simplification arises from considering vortex equations in the large
winding limit. This was recently used [1] to display all sorts of vortex zeromodes, the orien-
tational, translational, fermionic as well as semi-local, and to relate them to the apparently
distinct phenomena of the Nielsen-Olesen-Ambjorn magnetic instabilities. Here we extend
these analyses to more general types of BPS nonAbelian vortices, taking as a prototype
a system with gauged Ug(1) x SU;(N) x SU,(N) symmetry where the VEV of charged
scalar fields in the bifundamental representation breaks the symmetry to SU(N)g4,. The
presence of the massless SU(N ).y, gauge fields in 4D bulk introduces all sorts of non-
local, topological phenomena such as the nonAbelian Aharonov-Bohm effects, which in the
theory with global SU,(N) group (g, = 0) are washed away by the strongly fluctuating
orientational zeromodes in the worldsheet. Physics changes qualitatively at the moment
the right gauge coupling constant g, is turned on.
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1 Introduction

Vortex solutions at large winding limits [2—4] provide for an interesting theoretical labora-
tory, where properties characteristic of these soliton solutions can be exactly analyzed. For
instance, all types of zeromodes associated with nonAbelian vortices have recently been
re-analyzed in detail and with great generality [1], which allowed to unearth the deep con-
nection between two apparently unrelated physics phenomena of nonAbelian vortices [5-7]
and the Nielsen-Olesen-Ambjorn magnetic instabilities [8-10], via universal mechanism of
various field zeromodes in a critical magnetic field.

As is well known, vortex equations have not been analytically solved, even in the sim-
plest case of the BPS saturated, or self-dual, Abelian (Abrikosov-Nielsen-Olesen) vortex.
Therefore the study of these solutions in a somewhat idealized setting of large-winding
limits may be of some interest. Indeed, a remarkable feature is that the vortex equations
reduce in this limit to certain algebraic equations. This simplification allows us to exhibit

! Analytic vortex solutions are however known in certain systems defined on hyperbolic spaces with tuned
curvature [11]-[13]. For relation to nonAbelian vortices and large winding see for example [12].



vortex configurations explicitly in cases which have not been analyzed up to now, thus
enabling us to study various aspects of vortex solutions so far little explored.

The purpose of this paper is actually two-folds. The first is to extend our recent analy-
sis [1] to more general systems, in particular, to the cases of fully or partially gauged version
of nonAbelian vortices. A prototype example we choose? is Ug(1) x SUy(N) x SU,.(N) gauge
theory, where the VEV of charged scalar fields in the bifundamental representation break
the gauge symmetry to diagonal subgroup SU(N).,. We shall see that the simplification
in the large winding limit allows us to determine the field configurations concretely, and
consequently to find the dimension of the vortex moduli space in all cases. Our result
suggests that the vortex moduli for the minimally winding solutions remains C PV ~1 x C,
the latter being the translational modes, independent of g.. The analysis of the vortex
configurations and the zeromodes is rather non-trivially extended to the case where only
part of the SU,. (V) symmetry is gauged.

The second purpose of this work is to discuss what appears to be a surprising contrast
and a sort of complementarity existing between the physics of g, = 0 and g, # 0 systems,
where g, is the SU,(NN) coupling constant. In the former case one has nonAbelian vortex
with fluctuating, quantum CPY~! dynamics on the 2D string world sheet, extensively
studied in the last ten years, whereas in the latter, the C PN~! orientational modes are
immersed and interact with 4D degrees of freedom which remain massless. All sorts of
4D non-local and topology-related phenomena arise, such as nonAbelian Aharonov-Bohm
(AB) effects, nonAbelian Cheshire charge, nonAbelian statistics, and so on, studied some-
what earlier in different examples [14-17]. The discussion of the low-energy 2D — 4D
effective action in the general cases of fully or partially gauged models will be presented in
a separate work.

The paper is organized as follows. In section 2 we introduce the theory of the fully
gauged nonAbelian vortex. We then study in detail the large winding vortex of such theory,
solve for the vortex profile and compute the zeromodes. In section 3 we discuss the AB
phenomena and non-local effects which arise for gauged vortices of this kind. In section 4
we consider the case in which only a U(1) part of the SU,. (V) is gauged. A concluding

discussion is in section 5.

2 Gauged nonAbelian vortices in the BPS limit

In the Up(1) x SUy(N) x SU,(N) gauge theory we are interested in,® two SU(N) gauge
groups, with gauge fields Aff) and ALT), act on the left and on the right of the set of N x N
scalar fields ¢ as

q— meqm, (2.1)
where my € SU;(N) and m, € SU,(N). Also, an Abelian U(1) factor simply acts as

q— €q, (2.2)

2Extension to analogous models involving gauge groups such as SO(N) or USp(2N) groups is quite
straightforward.
3The investigation of this system was initiated in [18] in the approximation in which one of the nonAbelian

gauge couplings, e.g., SU,.(N), is arbitrarily weak.



namely, all scalar components have the unit charge. The action in the BPS limit is
the following

1 1 1
L=— foW — ST (EQFOR) — ST (FL FOR) 1 Tr (D)1 (D)
2 g RE 1% u 2
% [T (glg) —of] - EZ[ (@tg] - L3 [Tr@edh] . 23)
with the covariant derivative given by

D,q = 0,9 — igoauq — iggAEf)q + igrqA/(f) . (2.4)

The well studied case of nonAbelian vortex with unbroken bulk SU(N) flavor group is
recovered in the limit g, — 0 where the right gauge fields decouple (or equivalently g, — 0
where the left gauge fields decouple). To simplify somewhat the formulas below we shall
use below also

2

EEUNO, e=vV2Nyg, (2.5)

so that for g, = 0, the limit of Uy(V) theory correspond to e = gy.
The scalar field ¢ acquires a VEV in the vacuum. By a gauge transformation, we can
bring to the form where it is proportional to the identity matrix

3

3

An SU(N) linear combination of the gauge fields remains massless

1
A, = A&unbroken) - —— (grAEf) i geA,([)> (2.7)
\/ 92 +9;
whereas the orthogonal combination

1

V92 + g2

and the U(1) field ay,, are both massive. The main difference with respect to the case

By = (948 ~ g, AD) (2.8)

where SU,(N) is a global symmetry, is the presence of the massless gauge bosons (2.7)
propagating in the bulk.
The BPS completion is

2
= /d2:t: [ {f12 + 90 (Tr (¢'q) — N§)}2 + Tr{ (ng) — g Z t*Tr (qt“qT)>

a

2
+ (Ff? +ge Y t“Tr (thGQ)> } + Tr |D1q + iDaq|* + 90N§f12] .

a

(2.9)



The BPS equations are accordingly:

Diq+1D2q = 0, (210)
fiz+ g0 (Tr (a'g) — N€) = 0, (2.11)
Fiy +g¢ ) t°Tr (qMt%) = 0, (2.12)
Fy) — g, > t9Tr (qt%") = 0. (2.13)

2.1 The vortex at large-winding order

Let us first consider a diagonal vortex with scalar profile

o eimp 0
g= 2.14
( 0 glyn— ) (2.14)

This, in the large winding limit, reduces to the simplified form

0
q:v( 1y 1) 7"<Rbaga

q= v@'<emw 0 ) 7> Riag (2.15)

0 1y

where Ry,g is the bag radius to be determined yet together with the scalar condensate
inside the vortex bag v which is in general different from /€.

For the moment only the fields that are needed for the vortex solution will be kept.
They are the Abelian gauge field and the nonAbelian field in the broken part B, so that

the covariant derivative is just
D,q = 0u.q — igoa,q — ig'BZt“q (2.16)

with the new coupling ¢’ defined by

g =\/92+97 . (2.17)

Also one can restrict to the Lie algebra component

vy 1 (N . (2.18)
2N(N —1) —1In—

We now use the first BPS equation (2.10). Evaluated on the N — 1 lower block pro-
portional to the identity it has the form

/
BN Y — g, (2.19)

w9
P NN — 1)



where this is valid everywhere, both inside and outside the bag radius. Evaluated on the
first component, the same BPS equation gives

g(N—1) BN T

Joai + N = —eijr%nA(r), (2.20)

where the function A(r) behaves as

742

r < Rpa
A(r) = { RBiag : (2.21)

1 T>Rbag-

Equations (2.20) and (2.19) can be rewritten as equations for the axial components

/

g (N2-1) _
ap — ——=08 =0, 2.22
D™ BNIN —1) ¢ (2.22)
gIN-1) neqy _ 7
—— = —A 29
g0t + 1)84, CA(r), (2.23)
and thus the the solution is
_ L / (N2—1) _ 2(N — 1) ﬁ
goa‘P N’I“A(T) ) g ng N ” A(T) y (224)

which, using the BPS equations (2.12) and (2.13), on the left and right components sepa-
rately reads

0,N2—1 9e (N2_1 g [2(N—-1)n
age Sty _ o AN 0y
AN = Irgoveen 0 AN Sy ) (2.25)

g% ﬁ N r
From (2.21) one sees that the gauge fields have the exact solenoid form

CKT

7 r < Rbag
AK = ] Biyg (2.26)
P CK
— r > Rbagy
r

where the constant cx depends on the gauge field component,

n nge [2(N—1) ng. [2(N—1)
gON’ g/2 N ’ g/2 N ’

ek = (2.27)
for K = U(1), SU,(N)N*~1 and SU,(N)V°~1, respectively.

Up to now only the first BPS equation (2.10) and the assumption of large winding are
used. On the other hand, the rest of the BPS equations (2.11)—(2.13) give the magnetic



fields directly. Inside the vortex bag (1 < Rpag) they are constant:

hz2 = =—go((N — 1)v* = N¢), (2.28)
T TV N -1 —
Fp = —I g2V (2.29)
V2N
FO = 9VN 1oy (2.30)
V2N
whereas they vanish identically outside
—0, FP=0, FY=0 R 2.31
f12 5 12 s 12 s T > Rpag - ( . )

Note that these correspond to a magnetic field for the ‘broken’ gauge fields B,, (2.8)

X2,
V2N

while the bulk massless field A, (2.7) does not carry any magnetic flux.

B = ¢ (2.32)

Before proceeding further it is useful to remember that the gauge fields (2.26) and the
corresponding magnetic fields are simply related as

2c cr
R2 r< Rbag R2 r< Rbag
Fi9 = bag — A‘P = c bag (233)
0 r > Rbag ” r> Rbag

as can be easily checked. The consistency for the relative strengths of Abelian and non-
Abelian gauge fields as determined by (2.24) and by (2.28)—(2.30) then determine the scalar
condensate inside the bag, v:*

2 _ 90V¢ - LN : (2.34)
(97 +92)/2N + g3(N = 1) g2 +e*(N —1)
For later use, we record the U(1) magnetic field
2 eN§g g’
Sz = =go((N — 1)v” = N¢) = (2.35)

VAN T+ AN 1)
2.2 Flux, bag radius and vortex tension

Actually, there are even stronger conditions, which determine the vortex radius itself. This
can be clearly seen if one recalls that the magnetic flux can be either directly calculated

1As a check, eq. (2.34) reduces, in the standard Ug(N) model (i.e., with g, = 0 and g, = ¢), to v? = &,
whereas in the case of g, = 0, e # g, to

5 e?N¢ N=2 2e2¢

YT g rew - g9; +e?’

which is precisely eq. (3.43) of [1].



from ¢ component of the gauge fields, (2.24)—(2.25), or by integrating the constant magnetic
fields inside the bag (2.28)—(2.30). They must agree.
From Stokes’ theorem, one gets

T‘>Rbag
that is
2mn V2N(N - 1) 2
(0 _ 277 (0 - 9e v2YUY 7 1) (N2-1)
o0 =% o= 5 9rn t ,
: gr /2NN — 1) -
o) = —WT%mt(N D (2.37)

On the other hand, by integrating the magnetic fields (2.28)—(2.30) over the bag area,
one gets

o© = 7R} fi, OO =R} FY. o =xR} F} . (2.38)

Equating the results (2.37) and (2.38) one finds the vortex radius

Ry, = 9,42722 . (2.39)
Note that the same result for Ry, is found regardless of which gauge field component
(U(1), SU¢(N) or SU,(N)) is used to make the matching, as is expected. This is not
really accidental: the condition that the relative stremgths among the various magnetic
field tensors (2.28)—(2.30) and those among the gauge fields (2.24)—(2.25) be the same, has
been used to determine the value v of the scalar condensate inside the vortex (2.34).
The vortex tension is go/N £ times the Abelian flux in our BPS system, (2.9), therefore
is equal to

T = 2mné . (2.40)

In the large winding limit the BPS equations for the scalar and gauge fields are thus
all explicitly solved, see (2.24)—(2.25). These results give directly the fluxes associated to
the U(1), SUy(N) and SU, (V) gauge fields (2.37). On the other hand, the BPS equa-
tions give directly the non vanishing magnetic fields inside the vortex bag (they vanish
outside), (2.28)—(2.30). The comparison between the flux and the magnetic field yields
the bag radius. The result for the latter agrees with what one obtains from the balancing
the vacuum potential energy and the magnetic field energy, to minimize the total energy
inside the vortex, as was done in the original papers on the large winding vortices [2—4], see
also [1]. The agreement is again not a mystery in our BPS system: the equations of motion
are the energy minimizing conditions. Thus the most powerful result is that in the large
winding limit, the BPS equations for the vortex configurations effectively reduce to simple
algebraic equations. This simplification allows us to go further, to analyze the field mixing
inside the vortex, determination of the effective gauge field masses, and the counting of the
vortex zeromodes, as will be done in the following.



2.3 W boson masses and field mixing

One of the difficulties in the analysis of gauged nonAbelian vortices [18] was the fact that
inside the vortex the gauge field mixing varies with the distance from the vortex core.
Here this problem is dealt with straightforwardly, thanks to the simplification pointed out
above. It is easier now to work in the singular gauge. In the scalar background

g 0
- , 2.41
1 ( 0 QQ1N1> (241)

the scalar kinetic terms becomes

D,q = 0uq — igoa,q — iggA/(f)q + z'grqu(f) (2.42)
(N-1)2-1 ;
. . 2_ 2_ . a.a T
= Ouq—igoauq—ig B) N Tlq—ig Y Bt 5 (geW;t“)q — grqW; )> ,
a=1
where
1 T
WEED = — 0 W (2.43)
V2 \w, 0

and W, is an (N — 1) component complex vector,
Wi = (Wi W WD) (2.44)

appearing in the (1,4), (¢,1) (¢ = 2,3,...,N) corner of (2.43). Eq. (2.42) shows that the
Up(1) and U(1) x SU(N — 1) € SU(V) part of the the broken SU(N), B, are all massive,
with masses ¢’v/€. As for the unbroken SU(N), the U(1) x SU(N —1) € SU(N) part of the
multiplet A, are massless, whereas the (1,7), (7,1) components (2.43) mix with the same
components of the broken gauge fields 5, in a precise way, as follows.

2.3.1 Mass eigenstates in the bulk
Outside the vortex q1 = g2 = /&, and the square of the last term of (2.42) gives

N-1 N-1
§ ¢ 2 ¢ )2 2 -2
2 2 (lgeWS® — g, W) +rgeW,5>—ng,S>!)—§l§:1 B (245)

So B,’s are all massive (broken SU(N)) with mass ¢’¢, whereas A’s are all massless (un-
broken SU(V)). The U(1) gauge boson a,, is also massive.

2.3.2 Mass eigenstates inside the vortex bag

Inside the vortex bag ¢1 = 0, g2 = v # 0, therefore |D,,g|? contains

=

v?2 2
=55 (leeW 2 + 10 W) (2.46)
1

i



So all the fields in the coset SU(N)/U(1) x SU(N — 1) (2.43) of the left and right SU(N)
are massive. Note that the left and right W+ components are mixed differently outside
and inside the vortex. Inside, the mass eigenstates are WE® and W) and this fact will
turn out to be crucial for the determination of the vortex zeromodes below. Outside the
vortex (in the bulk), the W* components of B,,’s (massive) and A (massless) are the mass
eigenstates. The U(1) x SU(N — 1) components of A, remains massless everywhere, inside
and outside the vortex.

2.4 Vortex zeromodes

With this knowledge it is now possible to determine the vortex zeromodes. We found above
that inside the vortex bag, the mass eigenstates are W+ and W= with masses

2 97 - 2 97 o

My = 50 m = ZTo” . (2.47)
As for the “magnetic fields” felt by these W bosons, it is clear that W= is coupled to F' 1(5)
only, and W= to Fl(;) only, as they arise from the original Yang-Mills action. Working
out the coupling of W+ as in [1], and similarly for W*()_ one finds the magnetic fields

BO = 9 (N-1)— (12 =-%2, B0 =T, 2.4
TN =1) = ()P = - L2, "y (2.48)
These turn out to have precisely the critical values for the left and right W bosons, re-
spectively. Note that for this calculation one must use the magnetic fields to which these
fields are coupled, (2.48), rather than (2.29) or (2.30). The degeneracy of the left W*(4r)
zeromodes is then (n is the the winding number)

B 2
de= (N -1)% — Rl = (N - 1)9% n, (2.49)
and similarly for the right W:
gT‘B(T) 93
dr = (N —1)= R}, = (N - Dﬁ n, (2.50)

where N — 1 is the number of the charged W boson components, and the degeneracy of
the lowest Landau level [1] has been taken into account. The total number of the W+(6r)

boson zeromodes is then:
dg+d=(N—-1)n. (2.51)

As for the scalar modes, one finds, by generalizing the discussion of (3.49) of [1], the
tachyonic mass for the (11) scalar,
5 5 g/2N£ 9,2’1)2

My = —gog,2 TN 1) =79 - (2.52)




On the other hand, the g1 scalar is coupled to the magnetic fields (2.28)—(2.30), with
couplings go, g, and gy, respectively. Summing all the contributions one gets the effective
magnetic fields (times respective coupling constants) felt by the ¢1; field:

90 (N~ 1)* - NE) - (N=1)  G(N-DY o g%GN g%
VON 2N 2N g2+ e2(N —1) 2
(2.53)

which is again precisely the critical strength of the magnetic field for the tachyonic scalar,
q11, with mass (2.52). This gives n scalar zeromodes, after taking into account the lowest
Landau level degeneracy [1]. Summing to the W boson zeromodes, (2.51), one finds

(N-1)n+n=Nn (2.54)

as the total number of the zeromodes.

This dimension of the vortex moduli space, Nn, is the same as the case with the global
SU,(N) group (see ref. [1] and references cited therein): it includes the translational modes,
the deformation modes in which the n-winding vortex splits into vortices of lower winding
vortices, and so on. In particular, in the limit of n far separated vortices of the minimum
winding, the dimension of the moduli, Nn = (N — 1 + 1) n is consistent with the CPV~1
internal orientational moduli plus the translation for each. The conclusion of [13] agrees
with this. The overall CPN~! orientational modes clearly arise from the breaking of the
SU(N) left-right diagonal symmetry, unbroken in the bulk, but broken by the individual
vortex to U(1) x SU(N — 1).

2.5 Relation with the flavored vortex
The covariant derivative (2.4) in terms of the new fields (2.7) and (2.8) is

2 2
I Bg—i—2 B, —i— 2 (Aq—qA,) . (2.55)

D,q = 0,q—igoa,q — 127 5 5
\/ 97 + g7 \/ 97 + g7 \/ 97 + g7

We see that ¢ transforms in the adjoint representation with respect to A,. We can rewrite
the gauge kinetic term in terms of the new combinations A, and B,,. At the quadratic level
it splits exactly into two separate kinetic terms for A, and B, respectively but the non-
linear terms contain interactions between the two fields; so there is no great simplification
in rewriting in this way.

A simplification arises if we make the following two restrictions: first we consider only
configurations in which 4, is set to zero and second we consider only configuration for
which ¢ and B, are diagonal. This is the case indeed for the vortex profile function we
considered before. In this case the action is equivalent to the following one

1 1
L = _§Tr (BuB") — 4 fun F* + Tr (D) (D¥q)
2 2 2 2
_% tg) — 2] — I fe
Tl ] -5 - ) (2:30)

,10,



with covariant derivative (2.16) and couplings gp and ¢’ as defined in (2.17). This is nothing
but the theory of the ‘ordinary’ nonabelian vortex with SU(NV) gauge field B,, and SU(N)
flavor group. We stress that this reduction is valid only if the above conditions are satisfied,
thus only if ¢, ¢' and B,, all commute. For example we can apply this shortcut to compute
the vortex profile, or the wall separating the interior from the exterior phase of the large
winding vortex,’ just using these effective couplings. We can not use this shortcut instead
to compute the fluctuations around the vortex, and in particular the zeromodes.

3 Aharonov-Bohm

A general theory has been developed in the past to describe vortices with unbroken gauge
group in the bulk and the related Aharonov-Bohm (AB) effects [14-17]. Our model fits
into this generic framework, but it also provides a new example with some features that are
not present in the specific examples considered earlier. This is mostly due to the presence
of a residual symmetry which is both continuous and nonAbelian. We shall now briefly
go through the general theory and, step by step, see how this is realized in our particular
model, putting a particular emphasis on the novel aspects appearing in our model.

In general one has a gauge group G broken to a subgroup H by the expectation
value of scalar field ¢ in some representation of G. Vortices are classified by the homotopy
group 71(G/H). This is a first coarse-grained classification, a more refined structure will be
discussed below. G is taken to be the universal cover of the gauge group so that it is simply
connected, i.e. 71 (G) = 1. In this way one can take into account any possible representation
of the gauge group, besides the representation of ¢ which one needs to construct the vortex.
The topological classification is thus equivalent to counting the disconnected components
of the unbroken group H, i.e. m1(G/H) = my(H). In our example the universal cover of
the gauge group is

G = Up(1) x SU(N); x SU(N), (3.1)
An element of G is represented as a list of three elements

(eia’ mye, mr) (3.2)

where m;, are two SU(N) matrices. [/I(\l/)o is the universal covering of U(1)g: it can be
identified with the real line parametrized by « with the + operation. The scalar field ¢
lives in the representation (1, N, N) of the group G. This means that the field g, written
as a matrix, transforms under the action of (3.2) as follows:

q— e myqm) (3.3)

The scalar field ¢ acquires a VEV in the vacuum. By a gauge transformation, one can
bring it to the form proportional to the identity matrix (2.6). The group G is thus broken

SInterestingly the domain wall equations derived in [1] have recently appeared in a different BPS sys-
tem [19, 20].

— 11 —



to a subgroup H that leave ¢ invariant. Using (3.3) it is seen that the condition for ¢ to

be invariant is
1 = e“mym] (3.4)

One way to parametrized the elements of H, using the convention of (3.2), is the following

2mik 2mik
(e N, myg, my eT> eHCG with keZ (3.5)

Note that m, is equal to my times an element in the center of the group and the same
phase must appear in the U(1) component. This is the group

H=SU(N)x Z (3.6)
There are disconnected components in H labeled by the integer k. Thus one infers that

Each disconnected component is an SU(N) group, in particular for & multiple of N it is
exactly the diagonal group SU(N);s, defined by m, = my. One could have labeled the
elements of H in a different but equivalent way using m,.

2mik 2mik
(eN ,mre_T,mr>€HCG with ke Z. (3.8)

Now consider the presence of a vortex. Far from the vortex one is in the vacuum and
the gauge field does not have any curvature. Nevertheless the vortex can yield physical
effects. A particle encircling around the vortex, even if it stays always at large distances
from it, can aquire a non-trivial transformation due to the parallel transport.

From the computation done in the previous section, the gauge connection at large
distances, if the vortex orientation is in that particular direction, is given by (2.24), (2.25):

n

ago - goN’f’

A(Z) _ geny/ 2<N — 1)t(N2_1)
® g'2\/]VT

A(’r‘) _ _ng\/ 2(N - 1)t(N271) (39)
v ¢2V/Nr

A parallel transport along a large loop around this vortex results in the following gauge

transformation:
I'=(To, Iy, T,) = <exp/z’goau, Pexp/iggA/(f), Pexp/z’grAl(f)> (3.10)
which, for the specific potentials (3.9), reads
iQngn(N—l) _i27r972«n(N71)
i2mn e g/2N e gl2N
I'= e N, 7i27rg?n ) i27rg%n
1y_1e 9N 1y_ie d*N

(3.11)
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/gl = —ai/g}

x B,

Figure 1. A geometrical construction of the element I'.

Since ¢ comes back to itself after parallel transport around a loop, one must check for
consistency that I' is an element of H, i.e., that it leaves ¢ invariant. For this one just must
check that T'JT; belongs to the center of SU(N). Indeed,

i27n(N—1) ]
rir, = (6 Y im) — 1ye A (3.12)

Iy e~
where the relation (2.17) was used. Thus it was shown that

FreHcG (3.13)

One can check this more explicitly using the geometrical construction of figure 1. Take
a subgroup Uy(1) x U,(1) defined by the elements

(mg, my) = (exp i /2N(N — 1)t N1 expiag/2N(N — 1) t(N2_1)> (3.14)

where g, have period 27. In this basis the Cartan metric is proportional to the identity.%
The direction of .4, corresponds to the line ay = ;- while the direction of B,, corresponds to
the line ay/g? = —a.-/g2. The element (I'y, ') lives in this plane and it is the intersection
between the line B, and the line A, translated by 27n/N.

To discuss the vortex orientation it is convenient to go into singular gauge. The parallel
transport around the solution (3.17) gives

Y(p) = (o(), ve(9), 1 ()

ipgFn(N-1) ipg2n(N=1)
. 2 - 72
ipn e g'*N € g'“N

.2 .2
? ipgyn ipgrn

1y_ie ¢~ 1y_1e9dN

5This is not the metric inherited from the Yang-Mills terms which is proportional to the identity in the
basis (A, A) and where A, and B, are orthogonal.
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Where v(27) =T of (3.11). To go to the singular gauge one fixes a direction, say ¢ = 0
where ¢ is in the identity form (2.6), and then perform a gauge transformation so that ¢
is everywhere the same. The required gauge transformation is the inverse of v(y). This
transformations cancel the gauge fields almost everywhere except along a singularity line
(or surface) which may be taken to liec at (¢ = m; 0 < r < 00). The new fields outside the
bag radius are

n

ap, = 2m0(p — ﬂ)goNr

Ag) =270(p — W)—ggn VAN — 1)t(N2_1)
g’2\/]v1"
AL = —oms(p —m) IV~ V/f(N_l)t(N“) , (3.16)
g2V Nr

where 0(¢ — m) is a Dirac delta function and ¢ is constant ((2.6)) everywhere. If one
computes the AB transformation in this new gauge one obtains the same result as in
regular gauge (3.11). The only difference is that here all the transformation is acquired
when the loop crosses the singularity line (surface). Clearly, while the AB phase is a
physical observable the position of the singularity surface (¢ = 7) is a gauge choice, in
perfect analogy with the position of the Dirac string emanating from a monopole. For
completeness the fields in the interior of the vortex bag in the singular gauge are give by:

n 7’2

a,=— (L 1 yoms(p—n
¥ gNr (R%ag (¢ )>
40 — 92N — 1) vz (7‘2

® g/g\/ﬁr R2

bag
2
Ap = gV AN 1) \/22\%—1) L(V2-1) (Rg — 1+ 216(p — m) . (3.17)
g r

bag

— 14276 (p — W))

As the exact SU(N) gauge symmetry of the bulk vacuum (2.6) is broken by an indi-
vidual vortex to SU(N — 1) x U(1), there arise the global C PV ~! moduli of solutions. The
solution oriented in various directions in

. SU(N)
PNl = 1
¢ SU(N —1) x U(1) (3:.18)
is simply related to the solution before the rotation (2.24)—(2.25) by
¢ =U(B)qU(B)",
AV —um Al um)t,  AY =uB) AP uB) (3.19)

where B is a N — 1 component complex vector parametrizing C PV =1, eq. (3.18), and the
so-called reducing matrix U(B) is given by

_gt . o1 _pty-!
- (35 (02 (3 ) ()
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where x and y are a scalar and an (N — 1) x (N — 1) dimensional matrix, respectively:

r=+V1+ BB, y=1/1ny_1+ BBT . (3.21)

In the singular gauge this transformation does not change the value of g outside the vortex
but only inside. It does change instead the orientation of the gauge field along the singular
line. For a generic vortex orientation one has

i2mg2n(N-1)
i2mn e 93N
F(B) = e N 7U(B) igﬁgl?n U(B)Tv
1y_1e o2V
i2mgZn(N—1)
e_ g/2N -I-
U(B) et | U(B) (3.22)
1y_re 9N

where B and U(B) are the same as defined before. The element I'(B) is an object associated
to each vortex and is a more refined quantity characterizing it than the element of the
homotopy group. For example I'(B)( contains the information about the homotopy group
but both I'y(B) and I',(B) contain also the information about the orientation B. It will
be seen below that this has physical, observable effects.

Now one can compute the AB effect of any particle around the vortex. First one has
to specify the representation of G of the particle, then find the element that correspond
to I'(B) in this particular representation. For example a particle that transforms only as
a fundamental of SU,(N), i.e. in the representation (0,1, N) of G, is transformed by the
matrix I',(B) in a parallel transport around the vortex. A particle in the representation
(0, N,1) of G, is transformed by the matrix I'y(B).

The AB effect is always a unitary transformation. Every unitary matrix can be diag-
onalized in such a way that it is a phase times the identity in every representation of the
unbroken symmetry group. For example a particle (0,1, N) of G corresponds just to the
unique representation (N,0) of H (using the parametrization (3.8)). On the other hand
the unitary matrix of the AB transformation is I',(B) which is not proportional to the
identity. This means that the actual symmetry group is not H but a smaller group H. H
is defined as the elements of H that commutes with I', that is

7 SUWN -1 xU)

Zn Z . (3.23)
The representations of H are the ones which get an AB transformation which is proportional
to the identity. The fact that H is broken to H is obvious when one goes close to the vortex
where there is magnetic flux. It is less trivial that this breaking can be detected even staying
far from the vortex, where, at least locally, H is unbroken.

Particles in the adjoint representation, such as (0,Adj,1) or (0,1, Adj), also get an
AB transformation. These are particularly important because they are already present in
the original theory: they are the gauge bosons of the gauge group. Having a non trivial
AB phase for gauge bosons may result in a topological obstruction, i.e. the impossibility
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of having a continuously and globally extended basis for the Lie Algebra. The origin of
the breaking H — H , also observed at large distances, can be traced back to this fact.
The generators of H are the ones that remain unchanged in a parallel transport around the
vortex. The others may instead get a non-trivial phase when returned to the original point.
For our model, fixing a particular vortex orientation as in (3.17), the parallel transport
transformation is given by (3.15). Every element h of the group H is transformed by
conjugation

h— (@) hy(p)~! (3.24)

The elements in H remain invariant since they commute with v(p). The discrete part Z of
H belongs also to H so it does not have any non-trivial transformation. There are 2(N —1)
generators of the Lie Algebra H which do not belong to H. Due to the SU(N —1) residual
symmetry one just has to compute one AB angle, which is the phase acquired, for example,
in a rotation among the following two generators

10... —i0...
=t ! . i 3.25
They are transformed as:
(0,18, tr) — (0,7e(9) tg ve(0) ™ (@) tr () ) =
2
0, cos <<pg€ >t4 — sin <<pg€ >te, (Wgr >t1 + sin (ngzn)tz) ,
g g g g
(3.26)

(0,47, t2) — (0,7(¢) 1 7e() L7 (0) 23 (0)h) =

:<0, sin <‘ng >t5+ <<pr >t£, sin (cpgr >t1+ (cpgr >t2> .
q g g g

t1’2

Note that the left and right generators rotate with different angles. This is a reflection
of the fact that the generators of H which do not belong to H are changing, thus H defined
at different ¢ is different. At the end of a loop around the vortex one comes back to the
same H but the left and right generators have rotated by the angles

27rg?n 21g2n
0y = e 0, = — g’; (3.27)
One can verify that one returns to the original group H since
Oy =0, +2mn : (3.28)

the two angles are the same modulo 27. But the angle 0y, or equivalently 6,., is in general
non-trivial. This is the angle of topological obstruction.
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Previous examples of nonAbelian strings with unbroken nonAbelian gauge group dis-
cussed in the literature dealt mostly with some discrete H. One continuous and nonAbelian
example has been studied in [21] where a GUT string carries a flux I" in an unbroken col-
ored group SU(3). This has also been called ‘colored Alice string’. From the low-energy
point of view it is quiet similar to our string. One difference is that the angle of topological
obstruction discussed in [21] is 7 whereas in our case the angle can take any value between
0 and 27 depending on the coupling constants.

The group H contains the elements of H which commute with I'. This is the only part
of H that remains invariant under parallel transport around the vortex. The symmetry
group is defined as the part of H which can be globally defined, i.e. does not have any
topological obstruction. In general the two definitions coincide, i.e. the symmetry group
coincides with H. Under very special circumstances the symmetry group may be larger.
This happens if the angle of topological obstruction is multiple of 27 but not necessarily
zero. In our model this can happen if gg /g? is a rational number.

The most interesting aspects of nonAbelian vortices are the long-range effects when
multiple vortices are present. In the presence of only one vortex the AB effect is essentially
Abelian, it just reduced to the problem of finding how the particle representation splits
into representation of the unbroken group H. With more vortices the nonAbelian nature
of these phenomena becomes manifest.

The singular gauge is useful when one considers the configuration with a collection of
vortices of different orientations. Due to the fact that the field reduces to the vacuum con-
figuration outside the vortex, there is no difficulty in patching together the configurations
with more than one vortices.

Let us consider the situation with two (parallel) vortices with different global orienta-
tions B1 and Bs. If a particle encircles first the By vortex, and then Bs vortex, starting
and ending at some reference point, g, it acquires an AB transformation given by

Tio =T(By) - T(By), (3.29)

evaluated in the particle representation. If it encircles the two vortices in the opposite
order the phase will be

o1 =T(B1) - T'(B2) . (3.30)

As [I'(By),I'(B2)] # 0 the AB effect here is a nonAbelian type. This forms a representa-
tion of the (nonAbelian) first homotopy group, Iy (R?/{x1,z2}), where z1 and x9 are the
position of the two vortices.

Note that by a global gauge transformation, one of them, e.g., I'1_.o, can be eliminated.
But then the contour 2 — 1 gets the phase,

o1 = (T10) oy =T(By) 1 T'(By) 'T'(By) - T(Ba) #1. (3.31)

That is, the ratio between the phases associated to the homotopic paths 1 — 2 and 2 — 1,
(T'12)~!- Ty, is gauge invariant and is given by I'(B;) ™! - T'(Bs) "'I'(By) - T'(Bs), which
is therefore an observable, physical effect.
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Figure 2. Homotopy paths with two vortices.

Now the fact that in our case the loop integral (3.11) has a simple form, and the phase
acquired does not obviously depend on the reference (the starting and ending) point xg,
appears to bring us into paradoxical situations. One such paradox is as follows. Namely
if one encircles both of the vortices By and B starting from a reference point above, xg,
in the anticlockwise direction, one expects that the particle gets the gauge transformation,
I'(Bg2)-T'(By1), as it is equivalent to the successive paths, o and 3 (see figure 2 left). On the
other hand, if the same closed contour is traced from a starting point z(, below the vortices,
in the same direction, one appears to find another result, I'(B;)-I'(Bz2) , (see figure 2 right),
as the contour is now equivalent to the succession of the closed paths, ﬁ/ first, and then o
This is a contradiction. These cannot be both correct as the result should not depend on
the precise position xg, and in particular the notion such as ‘above’ or ‘below’ the vortices
are not well defined.

Actually, the association between a particular homotopic path and the relative AB
phase must be made more carefully, as one is moving in a plane with branch cuts. Suppose
the reference point is moved from zg to xj, along a path which lies on the right of the
vortex, Bo. The path 8 smoothly goes over to 3, whereas the path a on the other hand
is hooked by the vortex By on the way: it is easy to see that « ends up to become a path
(B) "'/ B'. Let us fix the gauge so that the AB phase associated with the path « is I'(B;)
and that associated with 8 is I'(Bs); the loop encircling the two vortices starting at xg
then gives an AB phase I'(By)I'(Bj). If one starts at z(,, below the vortices, while the path
3" gives the same phase as (8 contour, I'(Bs), the path o = -« - 71 does not give I'(By)
but the conjugation

Ppap-1 = D(B2)l(B1)I(B2) ™" (3.32)
Therefore the full circle yields this time
[(B2)T(B1)L(By) ™" - T(By) = T(B2)T(By), (3.33)

the same as the one starting at xg. Note that the two different AB phase assignments for
the loops a and o/, both encircling the vortex By once in the same direction, are related
to each other by a gauge transformation depending on the vortex Bs.
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4 Partial gauging: U(1)p X SU,(N) X U,(1) theory

Let us now come back to the problem of extending the first part of this paper, the detailed
and concrete analysis of the vortex configurations and the determination of the zeromodes,
to the case the right SU,(N) symmetry is only partially gauged. Let us now study for
concreteness the case in which only a U(1) subgroup of SU,(N) is gauged. This case is
interesting because the right gauge interactions break explicitly the SU(N )y, symmetry
of the bulk. The N = 2 (SUy(2)) case in which the right U,(1) gauge interactions are
arbitrarily weak was studied in [22]; here we study the same system but with an arbitrary
right gauge coupling g, and in the large winding limit, and for generic SUy(/N). The starting
point is the action

1 1 1
L=~ fuf" = ST (FQFO™) — STe (B FOM) + Tr (Dyg)'(DMg)

2 2 2 2 2 2
9 g g 2_
-5 [Tr (4'q) - N&} -5 [TT (th“q)} - [Tr (qt™ 1)qT)} (4.1)
a
with covariant derivative

Dyuq = 0uq — igoauq — igeA g + igrq Al (4.2)

and the BPS equations, but now the right gauge field has only one (color) component which
we take it in the direction

AD =D R (4.3)

The scalar VEV has the same diagonal form as before (2.6), and an Abelian U(1) linear
combination of the gauge fields remains massless in the bulk

1 ILN?2—1 r
T A ). (9
g'r’ gg

whereas other combinations the U(1) field a,, Ag’a) for a # N? — 1 and

1 — T
<geA,(f’N2 V- g, A )> (4.5)

92+ 9
The BPS completion can still be written down:
T = / d*x

2
2
+Tr{ (Ff2 — gtV Ty (qt(NQ‘”qT)> * (Fl(? +ge )y tTr (g’ t“q)> }

a

unbrok
'AM:AELn oken) _

B, =

are all massive.

% {f12 + 90 (Tr (¢'q) — Nf) }2

+|D1g + iDag|* + 90N§f12] (4.6)

and the BPS equations are the same as (2.10), (2.11), (2.12), while (2.13) is replaced by:
Fy) — gt 0Ty (e Dghy = 0 | (4.7)
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4.1 Diagonal solution

(N*-1) right and left gauge

For the diagonal vortex oriented in the direction parallel to the ¢
fields one has the scalar field in diagonal form as in (2.14), and consequently the solution
is ¢dentical to those found in section 2, as the non diagonal components of AET) (which do
not exist!) do not contribute. In particular the magnetic fields are given by (2.28)—(2.30),

the VEV v is (2.34), and the bag radius is (2.39).

4.1.1 Gauge and scalar zeromodes around the diagonal solution

In order to find the dimension of the moduli space we take the diagonal solution, and study
the gauge-field and scalar-field fluctuations around it, & la Olesen-Ambjorn, as done in [1].

To start with, the background vortex configuration is identical to the diagonal solu-
tion (2.28)—(2.30). There are however some differences. The first difference as compared to
the discussion in subsection 2.4 is that now there are no nondiagonal gauge fields Aff): no
W= gauge bosons and hence no zeromodes associated to them. On the other hand, the
left W fields are coupled to the same background magnetic fields, thus the number of the
left gauge zeromode are given precisely by (2.49). Also, the scalar zeromodes associated
with the (6Q)11 field is again precisely given by n.

There is however another important difference as compared to the fully gauged case.

Expanding the scalar potential

Vitor = 8 [T (gle) = 8¢+ L3 [ (gfaog)| + % [ (@™ 00]" a9)

around the background

) : 0 0
diag diag
= + dq, = : 4.9
i ! ! (0 ’UlN—1> (4.9)

where v is the same as (2.34), one finds that there are other tachyonic scalar field com-
ponents. In the fully gauged model, these modes were ‘eaten’ by the right and left gauge
fields and their associated zeromodes were properly taken into account as W) zeromodes.

5q = (C]n (Iu) ‘ (4.10)
qi1 qij

By inserting (4.9) into (4.8), one finds the negative mass square terms,

v’ 2 G v = 2
g |” = > gl ; (4.11)
i=2

Let us write

/2

2 2

all other terms are nonnegative.
On the other hand, the magnetic fields to which ¢1; and ¢;; fields are coupled can be
read off from (2.28)-(2.30). They turn out to be

629,2§N 9,27)2
B = R = ,
2(9 +e (N— 1)) 2
2,2¢ 7\ 2.9
Bii = € 9r¢ &Y =93, N (4.12)

2(g'?2 +€2(N —1)) 2
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(these include the coupling constants, as in eq. (2.53)) which are in fact the critical values
respectively for the tachyonic g1 and ;1 fields. They represent thus exact zero-energy
modes, after taking into account the lowest Landau-level energy [1]. The (N — 1)n ze-
romodes associated with the ¢;; fields thus exactly compensate the missing Wri boson
zeromodes, compared to the fully gauged case studied earlier.

Summarizing, the total number of the zeromodes is (see eqs. (2.49), (2.50))

dg+d-+n=Nn, (4.13)

where now the second and the third terms refer to the scalar modes: the total is the same
as in the fully gauged model of section 2.

In conclusion one finds, by going to the limits of n far separated minimum winding
vortices, N zeromodes per each of them. This is consistent with a C PV~ moduli space,
plus a translational mode. The conclusions of [22] agree with this.

4.2 Orthogonal solutions

Another type of solutions exist, with
AN =0, (4.14)

and with the same a,, and A,(f) configurations as in the theory with global SU,.(N) symmetry
(i.e., theory with g, = 0). The scalar fields inside the vortex bag take the form,

ia, ia, 0 0

More explicitly

(4.16)

. BIBx-1 —pfy-1
d
q="Uq™eUt = ( _Bx-! y-! )

Both v’ and a restriction on the possible orientation B are determined below from the
vortex equations. The appropriate matrix of rotation U (see eq. (3.20)) can be found from
the fourth BPS equation (4.7) and by requiring the right magnetic field to be zero (4.14):

0= Ry =g, Tr (qdiagUTt(N2_1)U qdwﬂ) . (4.17)

From

diagt diag _ 4.18
" q < o2 1N1> 7 (4.18)

one obtains
g [BP—(N-1)

T ANN-1) 1+|BE

0=R (4.19)
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and this means that B has a fixed modulus
IBP=N-1. (4.20)

Fl(g) can be found from the the third BPS equation (2.12)

Fly) = —git"Tr (qdmg*UT t“quiag) : (4.21)
which gives
© 2| N-1 1 (By2B —Bly2\"
/
(Frg')ij = v TTON dij + 2\ —y2p 2 ; (4.22)
v

where use was made of

o BY—2B —Bfy—2
qulaqumgTUT _ ,Ul2 ( _Y72B Y*Q > , (4.23)
and of the identity
a a 1 1
()i (t" ) = _72N5ij5k:l + §5z‘z5jk: : (4.24)

Actually, (4.22) is the same as the diagonal solution (2.30) rotated by U except for a change
in the value of v:

¢ 0) di
(F19)ij = U (B3 )il UT (4.25)

Now it is easy to see how the first BPS equation is satisfied. Inside the vortex bag, where
the scalar fields take a constant form, (4.15), (01 + i02)q = 0 and so the remaining terms
of the equations become

0= (go% +9.AY) ¢

diag .
—U (goa@ + g0 A§f>) Ut U gdiae gt
diag .
U (goa@ + g0 Aff’) gliee Ut (4.26)
where
diag __ n A A(Z) diag __ 1 EA N -1 4.9
a’gD NgoT‘ (r)7 %2} Ng( r (T) _1N_1 ° ( ° 7)
This is solved by
2
7:2 , r < R,,Oag ;
A(r) = { Tag (4.28)
1, r > R{)ag
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so that
diag A(r diag .
(goa(p + ge A§f>> _ <r (r) on 1) . <g0% + ge Af?) qtes = 0. (4.29)

Consistency between (4.27) with the remaining BPS equations (2.11) and (2.12):

(&

flzz—m

(N —1)'? - N¢)

vN -1
Fy = 2 D) (4.30)
V2N
give the last relations
4 N
R*=— P S— (4.31)
gy v gy +e (N-1)

that complete the solution. Note that both the scalar condensate inside the bag and
the vortex bag radius itself of these solutions are different from those of the diagonal
solution, (2.34) and (2.39). The U(1) magnetic field is, in this case

eN¢ [ 9 ]
V2N gl?—i—eQ(N—l) '

4.2.1 Zeromodes around an orthogonal solution

fi2 = (4.32)

The zeromodes around orthogonal vortices are similar to g, = 0 case. The degeneracy of
the W+ zeromodes is then

dp= (N —1)n, (4.33)

where N — 1 is the number of the charged W= bosons, and the degeneracy of the lowest
Landau level [1] has been taken into account.
As for the scalar modes, one finds a tachyonic mass for the scalar,

1
mi = —igl?v/Q (4.34)

which becomes massless after the lowest Landau energy is taken into account. Summing to
the W* boson zeromodes (4.33), taking into account the Landau level degeneracy, one finds

(N=1)n+n=Nn (4.35)
as the total number of the zeromodes.

4.3 Absence of solutions interpolating B = 0 and |B|?> = N — 1 vortices: a
puzzle?

The vortex equations are simple algebraic equations at the large winding limit, as we have
emphasized several times already. It is in fact quite easy to convince oneself that there
are no solutions of the BPS equations, continuously interpolating between the B = 0 and
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Figure 3. A n winding vortex all in the same orientation (the left figure) is degenerate with
the hole-vortex mixture (the center) and the far-separate vortices with smaller winding numbers
ny + n2 + ... = n (the right figure).

|B|> = N — 1 solutions. This can be verified explicitly numerically in the case of N = 2. Tt
is clear in general that such a set of solutions cannot exist as the bag radius of the B =0
solution and that of the orthogonal (|B|> = N — 1) solution, (4.31), are different.

This brings us to a paradoxical situation. On the one hand, the dimension of the vortex
moduli space, Nn, is certainly suggestive of a C PN~! orientational moduli space of vortices
for a singly winding vortex (N — 1 for internal moduli and 1 translational moduli), and
indeed in the case of minimum vortices in Up(1) x SU(2) x U, (1) theory, such continuous
set of degenerate solutions have been explicitly constructed [22]. On the other hand, in the
case of large-winding vortices, there seem to be no continuous set of solutions interpolating
from B =0 to |B|?> = N — 1 solutions. What went wrong?

A hint for a possible resolution of the puzzle comes from the idea of the “hole vortex”
discussed in [1]. In the case of g, = 0 theory (hence the case of nonAbelian vortex with
global SU;,(N) color-flavor locked symmetry), part of the N n zeromodes is the vortex
deformation-translational modes, which connect the n coaxial vortices all in the same
orientation to n far-separated singly wound vortices. The onset of such a transition was
shown to be characterized by the formation of the vacuum bubble inside the vortex bag, see
figure 3. Such a hole vortex solution - a sort of mixed phase configuration - was explicitly
constructed in [1].

The transition from B = 0 to |B|?> = N — 1 vortices in the large winding limit may
occur in a similar fashion, through the formation of |B|> = N — 1 “bubble vortices” inside
the B = 0 vortex. (Figure 4).

5 Discussion

Generalizing our previous analysis we studied in the first part of this paper the structure
of the nonAbelian BPS vortices in the fully gauged Uy(1) x SU;(N) x SU,(N) theory,
with scalar fields in a bifundamental representation. We have been able to determine
explicitly the vortex configurations and gauge field mixing, thanks to the fact that the
vortex equations reduce to algebraic equations in the large winding limit. This allowed us
to determine exactly all the vortex zeromodes. In the case the right group is global, g, = 0,
our vortex reduces to the well-understood nonAbelian vortices with orientational C PN =1
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X3

B=0 |B]2= N-1

Figure 4. The pure B = 0 vortex (left), a mixture of B = 0 and |B|?> = N — 1 vortices (center)
and the pure |B|?> = N — 1 vortex (right) are all degenerate.

moduli. The counting in the large winding limit shows that the dimension of the vortex
moduli space in the fully gauged theory remains the same, n/N, as in the g, = 0 theory.

Considering the limit of n far separated minimally wound vortices, we conclude that
the moduli space dimension for each of them is N = N — 1 + 1: consistent with a CPVN—1
orientational moduli plus translation for each. This is the same as in the systems in which
the right SU,.(IV) global symmetry.

Nevertheless physics of the two systems (g, = 0 and g, # 0) appear to be remarkably
different. In the former case the system enjoys a very nontrivial quantum C' PY~! dynamics,
which carry on the renormalization group flow below the vortex mass scale, v/, even though
the nontrivial physics now takes place in the 2D subspace of the vortex world sheet. The 4D
bulk is in a completely Higgsed phase and has become sterile, below the vortex mass scale.

At the moment the right gauge coupling g, is turned on, there appear nontrivial
SU(N)¢4, unbroken 4D massless gauge fields, coupled to the 2D massless orientational
modes. Physics changes instantly and qualitatively. To illustrate some of these new fea-
tures, we discussed in the second part of this work how some nonlocal, topological effects
make appearance in our systems. Note that these new nonlocal effects are washed away in
the former case (g, = 0), due to the fact that the 2D orientational modes strongly fluctuate
at long distances. In other words, the interesting 2D quantum dynamics kills the would-be
beautiful nonlocal effects in 4D of the g, # 0 theory. In this sense, the two formally very
closely related systems — the Up(1) x SUy(N) x SU,.(NN) theories with g, = 0 and g, # 0
— are actually more complementary than similar.

We have seen that the general theory developed earlier to deal with vortices with a
residual gauge invariance in the bulk, basically applies also to our model. At the same
time, our model presents some interesting features that are new with respect to the specific
examples which were treated in the existing literature. Our nonAbelian vortex system is
rather special in that the unbroken group H is both continuous and nonAbelian. Each
vortex is labeled by an element I' which further breaks H — H. The vortex moduli space
contains a CPN~! orientational moduli. We have shown that the effect of such vortex
orientational modes is physical, in spite of the fact that they arise from the breaking of
the SU(N)py, gauge symmetry by the vortices, and visible at large distances as global
topological effects such as the AB scattering. This is a particular type of nonAbelian AB
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effect. As discussed in some cases earlier, phenomena such as vortex-vortex scattering,
topological obstruction, Cheshire charge, and nonAbelian statistics are all present.

More dynamical aspects of zeromode excitations of our systems and the properties of
the low-energy effective actions, will be discussed in a separate work.
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