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ABSTRACT: We construct, in an SU(2) gauge theory with two adjoint scalars, flux strings
with monopoles attached at the ends. One scalar breaks SU(2) — U(1) and produces
monopoles, the other then breaks the U(1) and produces strings. Dualizing, we write the
theory in terms of effective string variables and show that the flux in the string is exactly

saturated by the monopoles at the ends.
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1 Introduction

Strong interactions are adequately described at high energies by quantum chromodynamics
(QCD). At low energies, the QCD coupling is large and color is confined, but a precise
description of how that happens is as yet unknown. Following the ideas of Mandelstam
and Nambu [1, 2], it is now generally thought that the QCD vacuum behaves like a dual
superconductor, created by condensation of magnetic monopoles, in which confinement is
analogous to a dual Meissner effect. A meson state is then formed by attaching quarks to
the ends of a flux string analogous to the Abrikosov-Nielsen-Olesen vortex string of Abelian
gauge theory [3, 4].

A construction of flux strings in the Weinberg-Salam theory was suggested by
Nambu [5], in which a pair of magnetic monopoles are bound by a flux string of Z conden-
sate. A different construction of flux string, involving two adjoint scalar fields in an SU(2)
gauge theory, has been discussed in [4, 6]. Recently there has been a resurgence of interest
in such constructions [7-10].

In this paper we construct these strings and write the action in terms of string vari-
ables as a dual gauge theory. A pair of 't Hooft-Polyakov magnetic monopole and anti-
monopole [11-13] are attached to the ends of the string, as in the picture of confinement.
We start with SU(2) gauge theory with two adjoint scalars. One of them, call it ¢, ac-
quires a vacuum expectation value (vev) ¥; which is a vector in internal space, and breaks
the symmetry group down to U(1). The 't Hooft-Polyakov monopoles are associated with
this breaking. The other scalar field ¢o also has a non-vanishing vev ¥, which is free to
wind around ¥ in the internal space. This winding is mapped to a circle in space, giving
rise to the vortex string. We then dualize the fields as in [14-18] to write the action in
terms of string variables.

The idea of two-scale symmetry breaking in SU(2), the first to produce monopoles
and the second to produce strings, has appeared in [19]. Later this idea was used in a
supersymmetric setting in [20-22]. The idea of flux matching, following Nambu [5] also
appeared in these papers. In this paper we describe an explicit construction of flux strings



in non-supersymmetric SU(2) theory with 't Hooft-Polyakov monopoles of the same theory
attached to the ends. We also show explicitly, by dualizing the variables, that the flux
at each end of the string is saturated by the magnetic monopoles, indicating confinement
of magnetic flux. As far as we are aware, this is the first time this construction has been
done in terms of the variables corresponding to the macroscopic objects — the monopoles
and flux tubes.

2 Magnetic monopoles

In the bulk of the paper we shall consider SU(2) gauge theory with two adjoint scalar fields.
The Lagrangian for SU(2) gauge theory with two adjoint scalar can be written as

L = —%TI‘ (GMVGMV) + Tr (Du(leu(bl) + Tr (DM(bQDM(bQ) + V((bl, ¢2) (21)

Here ¢, = ¢!, 7%, (a = 1,2) are two real scalar fields in the adjoint representation of SU(2),
7t are the SU(2) generators with Tr (7%r7) = 169 (4,5 = 1,2,3), and V(¢1,¢2) is some
interaction potential for the scalars. The covariant derivative and the Yang-Mills field
strength tensor are defined as

D,ugbai = 3;@3 + geijkAigbga
Gi, = 0uA') — 0, Al + geF AT AR,

We will sometimes employ vector notation, in which

Dydo = 0uda + 9gA X G, (2.4)
G = A, — 0,4, + gA, x A, etc. (2.5)

Obviously, 51 and ¢; represent the same object. The simplest form of the potential
V(¢1, ¢2) that will serve our purpose is

V(g 6) = — L1 — ) (0ol — 3P~ Vau(on, @0). (26)

The last term Viix(¢1,¢2) includes all mixing terms in the potential, which involve
products of the two scalar fields in some way. Through an obvious abuse of terminology,
we will refer to vy,vy as the vacuum expectation values of ¢; and ¢, although in
general the potential V (g1, ¢2) will not reach local minima at vy, ve. For now we will set
Vinix (01, ¢2) = 0, then vy, ve will in fact define the local minima of the potential. Let us
now define the ¢; vacuum by

Dy =0 (2.7)
61> = of.
The vacuum expectation value of the adjoint field ¢ breaks the SU(2) symmetry down
to U(1) at the scale v;. The vector fields A* and the modulus of the scalar field ¢; will

acquire a mass,
MAi = guy, MWH == \/Xl’Ul. (28)



We assume that the vacuum expectation value v; is large compared to the energy scale
we are interested in. This could happen, for example, if the model is derived from a
supersymmetric theory in which the symmetry breaking occurs at a SUSY GUT scale.
The large value of vy provides large masses to the gauge fields and the scalar. Well below
the scale vy the massive gauge fields will not appear and the scalar field will be at its
vacuum value v;. So at low energies the theory is essentially Abelian, with one massless
gauge field, which we call B,,.
At the ¢1-vacuum the gauge field can be written as [23],

- A 1- -
A“ = Bﬂ(ﬁl — §¢1 X a“gbl, (29)

where B,, = /Tu ¢ and ¢y = gz_b)l/vl. Below the SU(2) breaking scale vq, the gauge field
is defined by eq. (2.9). Looking at eq. (2.9) we can see that one of the three components
of the gauge field is not fully determined after symmetry breaking. It is a massless mode,

which we will call B,,. The massive modes AﬂjE do not appear here because they are not
7

: r
excited below the scale v;. In a configuration with the scalar field as ¢ — v;— at spatial
r

infinity, the second term of the right hand side of eq. (2.9) corresponds to the non-Abelian
gauge field for magnetic monopoles [10].

Using eq. (2.9) we can write down the field strength tensor at the ¢;-vacuum,
- 1- - A oA 2, - -
Guu = auBu - auBu + §¢1 : au¢1 X 8V¢1 (bl - g u(bl X au(bl- (210)
A straightforward calculation shows that,
1 1
— §Tr (GG = _ZFWFW’ (2.11)

where

1~ N ~
FHV = a“B,, — 6,,BH — ;(;51 . a“gbl X (9,,@51 (212)

The second term of eq. (2.12) is the ‘monopole term’. In a configuration where the scalar
i

, r
field at spatial infinity goes as ¢! — v;—, the (ij)"® component of the second term of
r

k
eijkr
gr?

eq. (2.12) becomes — , which we can easily identify as the field of a magnetic monopole.

The flux for this monopole field is 47”. If the monopole has magnetic charge @,,, its flux is
47Q,, and thus we find the quantization condition for unit charge, Qg = 1.

The Lagrangian at the ¢;-vacuum becomes
1 1.0 - - A
L= —3FuF" + 5Dudy - D'y — Z(6a” = 03, (2.13)

with F),, given by eq. (2.12).



3 ¢ string in the ¢; vacuum

We started with a theory with SU(2) symmetry and a pair of adjoint scalars. The non-zero
vacuum expectation value of the field ¢; breaks the symmetry to U(1) at a scale v1. Below
v1 the theory is effectively an Abelian theory with magnetic monopoles. The vacuum was
chosen according to eq. (2.7). However we did not fix the internal direction of the field
¢1. This is because of the fact that the gauge group SU(2) is transitive on the vacuum
manifold S? and this transitivity makes the theory irrespective of the direction of ¢.
There is a little group U(1) in the theory which leaves ¢; invariant on the vacuum and
this little group becomes the remaining symmetry of the theory. Actually the little group
is defined at every point on the vacuum. However, for our case the little group action is
the rotation around any point on the vacuum manifold S?. That is why the little group
is same for every point on S? and the little group is U(1). So the remaining symmetry is
also independent of the direction of ¢y.

However, there is another scalar field in the theory, namely ¢o. This ¢ is in the adjoint
representation of SU(2), so it has three real scalar components. Out of the three, one
component can be chosen along the direction of the field ¢1. Then the other two will rotate
on a two dimensional plane normal to ¢; under the action of the little group U(1). In other
words, a gauge transformation rotates ¢o around ¢;. This U(1) will produce flux tubes
when the U(1) symmetry is spontaneously broken down to Zs. It is natural to take the U(1)
breaking scale vy to be very small compared to the SU(2) symmetry breaking scale, vy < vy .

In order to find string configurations, we write the covariant derivative of ¢o us-

ing eq. (2.9),
D,uQEQ = 3;&;2 +9/Tu X o,
= u‘732 +g [Bqul - é&l X 5;#51} X ¢,
= Oy + gBud1 X ¢ + [&1 <5u<51 ' 52) — 0,1 (&1 ' 52)] - (3.1)
This is of course in the ¢ vacuum.

For string configurations, ¢o has to approach its vacuum value at far away from the
string (¢ is of course at the ¢1-vacuum already). The ¢y vacuum is defined by

|dof* = v3, (32)
Dyds = 0. (3.3)

These equations are taken in the ¢ vacuum, so in particular we use eq. (3.1) in the place
of eq. (3.3). If we now dot both sides of eq. (3.3) with ¢y, we get

81 - ga) = 0. (3.4)
So in the ¢y vacuum (which by definition is embedded in the ¢; vacuum), the component
of <E2 along <51 remains constant.

As mentioned above, we can decompose ¢o (not necessarily in the ¢o vacuum) into a

component along ¢ and another component normal to ¢ in the internal space,

G2 = (61 $2)o1 + K . (3.5)



Then

—

Dyds = 10,(¢1 - $2) + 0K — ¢1(¢1 - 9, K) + gBudr x K, (3.6)

and
(D)= (0u(1 '52))2%-92(3“}?)24'(3#2)2—(le -0,K)*+29B,¢1 x K - 0"K . (3.7)

Since él K= 0, we can rewrite this after a little manipulation as
- N . . 2
(Du62)? = (0u(d1 - 62))° + (k) + k2 (- Okt X b1 + 9By ) (3.8)

where we have written K = k. We put this expression into the action of eq. (2.13). Then
in order to extract the string variables, we note that at infinite distance away from the
string, ¢o approaches its vacuum value |¢2| — vy. Further, according to eq. (3.4), b1 - bo
also approaches a constant, so using eq. (3.5) we see that k should also approach a constant.
Then the first two terms of eq. (3.8) disappear at infinity, as does the last term of eq. (2.13),
and the Lagrangian at infinity behaves as

K2 ,
L=+ (& i x b + gBM) - ZF“ Fl, (3.9)

where now k is a constant.

Since ](]52\ and the component of (bg along ¢1 both approach constant values at infinity,
and so does k = |K|, the only degree of freedom remaining in ¢, at infinity is an angle
x which parametrizes the rotation of <;52 around qSl. The first term inside the brackets in
eq. (3.9) provides the 9, x as we will see below. This is the angle which is mapped onto a
circle at infinity to produce a flux string. Further, the system is in the ¢{-vacuum, i.e. gz_ﬁ
is in a vacuum configuration given by egs. (2.7) and (2.9). So in particular we can choose
this vacuum to contain 't Hooft-Polyakov monopoles as discussed after eq. (2.9).

4 Monopoles and strings
With the above in mind, let us parametrize the ¢;-vacuum as
¢ =0 U@) U@, withU(Z) e SU(2). (4.1)

For example, an 't Hooft-Polyakov monopole at the origin is described by

0( ev 0 N
U:cos§< 0 ew>—|—sm§<i 0), (4.2)

where 0 < 0(%) < 7 and 0 < ¢(Z) < 27 are two parameters on the group manifold. This
choice of U(Z) leads to the field configuration

1

- r
¢ = Ui (4.3)



For this case the quantization condition will be Q),,g = 1. To get a monopole of higher

charge, we write

o[ ™ 0 .00 i
Un:cos§< 0 emw>+sm§<i 0) n==+1,+243,.... (44)

The integer n labels the homotopy class, m2(SU(2)/U(1)) ~ m(S?) ~ Z, of the scalar
field configuration. Other choices of U(Z) can give other configurations. For example, a
monopole-anti-monopole configuration [24] is given by the choice

. (91 — 92) 0 —eiiw (91 — 92) 1 0
pu— —_— . - . 4-
U = sin 5 i 0 +cos 0 ) (4.5)

For our purposes, we will need to consider a ¢;-vacuum configuration with U(Z) € SU(2)
corresponding to a monopole-anti-monopole pair separated from each other by a distance
> 1/v1. Then the total magnetic charge vanishes, but each (anti-)monopole can be treated
as a point particle.

We also need to choose the form of the vector # as in eq. (3.8), so that it is orthogonal
to él = 51 /v1 in the internal space and rotates around él. Let us write

#(D)irt = eX@N@Y () UT (7)o XO0 @) (4.6)

K

We have used 1 to write & here but in principle it is possible to take any constant vector
orthogonal to 73 without affecting the results below. The ¢; (Z) used here is constructed
according to eq. (4.1) with U(Z) as described above, and x(Z) is the angle by which the
vector U(Z)mUT(F) is rotated in the group.

In any case, with & as in the above equation, we find

R Ouf X $1 = =0, (&) + Nu() (4.7)
where the vector N, is given by
N, = 20Tr [9,UU"6, . (4.8)

X is the angle which is mapped onto a circle in space to exhibit the flux tube. As we will
see now, N, is the (Abelian) field of the magnetic monopoles.

Let us calculate the field strength tensor for N,
0Ny — 0N, = —¢1 - Oy x Oy1 + 20T |(9),0,)U)UTy | . (4.9)

If we use the U(Z) of eq. (4.2), the first term on the right hand side of this equation is
the field strength of a magnetic monopole at the origin, while the second term is a gauge
dependent line singularity, commonly known as a Dirac string. In this case,

N, =—(1+cos0)0u1. (4.10)



If © and 9 are mapped to the polar and the azimuthal angles, N, is the familiar 4-potential
of a magnetic monopole with a Dirac string [25]. For the U(Z) of the monopole-anti-
monopole pair of eq. (4.5), the first term of eq. (4.9) gives the Abelian magnetic field of a
monopole-anti-monopole pair, while the second term again contains a Dirac string.

The Dirac string is a red herring, and we are going to ignore it, for the following reason.
The singular Dirac string appears because we have used a U(Z) which is appropriate for
a point monopole. If we look at the system from far away, the monopoles will look like
point objects, and it would seem that we should find Dirac strings attached to each of them.
However, we know that the 't Hooft-Polyakov monopoles are actually not point objects, and
their near magnetic field is not describable by an Abelian four-potential IV, so if we could
do our calculations without the far-field approximation, we would not find a Dirac string.

There is another way of confirming that the Dirac string will not appear in any cal-
culations. In the far field approximation, we have written the Lagrangian of eq. (2.13) as
eq. (3.9), which we can rewrite using eq. (4.7) as

1 1 S )
L: _Z <auBy_ayBM+§MMV> +7( Bu_aux—i_NM) ) (411)

where k is a constant as mentioned earlier, and M, is the monopole field,
M;w = _le . a,uggl X al/@;l . (4'12)

The second term of the Lagrangian (4.11) is the one which exhibits a flux tube or a
‘physical’ string (as opposed to the unphysical Dirac string, which is an artifact of the far-
field approximation and can be relocated by a gauge transformation). An exactly analogous
term appears in the Abelian Higgs model, where instead of k we get the physical Higgs
field. This non-Abelian model also exhibits a flux string, and just like in the Abelian Higgs
model, we know that the flux string here will appear along the zeroes of k, even though
eq. (4.11) is written in the far field approximation, where k is a constant. The Dirac string
is also an artifact of the far-field approximation, and we can get rid of it by choosing U(Z)
such that the Dirac string lies along the zeroes of k, i.e., along the core of the flux string.
Then the troublesome line singularity, which appears in the second term of eq. (4.11), is
always multiplied by zero, and we can ignore it for the rest of the paper.

5 Flux tubes

In this section we dualize the effective action obtained at the end of the previous sec-
tion, and express the theory in terms of the string variables. The generating functional,
corresponding to the Lagrangian of eq. (4.11), can be written as

1 1 22
Z:/@Bugxexpi/d‘lx [_Z <8uB,,—8,,BH+§MW> +7(gBH—6ux+Nu)2 , (5.1)

In the presence of flux tubes we can decompose the angle of internal rotation y into a
regular part and a singular part, x = x" + x°. Then x* measures the homotopy class and



thus corresponds to a given magnetic flux tube, and x” describes single valued fluctuations
around this configuration. The singular part of x is related to the world sheet ¥ of the
flux string according to the equation,

P I,0hx° = M (5.2)
Y = 27Tn/ do (z(€)) 04 (z — z(€)), (5.3)
%

where £ = (£1,£2) are the coordinates on the world-sheet of the flux-tube, and do** (z(€)) =
€9,z Oyx” . In the above equation 27 is the vorticity quantum in the units we are using

and n is the winding number [26].

Now we have integrations over both x" and x®, and the second term in the action is now
2

— (9B — 0uxs — Ouxr + NM)2 . This term can be linearized by introducing an auxiliary
field C, ,

k
/@X exp [ /d4x7 (9Bu — Ouxs — Ouxr + NM)Q]

= /@XT_@C’” exp [—i/d‘lg; {W 02 + CH(N, + 9B, — 0uX" — (ZLXS)H

- / 7Cu6[0,C*] exp {—i / d'z {@ C2 4 C*(gBy+ Ny, — HXS)H - (5.4)

We can resolve the constraint 0,C* = 0 by introducing an antisymmetric tensor field B,
o ! g W
and writing C), in the form C* = —E“VPABVBPA.

In addition, we can replace the integration over Zx* by an integration over Zx,(&)
which represents a sum over all configurations of the world sheet of the flux tube. Here
x,,(§) parametrizes the surface on which the field x is singular. The Jacobian for this change
of variables gives the action for the string on the background space time [17, 27]. The string
has a dynamics given by the Nambu-Goto action, plus higher order operators [28], which
can be obtained from the Jacobian. We will not write the Jacobian explicitly in what
follows, but of course it is necessary to include it if we want to study the dynamics of the
flux tube. Integrating over the field C, , we get

1
/ 9B, D2,,(€) DB,y exp [ / d*z {—Zﬂwwwr H,,,H"*?

k k k
+§2WBW—ZeWPAMWBpA—é’eWPABﬂaVBpAH , (5.5)

where we have written F),, = 8MBV—8VBM+ w > defined H,,,,, = 0,B,,+0,B,,+0,B,, ,
used eq. (5.2) and also written M, = (BMNV 0yN,) . As explained earlier, this equality
holds away from the Dirac string, which can be ignored.

Let us now integrate over the field B,. To do this we have to linearize F),, F*" by



introducing another auxiliary field x ., ,
1 k k
/ DBy exp [z / d'z {—ZFWF“” - Ege‘“’”’\BH&,BM - Ze‘“’p’\Mu,,Bp)\H

. 1 1 1
— /@BM@XMV exp [z/d4x {_ZXWXW + 56“”’))‘XW8pB,\ + @ﬁprXprA

kg vpA k VpA
—EEM P BwapB)\ - ZGM P MMVBPA
= /.@Xﬂ,,&[e“”p)‘&,(xp)\ — ngp)\)}
[t d =Ly + e kgBy,) M
exp i | i = XX e Ot — Ry w)Mpx ¢ | - (5.6)
We can integrate over x,, by solving the J-functional as
Xpw = 9k B + 0, A7 — O, A} (5.7)

Here A} is the ‘magnetic photon’, and what we have achieved is dualization of the vector
potential B,,. The result of the integration is then inserted into eq. (5.5) to give

Z :/@A;T@mu(f)@BW
) L kB o, A" g H,,,H"? kZ B — gkt A™H
exp |1 1 (g w0, V}> +E wp TS —Jm - (5.8)

Here jh, = —%e“” PO, M oA is the current of magnetic monopoles. The equations of motion
for the field B, and A* can be calculated from this to be

HHM = e — Dy (5.9)
g

0,G1 = (5.10)

where G, = gkByy, + 0, A7 — 0, A, and m = gk. Combining eq. (5.10) and eq. (5.9) we
find that 1
SO (@) + () = 0. (5.11)

It follows rather obviously that a vanishing magnetic monopole current implies 0, %" (x) =
0, or in other words if there is no monopole in the system, the flux tubes will be closed.
If there are monopoles at the ends of the flux tube, we need to check if the fluxes match

2nm

correctly. The magnetic flux through the tube is =, while the total magnetic flux of the
monopole is 4an , where n, m are integers. So in order for the monopoles to be confined, we
must have n = 2m . It follows that the minimum value of n required for confinement of 't
Hooft-Polyakov monopoles is n = 2. Clearly, if we could create a monopole-anti-monopole
pair, it could break the flux tube. But we have a hierarchy of energy scales vy > vg,
which are respectively proportional to the mass of the monopole and the energy scale of

the string. We can expect this hierarchy to prevent pair creation from string breakage.



The conservation law of eq. (5.11) also follows directly from the gauge invariance of

the action in eq. (5.8) under the gauge transformations
0B, = 0Ny, — O\, , SAY = —gkA,, . (5.12)

Applying this gauge transformation to the action and integrating over all A, , we can write
the partition function as [18]

1
Z = /@Aggmu(f).@Buﬁ [gauzw‘f‘ﬂ%]
; 1 my2, 1 Hrp k HY SR AT
exp |4 _Z(ngﬂV+a[u ) "’EHMVPH —§EWB —jhA . (5.13)

Now we can define a gauge invariant B,,, = By, + gik(BMAL” — 0,A}). The generating
functional becomes,

7z = / P2,(6)DB.,5 Baﬂzﬂ”(x) + i (@)

exp [z / {1—12HWpH“”p - im2B’fw - %EWB’WH . (5.14)
Thus these strings are analogous to the confining strings in three dimensions [29]. There
is no A}, the only gauge field which is present is B,,,. This B}, field mediates the direct
interaction between the confining strings.

The functional delta function at eq. (5.14) enforces that at every point of space-time,
the monopole current cancels the currents of the end points of flux tube. So the monopole
current must be non-zero only at the end of the flux tube. Eq. (5.14) does not carry
Abelian gauge field A7, only a massive second rank tensor gauge field. All this confirms
the permanent attachment of monopoles at the end of the flux tube which does not allow
gauge flux to escape out of the flux tubes.

References
[1] S. Mandelstam, Vortices and quark confinement in non-Abelian gauge theories,
Phys. Rept. 23 (1976) 245 [SPIRES].

[2] Y. Nambu, Magnetic and electric confinement of quarks, Phys. Rept. 23 (1976) 250
[SPIRES].

[3] A.A. Abrikosov, On the magnetic properties of superconductors of the second group, Sov.
Phys. JETP 5 (1957) 1174 [Zh. Eksp. Teor. Fiz. 32 (1957) 1442] [SPIRES].

[4] H.B. Nielsen and P. Olesen, Vortez-line models for dual strings, Nucl. Phys. B 61 (1973) 45
[SPIRES].

[5] Y. Nambu, String-like configurations in the Weinberg-Salam theory,
Nucl. Phys. B 130 (1977) 505 [SPIRES].

[6] H.J. de Vega, Fermions and vortex solutions in Abelian and non-Abelian gauge theories,
Phys. Rev. D 18 (1978) 2932 [SPIRES].

,10,


http://dx.doi.org/10.1016/0370-1573(76)90043-0
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRPLC,23,245
http://dx.doi.org/10.1016/0370-1573(76)90044-2
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRPLC,23,250
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=SPHJA,5,1174
http://dx.doi.org/10.1016/0550-3213(73)90350-7
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B61,45
http://dx.doi.org/10.1016/0550-3213(77)90252-8
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B130,505
http://dx.doi.org/10.1103/PhysRevD.18.2932
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D18,2932

7]

[21]

[22]

23]

[24]

[25]

[26]

R. Auzzi, S. Bolognesi, J. Evslin, K. Konishi and A. Yung, Non-Abelian superconductors:
vortices and confinement in N = 2 SQCD, Nucl. Phys. B 673 (2003) 187 [hep-th/0307287]
[SPIRES].

A. Hanany and D. Tong, Vortex strings and four-dimensional gauge dynamics,
JHEP 04 (2004) 066 [hep-th/0403158] [SPIRES].

M. Shifman and A. Yung, Metastable strings in Abelian Higgs models embedded in
non-Abelian theories: calculating the decay rate, Phys. Rev. D 66 (2002) 045012
[hep-th/0205025] [SPIRES)].

G.’t Hooft, Monopoles, instantons and confinement, hep~th/0010225 [SPIRES].

G.’t Hooft, Magnetic monopoles in unified gauge theories, Nucl. Phys. B 79 (1974) 276
[SPIRES].

A M. Polyakov, Particle spectrum in quantum field theory, JETP Lett. 20 (1974) 194 [Pisma
Zh. Eksp. Teor. Fiz. 20 (1974) 430] [SPIRES].

M.K. Prasad and C.M. Sommerfield, An ezxact classical solution for the 't Hooft monopole
and the Julia-Zee dyon, Phys. Rev. Lett. 35 (1975) 760 [SPIRES].

R.L. Davis and E.P.S. Shellard, Antisymmetric tensors and spontaneous symmetry breaking,
Phys. Lett. B 214 (1988) 219 [SPIRES].

M. Mathur and H.S. Sharatchandra, Manifestly Lorentz covariant local quantum field theory
of dyons via dual matter fields, Phys. Rev. Lett. 66 (1991) 3097 [SPIRES].

K.-M. Lee, The dual formulation of cosmic strings and vortices,
Phys. Rev. D 48 (1993) 2493 [hep-th/9301102] [SPIRES].

E.T. Akhmedov, M.N. Chernodub, M.I. Polikarpov and M.A. Zubkov, Quantum theory of
strings in Abelian Higgs model, Phys. Rev. D 53 (1996) 2087 [hep-th/9505070] [SPIRES].

C. Chatterjee and A. Lahiri, Monopole confinement by flux tube, Europhys. Lett. 76 (2006)
1068 [hep-ph/0605107] [SPIRES)].

M. Hindmarsh and T.W.B. Kibble, Beads on strings, Phys. Rev. Lett. 55 (1985) 2398
[SPIRES].

M.A.C. Kneipp, Color superconductivity, Zy fluz tubes and monopole confinement in
deformed N = 2* super Yang-Mills theories, Phys. Rev. D 69 (2004) 045007
[hep-th/0308086] [SPIRES].

R. Auzzi, S. Bolognesi, J. Evslin and K. Konishi, Non-Abelian monopoles and the vortices
that confine them, Nucl. Phys. B 686 (2004) 119 [hep-th/0312233] [SPIRES].

M. Eto et al., Non-Abelian duality from vortex moduli: a dual model of color-confinement,
Nucl. Phys. B 780 (2007) 161 [hep-th/0611313] [SPIRES].

E. Corrigan, D.I. Olive, D.B. Fairlie and J. Nuyts, Magnetic monopoles in SU(3) gauge
theories, Nucl. Phys. B 106 (1976) 475 [SPIRES].

F.A. Bais, SO(3) monopoles and dyons with multiple magnetic charge,
Phys. Lett. B 64 (1976) 465 [SPIRES].

P.A.M. Dirac, Quantised singularities in the electromagnetic field, Proc. Roy. Soc. Lond. A
133 (1931) 60 [SPIRES].

E.C. Marino, Quantum global vortex strings in a background field,
J. Phys. A 39 (2006) L277 [hep-th/0603173] [SPIRES].

— 11 —


http://dx.doi.org/10.1016/j.nuclphysb.2003.09.029
http://arxiv.org/abs/hep-th/0307287
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0307287
http://dx.doi.org/10.1088/1126-6708/2004/04/066
http://arxiv.org/abs/hep-th/0403158
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0403158
http://dx.doi.org/10.1103/PhysRevD.66.045012
http://arxiv.org/abs/hep-th/0205025
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0205025
http://arxiv.org/abs/hep-th/0010225
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0010225
http://dx.doi.org/10.1016/0550-3213(74)90486-6
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B79,276
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JTPLA,20,194
http://dx.doi.org/10.1103/PhysRevLett.35.760
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,35,760
http://dx.doi.org/10.1016/0370-2693(88)91472-4
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B214,219
http://dx.doi.org/10.1103/PhysRevLett.66.3097
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,66,3097
http://dx.doi.org/10.1103/PhysRevD.48.2493
http://arxiv.org/abs/hep-th/9301102
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9301102
http://dx.doi.org/10.1103/PhysRevD.53.2087
http://arxiv.org/abs/hep-th/9505070
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9505070
http://arxiv.org/abs/hep-ph/0605107
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0605107
http://dx.doi.org/10.1103/PhysRevLett.55.2398
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,55,2398
http://dx.doi.org/10.1103/PhysRevD.69.045007
http://arxiv.org/abs/hep-th/0308086
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0308086
http://dx.doi.org/10.1016/j.nuclphysb.2004.03.003
http://arxiv.org/abs/hep-th/0312233
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0312233
http://dx.doi.org/10.1016/j.nuclphysb.2007.03.040
http://arxiv.org/abs/hep-th/0611313
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/0611313
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B106,475
http://dx.doi.org/10.1016/0370-2693(76)90123-4
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B64,465
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRSLA,A133,60
http://dx.doi.org/10.1088/0305-4470/39/18/L04
http://arxiv.org/abs/hep-th/0603173
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=JPAGB,A39,L277

[27] P. Orland, Extrinsic curvature dependence of Nielsen-Olesen strings,
Nucl. Phys. B 428 (1994) 221 [hep-th/9404140] [SPIRES].

[28] J. Polchinski and A. Strominger, Effective string theory, Phys. Rev. Lett. 67 (1991) 1681
[SPIRES].

[29] A.M. Polyakov, Confining strings, Nucl. Phys. B 486 (1997) 23 [hep-th/9607049] [SPIRES].

- 12 —


http://dx.doi.org/10.1016/0550-3213(94)90200-3
http://arxiv.org/abs/hep-th/9404140
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9404140
http://dx.doi.org/10.1103/PhysRevLett.67.1681
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,67,1681
http://dx.doi.org/10.1016/S0550-3213(96)00601-3
http://arxiv.org/abs/hep-th/9607049
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-TH/9607049

	Introduction
	Magnetic monopoles
	phi(2) string in the phi(1) vacuum
	Monopoles and strings
	Flux tubes

