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Abstract

We consider non-Abelian semilocal strings (vortices, or vortex-strings)
arising in A" = 2 supersymmetric U(N) gauge theory with Ny = N +
N matter hypermultiplets in the fundamental representation (quarks),
and a Fayet—Iliopoulos term &.

We present, for the first time ever, a systematic field-theoretic derivation
of the world-sheet theory for such strings, describing dynamics of both,
orientational and size zero modes. Our derivation is complete in the
limit (In L) — oo where L is an infrared (IR) regulator in the transverse
plane. In this limit the world-sheet theory is obtained exactly. It is
presented by a so far unknown AN = 2 two-dimensional sigma model,
to which we refer as the zn model, with or without twisted masses.
Alternative formulations of the zn model are worked out: conventional
and extended gauged formulations and a geometric formulation. We
compare the exact metric of the zn model with that of the weighted
CP(N;—1) model conjectured by Hanany and Tong, through D-branes,
as the world-sheet theory for the non-Abelian semilocal strings. The
Hanany—Tong set-up has no parallel for the field-theoretic IR parame-
ter and metrics of the weighted CP(N; — 1) model and zn model are
different. Still their quasiclassical excitation spectra coincide.



1 Introduction

The exact results obtained in the mid 1990s transformed a class of N' = 2 supersymmet-
ric gauge theories into powerful benchmark models allowing one to study, to an extent,
non-perturbative physics of real QCD [1,2]. In the last decade we witnessed an enormous
progress in the study of supersymmetric solitonic objects in the same type of theories [3-6].
While one usually constructs solitons in a weakly coupled (Higgsed) regime, it is possible
to use supersymmetry to infer the role of solitons at strong coupling. For example, Seiberg
and Witten proved that confinement in pure N' = 2 supersymmetric QCD (SQCD) slightly
deformed by a mass term of the adjoint field is due a dual Meissner effect (dual supercon-
ductivity): the chromoelectric charges are confined by flux tubes which form due to the
monopole condensation [1,2,7]. This mechanism was anticipated by Nambu, 't Hooft and
Mandelstam in the mid 1970s [8-10].

Certainly, the most interesting discovery in this range of questions is the non-Abelian
string (also referred to as vortex-string, or just vortex) [11-14], see also [3-5,15] for a review.
It generalizes the long-known Abrikosov—Nielsen—Olesen (ANO) string [16,17]: internal mod-
uli describing the orientation of the chromomagnetic flux in the non-Abelian group appear
on the string world sheet. Thus, the non-Abelian strings are the bridge that connects solitons
appearing in the Coulomb phase with those present in the Higgs phase. Moreover, they pro-
vide a physical explanation [13,14] of remarkable correspondences between two-dimensional
sigma models and four-dimensional gauge theories observed previously [18-20].

Non-Abelian strings were first discovered in N/ = 2 SQCD with the gauge group U(N)
and Ny = N flavors of fundamental matter hypermultiplets (quarks) [11-14]. Internal dy-
namics of the orientational zero modes of the non-Abelian string supported by this theory
is described by two-dimensional N = (2,2) supersymmetric CP(N — 1) model living on
the string world sheet [11-14]. This result was obtained both by a straightforward field-
theoretic derivation and D-brane-based arguments, see [3] for a review. More recently, simi-
lar non-Abelian strings were constructed and studied in a more general class of theories [21],
including SO(N) and Usp(N) gauge theories [22], and models with arbitrary matter con-
tent [23]. Moreover, non-Abelian vortices have been useful in the study of non-Abelian
monopoles [24,25].

When one considers theories with a large number of flavors (ie. Ny = N + N > N),
the non-Abelian strings one deals with are essentially of the semilocal type: in addition to
translational and orientational moduli, they acquire some moduli related to their physical
size. Semilocal strings are interesting because they interpolate between the ANO-type strings
(at vanishing size) and sigma-model lumps (at large sizes) [26-30]. Revealing low-energy
dynamics of the semilocal strings we are able to understand their role in non-perturbative
physics of the bulk theory. For example, arbitrary thickness of the semilocal strings may be
responsible for lost confinement [31]. This issue is related to the semilocal string stability,
a property which is not ensured by topology. One has to carefully check this stability
explicitly [27,32,33].

Derivation of the low-energy effective theory on (non-Abelian) semilocal strings was car-



ried out in the past in the framework of string theory, through a D-brane set-up [11, 14].
The effective theory was identified as a particular type of a linear gauged sigma model with
an appropriate matter content, namely two-dimensional CP(N; — 1) with N positive and
N negative charges (the so-called weighted CP model). The latter seems to be a natural
generalization of the CP(N — 1) model appearing on the world sheet at N = Ny to the case
Ny > N [11,14,34,35].

This construction, known as the Kahler quotient, is similar to the well-known Atiyah—
Drinfeld-Hitchin-Manin (ADHM) construction for instantons [36]. Unfortunately, contrary
to the instanton case, the Kahler quotient construction for strings is unable, in principle, to
describe the correct metric on the moduli space. This is the reason why an honest and direct
derivation from field theory per se is not only desirable, but, in fact, necessary.

This program started in 2006 [31], with further advances ensuing shortly, in [37,38], by
virtue of a more general formalism known as moduli matriz. In these two works the problem
was addressed in the limit of the large vortex size, in which the differential BPS equations
are reducible to an algebraic system.

In this paper, we undertake a new field-theoretic calculation of the low-energy effective
action for a single non-Abelian semilocal string, describing dynamics of both, orientational
and size zero modes. Our derivation is complete in the limit (InL) — oo where L is an
infrared (IR) regulator in the transverse plane. In physical terms L is implemented through
the (s)quark mass difference, L = |Am|~!. In this limit the world-sheet theory is obtained
exactly. It is presented by a so far unknown A = 2 two-dimensional sigma model, to which
we refer as the zn model, with or without twisted masses. The bosonic part of the action of
the N' = (2,2) zn model (without twisted masses) is

4
= [ {jotzm + 5 o+ iown?] (11)

where 1 = 1, ..., N, while j =1, ..., N. The complex fields n; are subject to the constraint

N
k

E n;n; =1.

i=1

The latter is familiar from the CP(N — 1) models. The additional complex fields z;, descen-
dants of the size moduli, are unconstrained. As we will see later, this novel model has rich
dynamics.

Alternative formulations of the zn model are worked out: conventional and extended
gauged formulations as well as a geometric formulation. En route, we clarify the disagreement
between two works mentioned above [31,33]. We also explicitly calculate, for the first time,
corrections to the metric in inverse powers of the vortex size.

Needless to say, the effective action (1.1) collects only terms quadratic in derivatives. As
such, it is valid for low-energy excitations. At energies on the world sheet ~ |Am/| higher-
derivative terms will become important. We will always limit ourselves to the two-derivative
terms.



The leading term in the metric contains an infrared divergence

In L\/€, (1.2)

regularized by an IR cutoff L, where ¢ is the Fayet—Iliopoulos (FI) parameter [39]. The log-
arithmic divergence above is due to long-range tails of the semilocal string which fall off as
powers of the distance from the string axis (in the perpendicular plane) rather than exponen-
tially. The fact that the size zero modes of the Abelian semilocal strings are logarithmically
non-normalizable was noted long ago [40-42]. In the non-Abelian semilocal strings both the
size and orientational moduli become logarithmically non-normalizable [31]. One possibility
is to replace an infinite-length string by that of a finite length. This will also regulate the
spread of the string in the transverse plane [43]. As was mentioned a more convenient and
natural IR regularization, which will maintain the BPS nature of the solution, can be pro-
vided by a mass difference Am # 0 of the (s)quark masses [31]. In this paper we will keep
in mind the latter option, using L as an auxiliary parameter at intermediate stages, which,
eventually, will be traded for 1/|Am|, so that (1.2) becomes

Ve
|Am| -

In

(1.3)

We will always assume that

V€

Al > 1, (1.4)
and, in the second part, the logarithm of the above parameter will be considered to be
(arbitrarily) large.

In our derivation we take advantage of the presence of this IR logarithm in the world-
sheet theory. We extract the most singular terms in the limit in which the logarithm (1.3)
tends to infinity. This allows us to find the exact metric (in the above limit). In this way
we arrive at the zn model on the string world sheet. This model is novel; it was not known
so far. We start its investigation and uncover interesting features.

Next, we compare the zn model with the weighted CP(/N; — 1) model suggested by
Hanany and Tong [11,14] as the world-sheet theory. First, we explicitly verify that our field-
theory result is different from the string theory prediction: the scalar curvatures for the two
metrics (ours and the Hanany-Tong one) are not the same. Still quasiclassical excitation
spectra of two models coincide.

Summarizing, our main task with regards to non-Abelian semilocal strings is two-fold.
First, at large p (where p is the size of the string) we derive the Kéhler potential on the target
space as an expansion in the powers of 1/|p|, keeping the leading and the first subleading
terms. The limit of large L is not used here. The second task, the central point of our paper,

is to use the limit In |A—\/§L‘ > 1 to derive the exact world-sheet model (which, in this case,

corresponds to small p < £71/2).



The organization of the paper is as follows. In Sec. 2 we introduce the bulk model,
construct the semilocal string and calculate its world-sheet effective action. We derive the
corresponding Kahler potential, including the first correction in the inverse size of the string.
In Sec. 3 we calculate the exact metric of the world-sheet theory in the limit of the large IR
logarithm. Section 4 is devoted to nonvanishing masses introduced in and their impact on the
string world-sheet theory. In Sec. 5 we calculate the quasiclassical spectrum of excitations in
the world-sheet theory. In Sec. 6 we review the Hanany-Tong world-sheet theory obtained
from D-branes and compare it to our field-theory result. The D-brane derivation is blind to
infrared logarithms implying a model different from the zn model. In Sec. 7 we present the
world-sheet effective theory below the crossover (i.e. at small ) and compare it with the
weighted CP(N; — 1) model. Finally, we conclude and summarize our results in Sec. 8.

2 Non-Abelian Semilocal Strings from Field Theory

In this section we will derive the string world-sheet theory in the limit of large p, where p is
a size modulus, [p|?¢ > 1. In this limit a natural expansion parameter appears, namely the
one given in Eq. (2.30) below. We will use it in calculating the effective action to the leading
and the first subleading order. Later on (in Sec. 3) we will relax the constraint |p|2¢ > 1.
At first we must introduce our basic bulk model, on which will rely not only in this section,
but throughout the paper.

2.1 The Bulk Theory

Our starting point is a U(NV) gauge theory with extended N = 2 supersymmetry and Ny =
N + N fundamental hypermultiplets. The bosonic part of the model® is (see e. g. [3])

1 1 1 1
_ 4 0 a \2 02 a|2 A2
s = [aef 2 P+ 10+ SID P+ IV P

2

1 e 2 g
b O (Lt )+ R - Ve +

2

1, 2 N
+ 2| ——= + ¢%2T" +V2m , 2.1
S|+ By 1)
with:
A=1,2,....N; V,=0,— —iT" A (2.2)

\/_ 12
The real parameter ¢ is the Fayet-Iliopoulos (FI) term [39]. As we will see shortly, a nonva-
nishing ¢ puts the theory into the Higgs phase. Moreover, the superscripts 0 and a refer to

IThe complete bosonic sector includes, in addition, N ¢ antifundamental multiplets G*. We set them to
zero, ¢4 = 0, as they are trivial in the classical configurations to be discussed below.



the U(1) and SU(N) parts of the gauge group, respectively. For simplicity we choose both
gauge couplings to be equal. This assumption is not necessary and could have been readily
lifted, but we prefer to work with a single gauge coupling ¢g. If the mass parameters m,4 are
taken real, we can consistently consider the adjoint fields a°, a® to be real as well on the
solitonic solutions. The above expression then simplifies,

1 1, 1 1o,
s = [ { 2 ¢ L+ 100+ SID P+ 9,0

2 2
g _Arma A2 9 A A 2 1 0 2 a a A
+ = T + = — N& 4+ = —— 4+ 02T +V2m
2(@1 q*) 8(qq £) 2‘<¢ oI ¢ V2 A)q

b

It is convenient to organize all fields into matrices, of sizes N x N and N x Ny, respectively,

(2.3)

1N a ma 1N ara —
FMVEFSVﬁ+FMVT> q)Eﬂ(QSOﬁ‘I'QST)a Q:qZA' (24)

Using the notation above, the action (2.3) can be written in the following compact form:

4 | 1 2 2 92 ~ 2 2
5= [aten { R84 LID,08 + 19,08+ S0~ 92+ 00 + QM

292 M
(2.5)
where the square mass matrix M is defined as
m; 0 -+ 0
0 my -+ 0
Map =dapma = | . Ny : : (2.6)
0 o - my,
The nonvanishing (s)quark masses break the SU(N)p flavor symmetry down to U(1)N .

Note that we can always absorb a unit mass matrix into a shift of the adjoint field ®. Then,
with no loss of generality, we can always set

N
ZmA:O.
A=1

This model described in great detail in [3] has a number of isolated vacua at generic
masses. We choose the vacuum where first N quark flavors condense. Up to gauge symmetry
transformations we have

Do =—M, Q=+/(1y,05). (2.7)
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This vacuum is invariant under a “color-flavor locked” global symmetry Hc.,y,>
Hc_|_F((I)) = I‘IC(I)I‘IG1 = (I), HC+F(Q) = HC QHF_\I, HC = HF . (28)

The above symmetry plays an important role in the study of the moduli space of solitons.
It is determined by the vacuum value of ®. In the most general case, in which some of the
mass parameters are degenerate, it is given by the stabilizer of the adjoint field,

Hopr = S(U(ny) X U(ng) --- x U(ng)), n1+---+ng=N. (2.9)

Equation (2.9) assumes that there are ¢ sets of fields with degenerate masses. The theory
has two parameters with mass dimension one, m ~ m; and /£, while the dynamical scale A
is implicit.> For the time being we will impose the constraints

m< Ve, A< AE. (2.10)

Then the bulk theory is at weak coupling, and we can reliably deal with the (s)quark masses
as small deformations of the world-sheet theory. In this regime, the symmetry breaking
pattern reduces to

In particular, in the equal-mass limit the global symmetry group of the bulk theory is
SU(N)eir x SUN)p x U(1), (2.12)

broken down to U(1)Vs=1 by generic quark mass differences.
At the quantum level, the theory develops a strong coupling scale A. The Higgsing at
the scale /€ freezes the one-loop running of the gauge coupling at the value

VE
5

872 -

The theory is asymptotically free for N > N, and conformally invariant at N = N. We
will assume, in the following N > N. For large values of the FI term, £ > A, weak
coupling regime sets in (complete Higgsing!), and we can reliably construct semiclassical

vortex solutions.

2Note that the vacuum is also invariant under an additional Hp = S(U(f1) x - - - x U(#2,,)) flavor symmetry
(A +---+np=N).
3For convenience we chose the masses m; to be all of the same order m.



BPS equations

The first step in the studies of the BPS-saturated strings is to consider the set of the first-
order differential equations known as the Bogomol'nyi equations [44], which follow from the
Bogomol’'nyi completion of the action (2.5) [4,11-14,18,45],

1 9*, - 2
/d4ZL’T1"{E (Flg—l—E(QQ—g)) +

+ [ViQ +iVaQ)? + |9Q + QM| + € Fis +

S

i g—ﬂ(m)? (V@) (VAQ) + ;wkl)?} ,
i=12 ki1=03. (2.14)

In our notation, ¢ = 1,2 denotes the transverse (with respect to the string) directions, while
k = 0,3 are the space-time coordinates on the string world-sheet.

The Bogomol'nyi equations are obtained, for static solutions, by requiring each positive-
definite contributions above to vanish,

ViQ +1VQ =0,

9 A
F12+5(QQ—§):O- (2.15)

The string tension is given by the last term in the second line in (2.14), the topological term,
Tzf/dszrFm =2mén, (2.16)

where n is the quantized magnetic flux, or equivalently, the total number of strings.

2.2 Non-Abelian Semilocal Strings: N = 1

In this section we will consider the simplest theory which supports semilocal strings, with a
single “additional” flavor, N = 1. Semilocal strings are present when the set of vacua of the
theory is not simply-connected [29]. Actually, the correct topological object to examine in
connection with the semilocal strings is the second homotopy group of the vacuum manifold,
which, in the present case, is the complex projective space,

72(Muae) = m2 (CP(N — 1)) = Z. (2.17)

Equation (2.17) is relevant for the extension of the ANO string in the corresponding semilocal
string. The homotopy group in (2.17) is the one lying behind the description of lumps in
the associated nonlinear sigma-model, which arises as the low-energy limit of the theory

8



(2.1). This is the main reason why semilocal strings are similar to lumps [28,37,38]. As
lumps, the semilocal strings have power-law behaviors at large distances, and possess new
size moduli determining their characteristic thickness. Nevertheless, they still retain their
nature of strings (flux tubes), which is manifest when we send the size moduli to zero. In
this limit we recover just the ANO string, with its exponential behavior [26].

Topological stability of the non-Abelian strings is due to the fact that

Zy € U(1) and m(U(1) x SU(N)/Zy) = Z. (2.18)

Much in the same way as the ANO string, they can be elevated to the semilocal strings,
see [3]. The winding structure inherent to the non-Abelian vortices, in the context of the
semilocal strings, is discussed in the subsequent sections, Eq. (2.19) and below.

2.2.1 Ansatz

Our task is to explicitly construct a single semilocal string. For the time being we will
set all mass parameters to zero. This is the situation when the full color-flavor symmetry
SU(N)¢yr is preserved, and strings develop size moduli.* As was shown in [11-14], we can
easily embed the Abelian ANO-type string into a larger non-Abelian gauge group to obtain
the so-called Zy string [3]. This can be done by choosing the following ansatz for the matter
fields [31]:

o(r) 00 0 0

Qo = 0 5 E (2.19)
Lal) 0 |0
0 e 0 da(r)e? | ¢3(r)

Equation (2.19) corresponds to a special embedding in which a nontrivial topological winding
is provided by the N-th flavor. Technically, it is more convenient to work in the singular
gauge in which the fields assume the following form:
o1(r) 0 0 0
Qo = : : :
0 ... ¢a(r) | ¢s(r)

(610) = na 1) = 62 [mo () ).
(2.20)
while the gauge fields are

T . T
Ay, = eijr_;f(r) e Enonoeijr—gf(r)- (2.21)

4We will reintroduce masses in Sec. 4



In the expressions above we introduced an N-component vector ng transforming in the
fundamental representation of the color flavor group Hcoyr,

0
ng = 0 , n=Hcirng. (2.22)
1

Given the Zy string, and acting on the solution (2.21) with a generic color-flavor trans-
formation, we get the most general vortex-string solution in terms of the orientational vector
n?

Q@ = (610 = (6, = 6a) nn(r)).

Ai = nn eijr—;f(r) y (223)
where the complex N-vector n; is obviously subject to the condition

Ing|* = 1. (2.24)

2.2.2 BPS equations and solutions

The non-Abelian Bogomol'nyi equations reduce to those of the Abelian extended Higgs
model. With the ansatz (2.23), we get the following set of equations:

réa(r) =0,
rgy(r) = f(r) ga(r) =0,
rgs(r) = (f(r) = 1)es(r) = 0,

1 2
1)+ T3 + [oa(r) — €) = 0. (2.25)
Note that the first and third equations for ¢; and ¢3 can be identically solved by

Si(r) =& g3 = §¢2- (2.26)

In the expression above, p is a complex modulus which parametrizes the size of the semilo-
cal string. The remaining set of two coupled differential equations, then, must be solved
numerically, since no analytical solution is known to exist.

Nevertheless, the peculiarity of the system above is that it admits regular and smooth
solutions in the limit of large gauge coupling (the so-called sigma model limit), g — oo. It is

10



even more remarkable that the same system can be solved algebraically at any finite power
in a 1/¢? expansion. Keeping only the terms of the order of 1/¢?, the solution is

1 r 1
G2 = P20 + ?5@ = \/gm + ?56252,
1 1] 1
= fot+=0f = 24 57,
f=h g9 d r2+pl* g d
1 2rjp|? 8 r*pl?
=R T i e (2.27)

If we analyze more carefully the validity of the power expansion, by imposing the conditions

5o/ (P dop) <1, 8f/(g°fo) <1, (2.28)
we find
1 )\loc 1
= Ao = — = et = Il (2.29)
gVEPl  Asemi 0T g VE

Thus, the correct expansion parameter is

L/(gvElpl). (2.30)

or the ratio of the semilocal string size to the characteristic size of the local string.

2.2.3 The Effective Action

To calculate the effective action on the string world sheet, one first must promote the orien-
tational and size moduli to fields depending on the world-sheet coordinates t and z = x5,

n— n(t,z3), p— p(t,x;). (2.31)

In doing so one has to improve the ansatz (2.23) by including a nontrivial expression for the
world-sheet components of the gauge potential [13], namely,

A, = —i <8kn n* —non" —2n n*(n*@kn)>w(7’)

inn® (,o*akp — pOhpt + 2|p|2<n*akn>) (), (2.32)

where we introduced two profile functions w(r) and (r), to be determined from a mini-
mization procedure. Note that expression (2.32) is a refined ansatz as compared to the one

11



introduced in Refs. [13,31], which does not includes the second term proportional to . The
resulting expression for the field strength is

Fi. = 0;Ar — 0cA; — i[A;, Ag]

€T

= —0O(n n*)Eijr—;f(T)(l —w(r))

— i(@kn n* —nogn® —2nn* (n*@kn)) ﬁu/(r)

r
. * * * * X
— i (0 g+ 2ol o) ) 0
x X
— nn eijﬁﬁkf(r), (2.33)
where the prime in w’ and ' stands for the first derivative with respect to 7.
As a second step, we evaluate the action (2.14) on the semilocal solution (2.23), in

conjunction with (2.32). We will keep the terms quadratic in the time derivatives with
respect to the world-sheet coordinates,

Log = / da1ds Tt {%(Fi,f)2 + (ka)*(ka)} . (2.34)

2.2.4 The Gauge Kinetic Term

Evaluation of the gauge kinetic term using the above anséatze is straightforward,

1 1 2
?Tr (Fin)* = = <ﬁf2(1 —w)2+2w'2) [O0kn*Okn + (Oyn*n)?]
1 / * E3 *
- (Y?) [p*Op — pBip* + 2|p[*(n*Bn)]?
11 9 972
+ 2O [Oklel” (2.35)
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2.2.5 The Matter Fields

Now we pass to the matter fields. Referring the reader to Appendix A for details we present
here the result of a straightforward albeit rather tedious calculation,

Tr [(ViQ)* (ViQ)]
_ [2f 621 - ) + Lo —2w>+(s+|¢2|<1+@>)w}

X [8kn Okn + (Ogn™n) ]
‘P‘z i 212
+ 1+ — 2 (8‘p‘2¢2) + 2 ¢2 a\p\2¢2 (ak|p| )

o ‘2|¢2| |Okp =+ p(n*On)|* + —2\¢z|2(p*8kp—p8kp*+2\p\2n*3m)27

p * * *
— 16310+ 00 — g + 200l aknfv?} | (2.36)
where we took advantage of the exact (to all orders in 1/¢*) equations (2.26).

2.2.6 Determination of w(r) and ~(r)

To determine the profile functions w(r) and (r), we have to minimize the expression given
by the sum of two pieces (2.35) and (2.36). The minimization with respect of w(r) was
performed in Refs. [13,31]. It gives the following differential equation:

. Ew”—iw’——fQ(l—w) (€+¢2_‘_‘p‘2¢)
P g g ? ?
P
(€ —2)” + + |¢2—0, (2.37)
which is exactly solved by
?2
w=1--"%=. (2.38)
Ve
Minimization with respect to v gives, on the other hand,
297+ 2o+ 13— 2rg3(1+ L)y = 0. (2.39)

The equation above is solved algebraically at zeroth order in 1/g* by

1 1 1

- o
2 T

v =

13



We do not evaluate explicitly the term d+, since it turns out that it does not contribute, at
the same order 1/g?, to the effective action.

2.2.7 1/(g*€|p|?) corrections to the effective action

We now have all ingredients necessary to calculate the low-energy effective action for the
non-Abelian semilocal string, up to the order 1/(g%¢|p|?). By evaluating the action given by
(2.35) and (2.36), exploiting the expressions for the fields (2.27) and (2.38), and integrating
over the transverse plane, we arrive at®

2

Log = 7€ (ln ‘lp;?) }8k(pn)‘2 — 7|Opp + p (N On) |2

2T
2

+ [8kn*8kn + (&m*nﬂ .

(2.40)

The first term explicitly exhibits the infrared divergence mentioned in Sec. 1. An IR divergent
integral in the perpendicular plane is cut off at L at large distances. Thus, the large-size
constant L is introduced to keep the integrations over the transverse plane finite. This
divergent term was first calculated in Ref. [31]. In this paper we used the very same approach
in order to obtain its correct expression, which is now consistent with the results of Refs.
[37,38], obtained through the moduli matrix formalism. The last term in Eq. (2.40) is a finite
contribution to the metric corresponding to the standard Fubini-Study metric on CP(N —1).

2.2.8 The Kahler Potential

The effective action (2.40) describes 1/2-BPS saturated solitons preserving N' = (2,2) su-
persymmetry in 141 dimensions, on the world sheet. As such, the metric of the world-sheet
sigma model must be given by a Kahler potential,

Yor.6m = 08,06, K (D1, o) - (2.41)

Now we will establish its form.
To begin with, let us first introduce a set of holomorphic coordinates b; and ¢ on the

target space,
bi="%  c=pny, i=1,.,N—1, (2.42)
nn

implying that

I = (14 3 b e (243

5See Appendix A for more details.
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It is not difficult to show, after some algebra, that the following Kéahler potential gives the
correct metric on the target space:

2

_ L
Keff(bi>C> blaé) = 7T€ ]-_I_ E |bl|2 |C|2 In
- (1422 [bil*)e?

2
+ w1+ Z 16:2)|c]? + 7 In(1 + Z 1:?)

L? 27
= 7¢|pl? (111 W) + €| p|* + 7 In (1 + Z \bi|2> :
(2.44)

Note that the above expression is invariant under the color-flavor isometry, as it should be,
of course. The first two terms depend only on the physical size |p|, which is an obvious
invariant. The last term, on the other hand, is invariant up to Kéhler transformations.

Let us recall here that the Kéhler potential in the case of the local non-Abelian string,
when p = 0 takes the form [11-14,45]

K (b,0,b,0) = — ln (1 + Z |b; |2> (2.45)

We would like to draw attention to the difference of a factor two in the coefficients in front of
the logarithms in the expressions (2.44) and (2.45). These two terms do not have to coincide,
since they are calculated in the opposite limits p — co and p — 0, respectively .

23 N>1

Now we will lift the requirement N = 1. Generalization to a generic number of flavors
requires more algebra, but is quite straightforward. One has to introduce N complex size
moduli p;, one for for each additional flavor. N BPS equations for the fields ¢/ are now
exactly solved by the following ansatz:

qNﬂ:%ngbg(r), j=1,...,N. (2.46)
The ansatz for the gauge potential must be also generalized, namely,
A, = —i (akn n* —ndn* —2n n*(n*@kn))w(r)
N
—inn* Z (pj Okpj — piOkp; + ijp;'. (n*ﬁkn))*y(r) ) (2.47)
j
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The total size of the string |p|? is now given by

N
o= 1ol (2.48)
j=1

Taking into account these relatively insignificant modifications, one gets the effective action

in the form
2

> (30" )0k(np;)

J

2
k ok
pin -
J

1
for = < )Z'a’“”p’ ATE

+ — [&m*@kn + (&m*n)z] ) (2.49)

The Kahler potential

Again, it is convenient to introduce a Kéhler potential for (2.49). We introduce a set of
holomorphic coordinates b; and c¢;, in parallel with (2.42),

L
bi = —, C; = pjNn,
nN

o> = <1+Z|bi‘2>2|cj|2v
i j

i = 1,.,.N—1, j=1,...,N. (2.50)

Then, in terms of these coordinates we have

L? 2m
eff(bzacjablacj) - 7T§ |p|21n ‘ ‘2 +7T§|p|2 92 1n(|p|2)
4m 9
+ ?m 1+ |
L?
= 7&|plln— PE + €| p|? — —ln (Z \c]P) + —ln (1 +Z 2 \2>

(2.51)
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3 Exact World-Sheet Theory

In this section we take advantage of the presence of the IR divergent term InL/|p| > 1 in
the Kéhler potential. Considering the infrared logarithm as a large parameter (in fact, the
largest) we relax the condition pgy/€ > 1 and obtain the ezact metric of the world-sheet
theory to the leading order in the IR logarithm. By saying ‘exact’ we mean that there is no
expansion in 1/(|p|?€£) in this metric, unlike the results in Sec. 2.2.8 or 2.3.

Consider first the case N = 1. The world-sheet theory (2.40) has the form

Seft = /d2x {27r§ ln% |0k(pn;)|* + finite terms} : (3.1)
where finite terms are those which do not contain the infrared logarithm. We stress that our
derivation in Sec. 2 gives us the exact expression in front of the IR logarithm. The reason is
that the logarithmically divergent term in the world-sheet theory comes from the long-range
power tails of the string solution which we know exactly. Corrections to the string solution
associated with the string core at r ~ 1/g+/€ (which we do not control) do not produce the
infrared divergent terms in the world-sheet action.
Following [31] we introduce a new variable z replacing the p modulus

1/2
z=p l27r§ In %} . (3.2)

With the logarithmic accuracy we rewrite the world-sheet theory in terms of this new variable
z as

Seft = /d2x {10k(2n;)|? + finite terms} (3.3)

where in the finite terms we have to express p in terms of z. We will justify momentarily
that in the path integral the field z(x) is not large. In fact it is of order of one, z ~ 1.
Given that the IR logarithm is large this means that p is in fact small. This means that
we can take the limit p — 0 in the finite terms in Eqs. (3.1) and (3.3). With vanishing p,
the semilocal non-Abelian string reduces to the usual (local) non-Abelian string, for which
world sheet theory is given by the CP(N — 1) model [11-14]. Thus, we can write

finite terms|,_,0 = CP(N — 1) model, (3.4)

and the bosonic part of the action of the world-sheet theory takes the form
Sur = [ e L10u(n) P + 2 [Gumaf? + (n:0em)? 3.5
v = [ e 10?3 |10kl + (70 (3.5)
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In terms of new variables the infrared logarithm disappeared! Now it is clear that typical
fluctuations of the z field are z ~ 1. In Sec. 4 we will introduce mass terms in (3.5) which
will make this observation even more evident.

Equation (3.5) presenting a new world-sheet model in the semilocal string problem, to
replace that of Hanany and Tong, is one of our main results.

We stress that the only approximation used here is that the infrared logarithm is large,

In (Lg\/€) > 1. (3.6)

In fact, in order to write (3.4) and (3.5) we need p to be much smaller than the string core,
p < 1/g+/€. In terms of the field z this reduces to

2 < gi In (L gv/%), (3.7)

which is obviously satisfied in the limit L — oo.
In Sec. 4 we will introduce the (s)quark mass terms and show that in this case the
infrared cutoff L is replaced by the inverse of a typical mass difference L — 1/Am. Then,

instead of (3.7) we have
1
o < g In (%) . (3.8)

The latter condition (3.7) is still satisfied provided Am is taken small enough. The parameter
gv/€ determines the size of the string core and should be understood as an ultraviolet (UV)
cutoff for the low-energy effective world-sheet theory (3.5), see for example [3].

Now, let us generalize (3.5) to the case N > 1. Starting with (2.49) and following the
same steps which leads us to (3.5) we get

4
Seft = /d2$ {\&f(zjni)P + g—g [\aka + (n;'k&kni)z} } ’ (3.9)

where 1 = 1, ..., N, while j =1, ..., N and we introduced new fields Zj,

1112
z;i = pj |2m€ lnm : (3.10)

Eq. (3.9) is our final result for the effective low energy theory on the world sheet of the
non-Abelian semilocal string. Proceeding to (N + N — 1) complex independent variables b;,
and ¢;,

n; ~

bi: Pj = Zj NN, Zzl,,(N—l), jzl,,N (311)

nN’
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(c.f. (2.50)) we can write down the Kéhler potential for the theory (3.9) in the form

N

N-1 N—-1
- 47
i=1 =1

J=1

4T =
= [P+ ?m (1 +> \bi|2) : (3.12)

i=1

where we defined

2= (w 59 \(gojbm?) . (313)

=1

This Kahler potential gives us the world-sheet theory written in the geometric formulation
in terms of (N +N— 1) unconstrained complex variables. The disadvantage of this geometric
formulation is that the global SU(N) symmetry is not manifest much in the same way as for
CP(N — 1) model. For N = 1 the Kihler potential (3.12) describes the blow-up of CV at
the origin.

In Sec. 4 we will derive the world sheet theory for the case of unequal quark masses,
rewrite it in terms of a U(1) gauge theory and discuss its perturbative spectrum.

4 Inclusion of Quark Masses

4.1 World-Sheet Theory

Now we assume that the quark mass differences (m4 — mp) are nonvanishing in the bulk

theory (2.1). This generates a mass-dependent potential on the non-Abelian semilocal string

world sheet [31]. In addition, a natural IR cutoff appears which converts (1.2) in (1.3).
The leading term in this potential contains the IR logarithm,

Ve = VA% o Ve (41)

The first term here was calculated in [31] in the case N = 2. We briefly review this calculation
and then generalize it to arbitrary N.

Consider first N = 1. The IR-logarithmic contribution to the potential arises from the
last term in the bulk action (2.1) with A= N + 1,

/ a4+ mya) (4.2)

where ® can be replaced by its vacuum expectation value (VEV) (2.7) with the logarithmic
accuracy. Substituting the string solution for the extra flavor ¢V (2.23) and using (2.26)
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and (2.27) we get

N 2
4 2: 2 2 p|

i=1

The integral over r in the perpendicular plane gives the IR logarithm,

N
o 1
ViR-log _ zﬁg/d%m (\Amup\) > 1ol Imi = mavga | Inal. (4.4)
=1

Here we replaced the IR cutoff L with 1/Am, which is a typical scale of quark mass differ-
ences, Am ~ (ms —mp). The reason for this is that at (ma — mp) # 0 the Higgs branch
of the theory is lifted and we do not have massless squarks in the bulk theory. All profile
functions for the string solution are modified at large r > |Am/|™! acquiring an exponential
fall-off ~ exp (—|Am|r) [31]. Using the variable z (3.2) we can rewrite (4.4) as

N
Vi = [ 3 o s = mav 4+ VA (4.5

i=1
Now we will follow the same logic that lead us to the exact world-sheet kinetic terms
(3.5). Namely, to determine the finite part of the potential in (4.5) we take the limit p — 0.
In this limit the semilocal string reduces to the local non-Abelian string. Its potential on
the world sheet is given by the twisted mass terms of the CP(N — 1) model [13,14], see also
the review [3]. The result for the logarithmic part can be rewritten in terms of z, as was

done in Sec. 3. In this way we arrive at

N
Ve = /d293 {Z 2% [m; — myaa | nal?
i1

2

N N
47
- > fmg —mf [ng* = Y (mg —m) ng|? , (4.6)
i=1 1=1

where m is the average of the first NV quark masses,

1 N
~ > m. (4.7)
=1

Generalization of (4.6) to the case N > 1 is straightforward. Our final result for the
bosonic action of the world-sheet theory for the non-Abelian semilocal string is

m

AT .
S = /d2x{|8k(zjn,~)|2+ ?[|8kn,~|2+ (5 0k 2] + i = g |25l

N 2

47
3 Z mi —m? |ni|* —

2
9 i=1

N

Z(mi —m) [ni|?

i=1
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where m; (j =1, ..., N) denote masses of the last N quarks of the bulk theory.

This theory is exact in the limit of the large IR logarithm in the same sense as in Sec. 3.
The only approximation we use is the condition (3.8) which is obviously satisfied once g/&
is considered as an ultraviolet cutoff for the theory (4.8). In particular, we assume that

Ima| < g€, A=1,.. Ny. (4.9)
The model (4.8) has a hidden U(1) gauge (local) symmetry,
n; — e“ny, zj = ey (4.10)
and therefore the number of (real) degrees of freedom is

IIN+N)—1—1=2(N+N—-1), (4.11)

where we subtracted two degrees of freedom associated with the condition (2.24), as well as
one U(1) phase (4.10), from the total number of components of n; and z;.

4.2 Gauge formulation

N = (2,2) supersymmetric CP(N — 1) model can be nicely formulated in terms of a U(1)
gauge theory in the limit of the strong gauge coupling. In this limit gauge fields and their
superpartners become auxiliary [46,47]. Following the same line of reasoning we consider
the local symmetry (4.10) as a gauge symmetry and rewrite the theory (4.8) as

e

1 1
S = [ @a{ioueno + Dl + 7+ ool

2 e? 47\ 2
+ ma = my)? |22l + ‘\/50 +my| |ng?+ 5 (|n,|2 — ?) } )
i=1,.,.N, j=1,..,N, (4.12)
where the covariant derivatives are defined as
Vi =0, —iA;. (4.13)

It is assumed that at the very end we take limit e? — oo.
Note, that we rescale fields n; and z; in (4.12), which leads to the following D-term
condition:

o 4w
e

(4.14)

|n;
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(in the limit e* — o0), instead of (2.24). Moreover, in this limit the gauge field Ay and its
N = 2 bosonic superpartner o become auxiliary and can be eliminated,

Ay = —in;ogn,, V20 = — Zmi |ni . (4.15)

The global symmetry of the world sheet theory (4.12) is (the same as in the bulk theory,
see (2.12))

SU(N) x SU(N) x U(1) (4.16)

broken down to U(1)™s=Y by the (s)quark mass differences.

4.3 An Alternative Gauge Formulation

The gauge formulation described in Sec. 4.2 is simple, but it has the disadvantage of including
a nonstandard kinetic term which is quartic in fields. In this section we propose an alternative
formulation in terms of a gauged linear sigma model with the standard kinetic terms which
reduce, at low energies, to the models (4.8) and (4.12). The model presented this section
can be considered as an UV completion of the model (4.12). This can be achieved at a price
of including a potential term.

431 N=2, N=1

For the sake of clarity, let us start from the simplest case. We will extend the construction
to the most general case in Sec. 4.3.2. The U(1) gauged linear sigma model has the following
action:

9 1 1
Seg = /d2x {‘8kZz|2 —+ \anl\z + ‘ka‘ + @ng + g |aka|2

2 2

2

e 47\ 2
+ 5 <|n2|2_|R|2_?) +VF(ZA,’)”L¢,R)},

i=1,2. (4.17)

where the Z; are neutral scalars, the fields n; have charge +1 and the field R have charge
—1. The gauge covariant derivative acting on R is, thus,

Vi =0 +iA;. (4.18)
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The first term in the third line is the D-term required by supersymmetry while the second
one

Vi(Za,ni, Ry) = |M*(|Zing — Zoni |* + || R)? + | Z: | R|?)

+ |mi —m|*Z]? (4.19)

is a judiciously chosen F-term potential which comes from the superpotential
1
WF(ZZ', n;, R]) =M (Zlng — Z2n1) R+ 5 (ml — m) le s (420)

where M is an auxiliary mass parameter (a UV parameter), to be sent to infinity. Note that
the coefficients M and m; — m act now as complex masses for all fields, while previously we
introduced the twisted masses m; only for the n; fields.

We now take the limit

e, M — oo, (4.21)

and integrate out massive fields (with masses of order e, M). Integrating out the scalar
fields we obtain the following vacuum equations:

R = 0, Zlng = Z2n1 . (422)

Moreover, in the limit above, the D-term condition

4
="" (4.23)

[ni|* = |RI* = |n; e

is implemented.® The gauge field Ay and its N' = (2,2) bosonic superpartner ¢ become
auxiliary and can be eliminated too,

> mlngl?
V2o = E |nl|2+\R|2 = Zmz|n, : (4.24)

Substituting the relations above into (4.17) we obtain:

2
Soﬁ = /d2.flf {‘8}€Z1‘2 + ak (Zl%)
1

dm .

2

ie | & N
+ = [ Imi=m il = > (mi = m) |nf?
9= i=1

+ Z\mz m|? |Z|2+Z|m2 m|?

6Tt is important that R = 0 in the vacuum, see (4.22).

} : (4.25)
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which exactly reduces to the theory written in (4.8) with the identification
71 =2 (4.26)

4.3.2 N arbitrary, N>1

Essentially the same construction as in Sec. 4.3.1 can be can be carried out in the most
general case. Consider the following gauged sigma model:

1 1
Set = / {|8kZA| —|—|an@| —l—}kaB} + Fkl 2 |ak0|2

2 2
+ ‘\/§U+mi |n,~|2+)\/§a’ |Rp|* +

2

e 47
+ b <|nz|2 |Rp ‘2 - ?) +VF(ZA,7M,RB)},

A=1,.,NN, i=1,..,.N, B=1,..,N(N—-1). (4.27)

Note that we introduced a large set of new charge-zero fields Z, and negatively charged
fields Rp. The theory in Eq. (4.27) includes the potential Vg(Z4,n;, Rp),

N-1 N

VF(ZA, Ny, RB) = |2 Z |ZN(p 1)+1M0o+1 — ZN (p— 1)+o+1n1‘ +
o=1 p=1
N-1

N
> Znp-trort Riv—1)p—1y+ol” +

+ M

M

o
I
—_

=
—

=z

N
+ M |ZZN;D D1 Rov—1)(o—1)10l* +

o=1 p=1
N N-1
+ MPY 1Y nost Rv-ny-nyvol +
p=1 o=1
N-1 N
+ IMPY Y I By-np-nrol* +
o=1 p=1
N N
+ > D Imi—mP 2yl +
j=1 i=1
+ [M]PY R (4.28)
B
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This potential is consistent with A" = (2, 2) supersymmetry since it comes from the following
superpotential:

N-1

N
WF(ZAaniaRB) = M ZRN 1)(p—1)+o (ZNp 1)+1M0+1

o=1 p=1

3

— ZN(p—1)+o+1n1) +

N N
ZZ '_mJZN(] 1)+z+ MZRB

7j=1 =1

N | —

(4.29)

After some straightforward but rather tedious algebra one can show that vanishing of the
potential (4.28) requires vanishing of all R fields,

Rp=0, VB, (4.30)

and that the nontrivial constraints on the fields are given by imposing the vanishing of the
first line in (4.28),

No ~
ZN(p—1)+o+1 ZN(p 1)+1 n+1 0 = 1,...,N— 1, P = 1,...,N. (431)
1

Using the relations above and the identifications
ZN(j—1)+1 = Z] nq (432)

we arrive at

Do1OZal = Y |o(zma)l’,

A 27.]

> i = mlP 1 Zngonyeil® =Y Ima = my )Pl
i,j .3

(4.33)
This, in conjunction with the condition Rp = 0 in Eq. (4.27), leads us to (4.8) again.

5 Quasiclassical spectrum

In this section we will analyze the vacuum structure and the mass spectrum in our world-
sheet zn theory. It is simpler to obtain it from the action (4.12) written in the gauged
formulation. In this paper we will limit ourselves to the quasiclassical study of the theory
(4.12) leaving its investigation at the quantum level for future work. First we will consider
perturbative spectrum.
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5.1 Perturbative Spectrum

If all quark masses are different, the theory (4.12) has N isolated vacua at

[4
V20 = —Mjg Nig = g_z’ Nizip = 0, zj =0, (5.1)

where 7y can acquire any value,

io=1,..,N, while j=1,..,N. (5.2)

The above vacua of the world-sheet theory correspond to N elementary non-Abelian
strings. The spectrum of n,;.;, and z; excitations can be read-off from the action (4.12),

=Mm; — My, Z7£7’0> mz;

My, y

K3

=My — My, (53)

Now suppose that one of the masses of the first N quarks coincides with another mass
of the last N quarks, m;, = m;,. Then the theory develops a noncompact Higgs branch
growing from the vacuum at v/20 = —m;,, hamely,

(47
\/§O' = —Myy, Ni, = ?, ni;,gio = O, Zj;ﬁjo = 0, Zj() =20, (54)

where zg is an arbitrary complex number. The (real) dimension of this Higgs branch is
dimH = 2.

Although both kinetic and mass terms in (4.12) acquire a dependence on z; the masses
of n;4;, and z; excitations remain the same, they are given by (5.3). It is only the field z;,
that becomes massless; it corresponds to fluctuations along the Higgs branch.

Now, let us go to very low energies, much lower than the quark mass differences |Am)|.
Then, the low-energy effective theory on the Higgs branch is just a trivial free-field theory
for the massless complex field z;,,

SHiggs branch = /dzx ‘akzjo|2 . (55)

If more than one masses of the first N quarks coincide with certain masses of the last N
quarks, more noncompact Higgs branches develop. These Higgs branches are not lifted in
quantum theory. In contrast, the compact Higgs branches which classically develop provided
that several masses of first quarks coincide with each other are lifted in quantum theory much
in the same way as in CP(N — 1) model.

5.2 Semiclassical kink spectrum

In addition to perturbative excitations, the theory (4.12) supports BPS kinks interpolating
between different vacua. Let us calculate their masses in the quasiclassical approximation.
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To do so we write down the Bogomol'nyi representation for the kink energy. Assuming for
simplicity that the quark masses and o are real and that all fields depend only on x5 we can
rewrite (4.12) in the limit e? — oo as follows:

B = [ o { 00 em) 19l 4 i = 2o

2 2
|14

= [rafi0nom + )+ [T+ (Vo )

4
+ g—z \/501,30} : (5.6)

where we use the constraint (4.14) and dropped the boundary terms
(V20 + my) [mif? and (m; — my) |2 i (5.7)

In particular, the last one vanishes at generic masses in all vacua (5.1), because z; = 0, while
on the Higgs branches (5.4) it is zero because m;, = my,.

From the Bogomol'nyi representation (5.6) we see that the kink profile functions satisfy
the first-order equations

Ops (z5m:) + (my —my) zjn; =0,
Vi + (V20 +m;)n; =0, (5.8)

while the kink masses are given by the boundary term in (5.6). In particular, the mass of
the kink interpolating between the “neighboring” vacua ig and i + 1 is

. 47
M1 = 7 \/5[0(% =00) — (3 = —OO)] )
47

For generic masses the solution of the first-order equations (5.8) is particularly simple.
The first equation is solved by z; = 0, while the second one reduces to the first-order equation
for BPS kinks in the CP(N — 1) model with twisted masses [19]. Thus, the kinks’ profile
functions are the same as in the CP(/N — 1) model.

We recall that the monopoles are confined in the bulk theory in the Higgs vacuum (2.7). In
fact, in the U(NN) gauge theories they are presented by junctions of two different elementary
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non-Abelian strings. Since N elementary non-Abelian strings correspond to N vacua of
the world-sheet theory, the confined monopoles of the bulk theory are seen as kinks in the
world-sheet theory [18,13,14].

As was shown in [19], the BPS spectrum of dyons (at the singular point on the Coulomb
branch in which N quarks become massless) in the four-dimensional bulk theory (2.1), for
Ny = N, identically coincides with the BPS spectrum in the two-dimensional twisted-mass
deformed CP(N —1) model. The reason for this coincidence was revealed in [13,14]. Although
the 't Hooft—Polyakov monopole on the Coulomb branch looks very different from the string
junction of the theory in the Higgs regime, amazingly, their masses are the same [13,14]. This
is due to the fact that the mass of the BPS states (the string junction is a 1/4-BPS state)
cannot depend on £ because £ is a nonholomorphic parameter. Since the confined monopole
emerges in the world-sheet theory as a kink, the Seiberg—Witten formula for its mass should
coincide with the exact result for the kink mass in two-dimensional N/ = 2 twisted-mass
deformed CP(NN — 1) model, which is the world-sheet theory for the non-Abelian string in
the bulk theory with Ny = N. Thus, we arrive at the statement of coincidence of the BPS
spectra in both theories.

Clearly the same correspondence should be true also in the Ny > N case. Let us verify
the coincidence of the BPS spectra of the bulk and world-sheet theories in the quasiclassical
approximation. Taking the limit £ — 0 in (2.5) we see that, in the vacuum (2.7), the massive
gauge bosons and first N quarks have masses

MNxN = My — My, iai,:1>-"aN7 i%i/> (510)
while the last N quarks
My g =mi—m;, i=1.,N,  j=1,..,N. (5.11)

We see that this spectrum is identical to the perturbative spectrum of the world-sheet theory
(5.3).

The monopole spectrum of the bulk theory is given by the Seiberg—Witten formula [7]
, (5.12)

Mmonopole =

where we use the quasiclassical approximation. Moreover, @ represents diagonal entries of
the adjoint field ® while @p stands for corresponding dual potentials and 7z, is the magnetic
charge of a monopole. In particular, for the elementary monopoles 7, = (0,...,1,—1,0,...)
(with nonvanishing entries at the i-th and (7 4+ 1)-th positions) we get

47

? (mi - mi+1)

. i=1,..,N-1, (5.13)

MMmonopole ~

where we use (2.7). These masses coincides with the kink masses (5.9) of the world-sheet
theory in the quasiclassical approximation. Explicit verification that the exact BPS spectra
of both theories agree is left for future work.
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6 Vortices from D-Branes: Comparing with Hanany
and Tong

6.1 Weighted CP(N; — 1) model

As was mentioned in Sec. 1, non-Abelian semilocal strings were analyzed previously [11,14]
within a complementary approach based on D-branes. To make contact with field theory it
is highly instructive to compare our field-theoretic results with those obtained by Hanany
and Tong. They conjectured that the effective theory on the world sheet of the non-Abelian
semilocal string is given by the weighted CP(Ny—1) model. The latter can be represented as
a strong-coupling limit (e? — 0o) of the two-dimensional U(1) gauge theory with N positive
and N negative charges, namely

w = W 1 1

2 2
+ ‘\@aeri \nﬁ”\2+‘\/§a+mj ‘z}”‘Z
62 w2 w2 dm ?
+ 5 <|nz |Z] - ?) ;
i=1,.,N, j=1,..,N, V=0, +iA;. (6.1)

With respect to the U(1) gauge field, the fields n}’ and 2}’ have charges +1 and —1, respec-
tively. We endow these fields with a superscript “w” (weighted) to distinguish them from
the n; and z; fields which appear in our world-sheet zn theory (4.12). If only the charge +1
fields were present, in the limit e? — oo we would get a conventional twisted-mass deformed
CP(N — 1) model.

6.2 Quasiclassical spectrum

Although the weighted CP(Ny —1) model and the zn model look quite different we will show
momentarily that the quasiclassical spectra of excitations of these two models are the same.
Let us start from the perturbative spectrum.

From (6.1) we see that the Hanany—Tong world-sheet theory has N vacua (i.e. N strings
from the standpoint of the bulk theory),

V2o = — My, Ny = ? ’ Nigin = %5 = 0, (62)

where ig =1, ..., N.
In each vacuum there are 2(Ny — 1) elementary excitations, counting real degrees of
freedom, much in the same way as in (4.12). The action (6.1) contains N complex fields n
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and N complex fields z'. The phase of n;j/ is eaten by the Higgs mechanism. The condition
Inw? = ‘;—g eliminates one extra field. The physical masses of the elementary excitations

Mpw = M — My, i # i, Maw = My — My, (6.3)

This spectrum is identical to the perturbative spectrum of the zn model (4.12)
Now, suppose again that mj, = m;,. Then the theory (6.1) also develops a noncompact

Higgs branch growing from the vacuum at v/20 = —m;,, namely

The (real) dimension of this Higgs branch is two, much in the same way as for the Higgs
branch in the world-sheet theory (4.12).

Moreover, the spectrum of fields n%,; and zj’,; is still given by (6.3). Onme degree of
freedom of two complex fields nj) and 2} is eaten by the Higgs mechanism, while the other is
fixed by the second constraint in (6.4). The remaining two degrees of freedom are massless.
They correspond to fluctuations along the Higgs branch.

We see that the perturbative spectra of these two models (4.12) and (6.1) are identical.

Now consider the effective low-energy theory on the Higgs branch (6.4). At energies
below the quark mass differences only the fields nj; and 2% are relevant. We resolve the
constraint in the second equation in (6.4) by writing

4 o
cosh w, zP = —Zew‘_lﬁ sinh w, (6.5)
g

AT . .
n¥ — — eza—l—zﬁ

9

where we introduced two phases for two complex fields. From the action (6.1) we find the
gauge potential

cosh 2w

Substituting this together with (6.5) into the action (6.1) we get [48]

Higgs branch —

Sl /dzz cosh 2w {(akwf + (03)* tanh? Qw}, (6.7)

where the common phase « is eaten by the Higgs mechanism, and we are left with a sigma
model with two real degrees of freedom.

This theory on the Higgs branch is clearly different from the free theory (5.5). The target
space in (6.7) is hyperboloid with a nonvanishing curvature. This shows that two models,
(4.12) on the one hand and (6.1) on the other are different, despite the coincidence of their
spectra.’

"Interrelation between aspects of the Hanany-Tong model and field-theoretic predictions for non-Abelian
strings was previously studied in [49] in the case of two coaxial strings. There, it was found that a limited
number of “protected” quantities, such as the BPS spectra, agree, while others (e.g. the metric) disagree.
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Now let us briefly review the kink spectrum of the weighted CP(Ny — 1) model in the
quasiclassical approximation. Assuming again the quark masses and o to be real and all
fields depend only on x3 we cast the Bogomol'nyi representation for the kink energy in the
model (6.1) in the limit ¢ — co in the form

2
[ |”

Eiink = /d.ﬁ(]g {|Vx3nzu|2 + ‘Vmgzﬂz + ‘\/50' +my

)

- /d:cg{\vwgn;w (V20 +my)n?

+ ‘\/§U+mj

2 _ 2
+ |Vt = (V30 4+ my) 2

- % \/505030} . (6.8)
This representation shows that kink solutions satisfy the first-order equations
Vet + (V20 + m;) n? = 0,
Va2t — (V20 +m;) 2 =0, (6.9)

while the kink masses are given by the boundary term in (6.8). Much in the same way as in
the theory (4.12) this gives, for the kink interpolating between vacua iy and i + 1,

in 47
m?o—lfio-i-l = ? (mio - mio+1) . (610)

Again, the kink spectrum we get is identical to that in (5.9) obtained in the world-sheet
theory (4.12).

In Sec. 6.3 we will show that geometries of the target spaces of these two models are
different (in the case when all fields are relevant). Given the agreement of the BPS spectra
this might seem surprising. Maybe not (cf. [49]). Such a situation could have a simple
explanation. While the Kédhler potentials of two N = (2,2) supersymmetric sigma mod-
els are different their effective twisted superpotentials could agree. This would ensure the
coincidence of their BPS spectra.

The exact BPS spectrum in the weighted CP(/N;—1) model (6.1) was originally discussed
in [47]. It was shown to agree with the BPS spectrum of the bulk theory in the vacuum (2.7)
on the Coulomb branch (i.e. at & — 0) [20]. This was considered to be a strong argument
supporting the conjecture that the weighted CP(N; — 1) model (6.1) fully presents a correct
world-sheet theory on the semilocal non-Abelian string [14,31]. Now we are certain that this
conjecture is not correct. Although the BPS spectrum of weighted CP(N; — 1) model (6.1)
coincides with that in the bulk theory, this model is different from the genuine world-sheet
theory on the semilocal non-Abelian string, the zn model (4.12).
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6.3 Comparing two metrics
The Kéhler potential of the theory (6.1) can be written, using the superfield formalism, in
the following simple form:

4
Kur = e Vnf>+ €V|Z;U|2 + g—ZV,

i = 1,...,N, j=1,....N, (6.11)

where n}’ and 2% are chiral superfields and V' is a vector superfield and summations over
indices 7 and j are implicit. We can eliminate V' by solving its equations of motion

4
dvEur = —eV|nP2+ eV |27 + = = 0;
g
4
e — eV — 2v2 = 0. (6.12)

g2

By virtue of the D-term condition, we can assume |[n¥|? # 0 whenever 47/g? > 0, then

1 47 47\ 2
-V _ w w
e = e | 2 + \/<_g2) + A2z ] (6.13)

Substituting this expression back in the Kahler potential, we obtain, up to Kahler transfor-
mations, the exact expression

1 (4 A7\ ° 2| M;; |2
Kuyr = 5 ——l-\/(?) + 4| M| | + | ;|
(32 i

47 47 47\ 4 | M |?
— —In|—+ (—) + 4| M;;|? —l——ln(1+ ,
92 g? \/ 92 My 92 | My |?

(6.14)
where we defined the meson fields as
M;j = nj’z}. (6.15)
Note that not all of the N x N mesonic fields are independent because of the relations

M;j My = My My .
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The total number of independent complex degree of freedoms is N + N — 1, which is the
total number of fields in the theory minus one complex rescaling of the fields. We can choose
the following set of independent mesons:

My =n’2y, My, =nyz, 1#N. (6.16)
All other mesons are given by the formula
M;j = My My /My . (6.17)

The combination |M;;|? can the be written as

N,N N N-1
oI =" <|MNJ'|2 +> |Mz‘1|2|MNj|2/|MN1|2) ~ (6.18)

ij=1 j=1 i=1

To compare the expression above with the field-theoretic result (3.12), we identify the set of
independent mesons used in the Kahler quotient construction with the set of moduli found
in the field-theoretic derivation,

M;
MNl

p; = My; =nyzy, b= = o ¢ = | Myl (6.19)
N

For simplicity, let us compare the two geometries, (3.12) vs. (6.14), at first order in the
expansion for large g2. The Kihler potential obtained from the Hanany-Tong model is then

2T 47
Kur = 2V/I[C]* - 7 log(|¢[*) + 7 log(1 + [bs|*) (6.20)
while the exact Kahler potential we found in field theory is

A
Kg = KP+§5mg1+wﬁ). (6.21)

To explicitly demonstrate that the two geometries described above are indeed different, we
calculate the scalars curvatures of the respective target spaces and verify that they disagree.
For any Kéhler manifold, the Ricci scalar can be easily calculated using the formulas

Ipg = O0p0; K,
R,; = —0,0;(Indetgyg) ,
R = ¢"R,;, pg=1,N+N—1, (6.22)

where we endow the set of independent complex fields which describe the moduli space (¢,
and b;) with indices p and q.
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Start from the case N = 2, N = 1. Evaluating (6.22) using (6.20) and (6.21) which
implies

<17 = el (1 + [bf), (6.23)
we arrive at
1 2
R = — +O(1/¢%);
HT \/W 92‘<-|2 ( /g )
Rg = 0. (6.24)

We thus conclude that the geometry of the target space derived from field theory has the
vanishing Ricci scalar, while for geometry described by the Hanany-Tong model the Ricci
scalar does not vanish, rather it falls off as 1/|(].

In the case N =2 = N = 2, we consider (6.20) and (6.21) with

117 = (la + o2 ) (1 + b)) . (6.25)
The Ricci scalars are then
1
Ruyr = s T o(1/g%),
V¢
2 81
Rg = ——s+—0+0(1/¢%). 6.26
T = TRt e T oW (6:26)

Disagreement is obvious. This parallels the conclusion of [49].

7 Duality

In this section we will discuss duality relation for the zn model. By no means this relation is
accidental. Rather it is in one-to-one correspondence with the duality relation for the bulk
theories.

7.1 Bulk Duality

As was shown in [50,51], at /€ ~ A the bulk theory goes through a crossover transition to
the strong coupling regime. At small ¢ (/€ < A) this regime can be described in terms of
weakly coupled dual N' = 2 SQCD, with the gauge group

U(N) x UV, (7.1)

and Ny flavors of light dyons. This non-Abelian A/ = 2 duality is, in a sense, similar to
Seiberg’s duality in N' = 1 supersymmetric QCD [7,52], for further details see [53]. Later a
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dual non-Abelian gauge group SU(N ) was identified on the Coulomb branch at the root of
a baryonic Higgs branch in the N/ = 2 supersymmetric SU(N) gauge theory with massless
quarks [54].

Light dyons are in the fundamental representation of the gauge group U(N ) and are
charged under Abelian factors in (7.1). In addition, there are light dyons D' (l=N+1,...,N),

neutral under the U(NN) group, but charged under the U(1) factors. A small but nonvanishing
¢ triggers condensation of all these dyons,

0 ... 0 1 ... 0 i )
(DY = el ... ... ... ... ... ... ], (D=0, 1=1,..,N,

o ... 0 0 ... 1
(DY = V& (D)Y=0, I=N-+1,.,N. (7.2)

Now, consider the equal quark mass case. Both, the gauge and flavor SU(N) groups,
are broken in the vacuum. However, the color-flavor locked form of (7.2) guarantees that the
diagonal global SU(N )¢, survives. More exactly, the unbroken global group of the dual
theory is

SU(N)p x SUN)cer x U(1), (7.3)

the same as in the original theory, see (2.12). Here SU(N)¢.r is a global unbroken color-
flavor rotation, which involves the last N flavors, while SU(N)y factor stands for the flavor
rotation of the first N dyons. Thus, a color-flavor locking takes place in the dual theory too,
although in a different way. Now colors are "locked” to the last N flavors instead of the first
N, see (2.7) and (7.2).

For generic quark masses the global symmetry (2.12) is broken down to U(1)¥s/71,

7.2 Dual world-sheet theory

Much in the same way as in the original theory, the presence of the global SU(N )otF group is
the reason behind the formation of the non-Abelian strings. We can repeat all the steps that
leads us to the effective world-sheet theory (4.12) on the non-Abelian semilocal string for the
dual bulk theory. Now we have N orientation moduli n; with masses m; = {my41,...,m Nf}

and N size moduli Z; with masses m; = {my,....,mny} (j =1, ..., N,i=1,.., N). The bosonic
part of the action has the form

- . 1 1
Se[}f = /d2:c {|8k(2inj)|2 + \anj\2 + EF’; + = Xk

2 2 47\ 2
|ﬁ-|2+—<|ﬁ-|2—~—) ,
J 9 J g2

i=1,.,N, j=1,..,N, (7.4)

_|_

fmi =yl |Z Pl 2 + |20 + m




where §? is the dual bulk coupling, and the strong coupling limit ¢ — oo is assumed.
Classically, the vacua of this theory at generic quark masses are at

R [4m 5 -
\/50' = =My, Njo = ?’ Njtjo = 07 Zi = 07 (75)

where jy can be

.j(] = 17 SE) N7
while i = 1, ..., N. These vacua of the dual world-sheet theory correspond to N elementary
non-Abelian strings in the dual bulk theory.
The spectrum of 7., and Z; excitations is

My = My — My, ] 7& j0> mz, = My — My, (7.6)

Note, that this spectrum is different from the perturbative spectrum of the original world-
sheet theory, see (5.3).
Suppose again that one of the masses of the first N quarks coincides with another mass
of the last N quarks,
M, = My, -

Then the dual theory also develops a noncompact Higgs branch growing from the vacuum
at V20 = —m,,, namely,

4

V20 = —Mjy,  TNj, = 9_72? v Myzgo =0, Ziziy =0, Zi = 2, (7.7)

where %, is a complex number. The (real) dimension of this Higgs branch is dimH = 2.
Again, the masses of the n,;, and Z;;, excitations remain the same, they are given in
(7.6). The field Z;, becomes massless, it corresponds to fluctuations along the Higgs branch.
The quasiclassical kink spectrum for the dual world-sheet theory (7.4) can be obtained
much in the same way as was done for the original world-sheet theory in Sec. 5.2. Writing
down a Bogomol'nyi representation for the dual model (7.4) analogous to that in (5.6) we

get the masses of the kinks interpolating between the “neighboring” vacua jo and jo + 1, see
(7.5),

47

mKink %—W V2[o(r3 = 00) — o(x3 = —OO)]‘ = 7 (M, — mjot1)| -

Jo—rjo+l 2
g

(7.8)

It is straightforward to check that this kink spectrum coincides with the monopole spec-
trum of the dual bulk theory in the quasiclassical approximation.
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7.3 Dual weighted CP(INy — 1) model

Let us start from Hanany and Tong. The brane-based arguments of [11,14] can be applied
to the dual bulk theory too. This leads us to a dual weighted CP(N; — 1). Now it has N
orientational moduli 7% with the U(1) charge +1. In addition, it has N size moduli 2} with
the U(1) charge —1. The bosonic action of this model is

~w = zw 1 1
She = [ o[V + (9P + L7+ L oo

é2

2 52 4\ 2
sw |2 € ~w sw n
MI+3<WF—MP—?)}

i=1,.,N, j=1,..,N. (7.9)

+ ‘\/§a+mj 2 |72 + ‘\/50'—'—771@'

It is easy to see that the classical vacua of this model are at

~w 47T ~w ~Sw
V20 = Mo, Mo = V ?7 Mjtjo = 0, z = 0. (7.10)

The quasiclassical spectrum of the dual weighted CP(/N;—1) model (7.9) can be obtained
along the same lines as in Sec. 6.2. It appears to be the same as in the dual zn theory (7.4),
see (7.6) and (7.8).

In passing we should mention the following. It turns out that the weighted CP(N; — 1)
model is selfdual [38,50,51]. At £ > A? the original theory is at weak coupling, and (2.13)
is positive. Analytically continuing to the domain & < A%, we formally make it negative,
which signals, of course, that the low-energy description in terms of the original model is
inappropriate. At ¢ < A? the coupling of the infrared free dual bulk theory is given by

872 ~ A 872
7 (f)—(N—N)lnﬁ——?(€)~ (7.11)

It becomes positive and the dual model assumes the role of the legitimate low-energy de-
scription (at weak coupling). A direct inspection of the dual theory action (7.9) shows that

the dual theory can be interpreted as a continuation of the sigma model (6.1) to negative
values of the coupling constant g2, where we identify

Y = Zv = v i=1,.,N, j=1,.,N. (7.12)

J Jo i i

8 Conclusions

Our task was to work out an honest-to-god field-theoretic derivation of the world-sheet
theory for non-Abelian semilocal strings. The goal is achieved. The occurrence of the large
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IR parameter (1.3) not seen in the D-brane derivation proved to be crucial. In the limit
when IR logarithm is large the world-sheet theory is obtained exactly. On the string world
sheet we discovered a so far unknown N = 2 two-dimensional sigma model, the zn model,
with or without twisted masses. Alternative formulations of the zn model are worked out:
conventional and extended gauged formulations and a geometric formulation. We compare
the exact metric of the zn model with that of the weighted CP(N; — 1) model conjectured
by Hanany and Tong, through D-branes. In fact these two models are essentially different.
This has been unequivocally demonstrated in certain regimes. Still quasiclassical excitation
spectra of two models coincide. An obvious task for the future is the large-N solution of the
zn model.
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A Appendix

A1l. Useful formulae

For convenience we list here all the relevant traces which appear in the kinetic term for
matter fields (2.36).

O’ Oy + (A n)? = [CPY],

Tr { [0(nn®)] - [kl m)}} _o[cPM],

T d [nn] - [dunn® — ndyn® — 2nn* ()] - [Bu(n m]} — _[cP],
T d [ n* — non® — 2nn*(n0yn)] - {akmn*)}} o,
T d 0] - [onn® — nogn® — 20 (n*ayn)] - [akn}} _ e,
Tr [Qenn* —ndn* —2n n*(n*akn)f} = —2[CPVY],

Tr

— — = = A

[n n*] . [8kn n* —noyn* —2n n*(n*@kn)]2} = — [(CPN_l] )
(A1)

A2. Matter fields contributions

The matter field contribution is evaluated and decomposed in terms of the dependence on
powers of the profile functions w and

Tr [(VkQ)*(VkQ)] = ﬁwovo + L+ L2+ ,C,Yl + ﬁ.yz , (AQ)
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where
ﬁwofyo = Tr { [3k(¢1 - nn*(cbl - ¢2))] [8k(¢1 - nn*(gbl - ¢2))}}
+  [0k(n*95)] [Ok(n ¢3)]
= 2(¢1 — ¢2)2 ((c%n*&m) + (8kn*n)2) + 8k(n*q§§)8k(n ¢3)

+ |0kt ]* + [Oko]?
= 2(¢1 — 2)*[CPY'] + 0k(n* %) (n ¢3) + [0k |” + | O],

L, = Tr { [qSl —nn*(¢ — gzﬁg)} [8kn n* —noyn* —2nn*(n*- 8kn)}

x [8k(¢1 —nn'(¢ — ¢2))] } w

+ [0 @3] [Oxnn* — nOpn* — 2nn*(n*Okn)] [Ok(n ¢3)|w + c.c.
= -2 ((gbl — $2)* + |¢3|2)w [cpPy],
L, = —Tr { [qﬁl —nn*(¢; — ¢2)] [&m n* —non® —2n n*(n*@kn)}z

X o1 —nn* (¢ — ¢)] }w2
— [n* qb;ﬂ [Okn n* —non* —2n n*(n*@kn)] 2 [n gbg}wQ

— (26— 20n = owdon + (61— 0"+ onF )7 [CPY

_ (as% Lt |¢3|2)w2 [CPh1],
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Lo = Tr { [¢1 —nn’ (g1 — ¢2)} [” n*]

X [Ou(¢1 — nn*(¢1 — ¢2))] } (p*Ocp — pOkp* + 2|p|* n*Opn)y

+ [”*Q%} [8k(” ¢3)] (p*Okp — pOkp™ + 2|p|2 n*ogn)y + c.c.
= (030103 — D30k + 2|¢5]*n" Oun) (0" Orp — pOkp™ + 2|pl* 0" Opn)

L. = —Tr { [gbl —nn* (¢ — gbg)} [n n*} [n n*}

X [pr —nn (g1 — ¢o)] }(p*akp — pOkp* + 2| p|* n*On)?y*

= [n"g5] 0] [n "] [0 6s] (0" Ok — pOkp™ + 2|pI* n*On)*y*

= —(¢3+103)*) (p*Oup — pOkp™ + 2|p|> n*On)*~*. (A.3)

A3. Evaluation on the semilocal solution

In this section we explicitly evaluate the integrations over the transverse plane. We collect
all terms appearing in (2.35) and (2.36) in terms of various combinations of derivatives,

1 /2
‘CakN*ﬁkn-i-(ﬁkn*n)z = QW/TdT{E ( f2(1 — (.U)z + 20}/2)

r2

X [8kn*8kn + (&m*n)z}

2
27r/rdr{§ (1 - |¢2|2) + |¢2|4w}[8kn*8kn+ (&m*n)z}

§ &

2

B L
=2 =

B |p|? [Okn* On + (Opn*n)?] . (A4)

Note that the 1/g* corrections drops out from the second piece. Furthermore,

[&m*ﬁkn + (&m*n)z} + 27T§ In
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L+ 01 pph 7 +2]pl2 (n* D)2
1 1 lol?
—on [rar{ = L)+ e e+ D)
g T T
X[0*Op — pdip* + 2| p|* n* On)?
1 r2 1
=2 [ rdr{ — — + 2
/ { FE T B A ) }

X[p*Op — pOip* + 2| p|* n* On)?

_{ T 1 +7T§ 1 T 1 }
692 [p|* ~ 4 [p[*  3g%|p*

X[p*Okp — pOp” + 2|p|* n*Opn)?

and

Loy pp2r?

11 2 1
= QW/TdT{?ﬁ(a/ﬂff + {(1 + ‘TP—L) (a‘ppqﬁg)z + 7’_2¢2 8,,2@} } [8k|p|2}2
T 1 71 T 1 } 972
- D adePT
o~ T sy

and

1 *
Linprotoeamp = 2 [ rdr10aP10up + pla )

L 271
= {27T§ln—— T

= Y9p + p(n*on)|?
7 g2|p|2}' ko p(n"Oim)

Collecting together all the pieces we obtain the result reported in (2.40), namely,

L2
Log = ﬂﬁan‘ﬁk(pn)f—7T§|8kp+p(n*8kn)\2

2T
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