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In a gauge theory with no Higgs fields the mechanism for confinement is by center vortices, but in theories
with adjoint Higgs fields and generic symmetry breaking, such as the Georgi-Glashow model, Polyakov
showed that ind=3 confinement arises via a condensate of 't Hooft—Polyakov monopoles. We study the
connection ind=3 between pure-gauge-theory and the theory with adjoint Higgs fields by varying the Higgs
VEV v. As one lowers from the Polyakov semiclassical regim&-g (g is the gauge couplingoward zero,
where the unbroken theory lies, one encounters effects associated with the unbroken thefimiteavalue
v=g, where dynamical mass generation of a gauge-symmetric gauge-bosommsagstakes place, in
addition to the Higgs-generated non-symmetric nissvg. This dynamical mass generation is forced by the
infrared instability(in both 3 and 4 dimension®f the pure-gauge theory. We construct solitonic configura-
tions of the theory with botim,M # 0 which are generically closed loops consisting of nexyseslass of
soliton recently studied for the pure-gauge thepeach paired with an antinexus, sitting like beads on a string
of center vortices with vortex fields always pointing inimut of) a nexus(antinexu$; the vortex magnetic
fields extend a transverse distancen1An isolated nexus with vortices is continuously deformable from the
't Hooft—Polyakov (n=0) monopole to the pure-gauge—nexus-vortex comphlx=(Q). In the pure-gauge
M =0 limit the homotopyII,(SU(2)/U(1))=Z [or its analog forSU(N)] of the 't Hooft—Polyakov mono-
poles is no longer applicable, and is replaced by the center-vortex homidtd®J(N)/Zy) = Zy of the center
vortices.[S0556-282(199)06012-9

PACS numbe(s): 11.15.Tk, 12.38-t

[. INTRODUCTION co-dimension 2in particular, a closed string id=3) car-
rying magnetic flux quantized in the center of the gauge
In this paper we demonstrate a smooth transition from thgroup. Much of this work was lattice-oriented, but Ref],
Georgi-Glashow model in the semiclassical limit, where con-working in the continuum, argued that a dynamical gauge-
finement was argued long ago to be due to a condensate bbson mass was generated because of infrared-instability ef-
essentially Abelian 't Hooft—Polyakov monopoles, to thefects, and showed that the effective Lagrangian describing
center-vortex picture of confinement as proposed for thehis mass(a gauged non-linear sigma mogdlad Nielsen-
pure-gauge theory with no Higgs symmetry breaking. TheOlesen-like vortices. The mass associated with the center
issues raised are also relevant for an understanding of clainv®rtices is not associated with gauge symmetry breaking;
for understanding confinement by Abelian projection. instead, it arise$9] as a necessary element of solving the
In the 1970s several mechanisms for gauge-theory corinfrared-unstable Schwinger-Dyson equations of the gauge
finement were put forth. The first continuum mechanism tatheory. AllN2—1 gauge bosons &U(N) acquire the same
be carefully worked out was Polyakov's treatmght of the ~ massm. These vortices could link with Wilson loops and for
d=3 Georgi-Glashow model. He showed that 't Hooft— fundamental Wilson loops whose size scales were large com-
Polyakov (TP) monopoles, associated with the breaking ofpared to I (hereafter, large Wilson looped to topologi-
SU(2) toU(1) by an adjoint Higgs field, are condensed andcal confinement in which the vortices gave rise to a Wilson-
confined as would be expected in the much-discussed duldop phase factor of the form of an element of the center
superconductor pictur€2]. (To avoid confusion, we note raised to a power which was a linkihg number:
that essentially Abelian thick vortices are invoked not only inexp(2#iJK/N). Here the integed specifies the quantized vor-
the dual superconductivity picture, but also in the centertex flux andK is the Gauss linking number of the vortex and
vortex picture put forward here. These are far from being thehe Wilson loop. Averaging over these phase fluctuations
same; in the center-vortex picture the vortices are of magthen led to an area laj4].
netic character, but are electric in the dual-superconductor It has been shown by lattice-theoretic argumdaf3;,11]
picture. For more modern references to the dual supercorthat in pure-gaug&U(2) only center vortices can confine,
ductivity hypothesis, see, e.g., REB].) by constructing lattice actions in which by adjusting param-
Soon thereafter the center vortex pict{4e-8] of confine-  eters it is possible to retain or exclude thick center vortices
ment was put forth, based on the idea that a pure-géw®e and other phenomena. Those actions with no thick center
no Higgs fields to break the gauge symmetiiyeory pos-  vortices are proved not to confine, for any finite lattice spac-
sessed a kind of quantum soliton which was a fat object ofng however small(Thin vortices confine, but in the small-
lattice-spacing limit their action is so large that they are sup-
pressed.
*Email address: Cornwall@physics.ucla.edu More recently, the center-vortex picture has been revived
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and various group$12,13 have made lattice calculations tension proportional top.> Another question, hard to address
comparing the area law as computed conventionally with thevith conventional Creutz-ratio calculations of string ten-
area law computed in various ways. All the ways are relategions, is the actual magnitude of the higllewilson loops

to, but not identical to, the continuum phase approximatiorinvoked in their character expansion. Work is underway in
which the author has usdd]. This approximation consists, the continuum center-vortex picture to study such loops, but
for a given gauge configuration, of replacing the true Wilsonwe will not discuss it here.

loop value by a phase factor chosen to be the element of the Second, it should be noted that the groups who argue for
center nearest to the true phase fadia., for SU(2) one the trivial equall_ty of the phase approximation and of the full
replaces the Wilson loop by its sigrin the continuum it is fundamental Wilson loop vacuum expectation val\&V)
clear that the phase approximation leaves out perimeter-lafynen N0 gauge fixing is used have been motivated in part by

terms and short-distance contributions. These lattice calcul _e\'g\eplg)prpAeArgs' n s'chi—caII.e? énax'g“'l"' Abellanb p’rtOJ:cn?tn
tions show that the phase approximation exactly reproduc ' IS an idea Introduced long ago by 00

o . 1]. He proposed a special way of looking at a gauge
the full area law, but' their interpretation depends markedl| theory, by choosing a gauge in which the gauge potentials
on exactly what version of a phase approximation one us

e\ﬁl . . . .
. , : . ere Abelian as nearly as possible. Points where the eigen-
on the lattice. Koves and Tombouli$12] have studied the ! y 85 Poss! s W '9

, ' values of the gauge potential had degeneracies had to be
center-vortex picture of confinement both 8t(2) and for  yq5qciated with monopoles, as 't Hooft showed. The 't Hooft

SU(3), in both cases finding excellent agreement between,ge fixing was equivalent to breaking the gauge symmetry
the fundam_ental area I_aw in their phase_ approximation an%s U(N)—U(1)N"1] with an adjoint Higgs field of generic
the conventional full Wilson-loop calculation. These aUthOfSexpectation value, and is relevant to our discuss of the
distinguish the behavior of thick vorticéthose which, in the Georgi-Glashow model. Recent lattice calculati¢g] are
continuum, are the ones we discuss here, with a thickness @faimed to show that confinement via monopoles can indeed
the inverse physical mass scadmd thin vorticegone lattice  be seen on the lattice by projecting gauge configurations onto
spacing thick by a cooling procedure which destroys the the Cartan subalgebra. This projection can be done without
lattice-scale thin vortices, which cannot survive to the con-gauge fixing, and the same groust—16 who have been
tinuum limit. Not only do they find that the fundamental- concerned with center-vortex gauge fixing have argued that
loop area law is exactly reproduced by their phase approxiAbelian projection without gauge fixing also does not lead to
mation; they find, as expected, differences at short distancegny significant test of whether 't Hooft's MAP monopoles
On the other hand, Del Debbiet al. [13] use different are involved in confinement. They have argued that the
phase approximations, in some cases not fixing a gauge afMdAP-projected theory is derived from the non-Abelian
in some case fixing a gauge. Their esser@al(2) phase theory, and not the other way around. The present paper
approximation is to reduce the full gauge theory tZa 9ives evidence for this point of view, not for MAP, but for
gauge theory, which is not the same as approximating théhe transition from Polyakov-like confinement to center-
Wilson loop by its sign. For the fundamental-loop area lawvortex confinement in the Georgi-Glashow model. The
they find perfect agreement, in either case, between the fufbove-cited authors also claim that projecting onto an Abe-
lattice calculations and their approximations. However, wherdian ensemble is not important; other projections could be
they do not fix a gaugéso_ca”ed maximal center projec- used, and they argue that Abelian projection is essentially
tion), the agreement extends to short distances as well. It hdgVial, that projection itself has nothing to do with the Abe-
been argued14—16 on the basis of arBU(2) character lian dqminance claimgd to be revealed b)_/ .projection, .and
expansion that such agreement is an inevitable consequendBat things are very different with gauge-fixing; only with
given certain very plausible behavior of highkrwilson — 9auge-fixing can one identify the true physical objestsch
loops. They then claim that fixing the gauge to the so-calledS center vorticgsresponsible for confinement. However,
maximal center gauge is, in fact, a meaningful test of the®n€ _certalnly cannot base one’s ultlmate_ understanding of
center-vortex picture. The argument is that the gauge fixingonfinement on gauge-dependent properties. The arguments
is a global construct which can single out thick vortices,We give here are independent of a choice of gauge.
while the phase approximations without gauge fixing are in- Once again, we forego further detailed comment on these
fected by lattice-scale vortices. issues, except to note that MAP is often done with a subsid-
It would take another paper as long as this one now is tdary calculatl(_)n_ Wh|ph minimizes an action which is essen-
discuss these issues thoroughly. We will make only twdially the adjoint-Higgs gauge-boson mass term. Clearly
comments. The first is that while it appears that the expectdVAP leads to a description of a pure-gauge theory as if it
tion value(Z) of the signZ of the fundamental Wilson loop Were a Georgi-Glashow model. There is one difference, how-
W is essentiall(W;) itself, this in itself does not answer €ver: The gauge theory quite independently of any MAP
the interesting physical questions connected with the centefOnsiderations generates a dynamical nrasé\ MAP pro-
vortex picture. One such question is wtg) yields an area J€Ction may imitate the further generation of a Higgs-
law at all (aside from lattice empirigs It could have, for ~Mechanism massl, different fromm, as well. So MAP pic-
instance, yielded a perimeter law. In fact, an area law Zor
[4,17,19 comes about because center vortices have co-
dimension 2; that is, they are characterized by a two- 'Evidence for scaling behavior of an areal density for vortices on
dimensional density, with the area-law coefficien(string  the lattice is presented in Refd.9,20.
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level. The charged bosons pick up a méss-vg from the
Higgs effect ¢ is the Higgs VEV. Working in the semiclas-
sical limit wherev>g, he showed that there was a conden-
sate of TP monopoles which confined as would a dual super-
conductor. He further showed that because of quantum
effects, the condensate density, the string tension, and an
induced photon mass were all exponentially small in the

FIG. 1. Schematic picture of a nexus-vortex combination inTP monpole action, which scales likég>1.

SU(2). A nexus and an anti-nexus are shown as black circles. They Naturally, one might expect that in the limit where the
are joined by oppositely directed vortex segments. charged masM and the photon mass were the same, that

is, the pure-gauge limit where the Higgs field VEV is zero
tures, in general, call for consideration of the Georgi-and there is no symmetry breaking, center vortices are the
Glashow model and its monopoles. One must ask whether fhechanism of confinement. Our claim is that in comparing
is really some form of essentially Abelian monopole or somethe d=3 Georgi-Glashow model and confinement in a pure-
form of center vortex which truly underlies confinement in gauge theory, the master mechanism of confinement follows
either a pure-gauge theory or in the Georgi-Glashow modefrom center vortices, and that TP monopoles as they appear
This paper argues that it is the center vortex and its negh the PolyakoV[1] condensate are to be understood as par-
relations which are essential; in this, we agree with Refsticular cases of the general nexus-vortex configurations we
(14,14 expose here. Once the TP monopoles condense, their photo-

In particular, we claim that what replaces the TP mono-ic fields have a mass which is, in the semiclassical limit,
pole for finitemis the combination of nexusg4,23,24 with  small compared to the charged magsNevertheless, for a
segments of center vortices, formed into closed loops. Thesgundamental Wilson loop whose size scales are large com-
closed |OOpS lead to confinement jUSt as pure center-vortepjared to Ih there is an area law of precise|y the type pre-
loops do. Figure 1 shows a schematic model of a nexusscribed by the center-vortex picture, following from a link-
antinexus pair, connecting regions of center vortex with opage of the nexus-vortex combination of Fig. 1 to the Wilson
positely directed field$.In actuality the fields extend a dis- loop, as described above. The flux of a single center-vortex
tance of order Ih transverse to the main field direction, line is half the TP monopole flux, as would be inferred from
indicated by the lines in the figure. Fig. 1 by interpreting the nexus as a TP monopole.

This closed loop can be interpreted as a monopole- |t therefore should be possible to trace the evolution of the
antimonopole pair with field lines squeezed into tubes, oiGeorgi-Glashow model into the pure-gauge theory by vary-
alternatively it can be interpreted as a center vortex with ang the two masses of the theory. There is one mafs the
nexus-antinexus paifblack circleg on it [23]. Nexuses are photon, or third component, of the gauge potential, and an-
configurations inherent to a pure-gauge theory, and we wilpther mas$vl due to symmetry breaking by a Higgs VEV. It
show that they also exist in the Georgi-Glashow model, withis useful to think ofm as not just a photonic mass, but as a
its two different mass scale®,M. In this paper we show symmetric mass present for all three gauge potentials; there
that a nexus is the essential interpolating element betweeB no real difference in the semiclassical regime where
the Georgi-Glashow model in the semiclassical limit and the<M. There one has the Polyakov picture, as described
pure-gauge theory, where the Higgs VEVvanishes. Ge- above. WhenM<m one has(essentially the pure-gauge
nerically, a nexus is a place where upNocenter vortices  theory with its center vortices sustained by dynamical mass
can meet, provided that their flux adds to zémodN), for  generation. The two masses can be adjusted by varying the
gauge grouglSU(N). The concept of the nexusiot by that  Higgs VEV v from much larger tham toward zero, where
name, howeverwas introduced long aga},24], but the first  there is no symmetry breaking and the pure-gauge theory
quantitative developments came only recep2§]. Quite in-  emerges, except for an unimportant coupling to the massless
dependently, Ambjjm and Greensitgl4] have argued in fa-  scalars. But something perhaps unexpected arises: Before
vor of such configurations in the Georgi-Glashow vacuum,eachingy =0 the Georgi-Glashow model takes on the char-
and have given a cogent discussion of the differences begcter of the pure-gauge theory, at a critical valiev .=g.
tween center vortices, the Georgi-Glashow model, and comat this point infrared instability of the pure-gauge theory, in
pact QED ind=3. d=3,4, forces the photon mass to become of omgferthe

This piCtUre Contains, but is Certainly not |mp||9d by, the same order as the Charged m%gvg becomes at the criti-
picture of confinement developed by PolyakidM for the  cal value. So the Georgi-Glashow model is in the same class
Georgi-Glashow model id=3. This model, for gauge as the pure-gauge theory even before the symmetry breaking
group SU(2), identifies two gauge bosons as charged, angs restored. In Sec. Il we discuss this consequence of infrared
the third as the uncharged photon, massless at the classigaktability, and give a one-loop estimate of the critical value

v.. At this point there is essentially only one mass scale
(even thoughm# M), and this scale? gives the(inverse
2We will be more specific below what we mean by oppositely distance scale for the transverse extension of the magnetic
directed fields in a non-Abelian gauge theory. In any case, it is cleafields of Fig. 1. There is no qualitative difference between
what we mean when we speak of conventional photonic fields in th€enter-vortex confinement and confinement in the Georgi-
Georgi-Glashow model. Glashow model.
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Naively it might appear that the configurations of Fig. 1 quire a masan which is exponentially small too. For all
could easily be understood in some Abelian version of thepractical purposes this small masscan be ignored.
theory, just as center vortices themselves and the TP mono- How can one go from the Georgi-Glashow model to the
pole have a certain Abelian character. But this is wrong; anyure-gauge theory, with no Higgs fields? At the classical
configuration of gauge fields which has a non-zero magnetigevel, to decouple the scalar fields requires changing the sign
flux over a sphere at infinity is necessarily non-Abelian, asf 2 in the action(1), thereby removing the Goldstone fields
evidenced by the homotopl,(SU(2)/U(1))=Z. In Sec.  hjch give the charged gauge bosons their mass? tirns
[l we discuss the non-trivial constructions which lead to @negative, the symmetry is restored, and all the particles of

qualitative description of a quantum soliton depending on thg g scaiar sector acquire the same mass. Ultimately the scalar
two scalesn,M and capable of describing a TP _mor_10po|e alsector can be effectively decoupled by making that mass
m=0 and a pure-gauge-nexus-vortex combinationMat | oo'e o

=0. We do not give a quantitative treatment of the soliton, We will study the transition between the semiclassical

which will be deferred to later work. . . . .
Higgs regime and the pure-gauge regime by reduoing-

ward zero from a value much larger thgn Clearly, atv
=0 the symmetry breaking is turned off, and one has a
gauge theory coupled to three massless scalar fidhis is

The Georgi-Glashow model is a Yang-Mills theory not, as we will see, an important couplingit first it may
coupled to an adjoint Higgs field. It can be defined for anyappear that even whan=g the theory looks much like the
SU(N), and with generic VEVs it breaks this symmetry Abelian-monopole phase, with long-range EM fields for an
down toU(1)N~*. We will only consider it explicitly for the  isolated TP monopole and massive charged gauge bosons.
originally proposed model where the gauge gr@&l(2) is  However, this is not so. Because of the underlying infrared
broken toU(1), and wewill only work out thed=3 caseas instability of the pure-gauge theorj17,25,18 when the
Polyakov[1] did). Two of the gauge bosorisarryingU(1)  charged mas# is small enough, tachyons appear in the
charge, identified with electromagnetiEM) chargd acquire  5-matrix as calculated in one-lodperturbation theory. The
a mass, while the third, the photon, remains massless. Thiﬁjre for these tachyon®,27] is a dynamically generated
model has TP monopoles with long-range EM magnetigyagg having nothing to do with Higgs effects, which must
fields; asymptotically, the monopole fields are preciselyhe 516 enough to overcome the tachyonic instability. An-

those of the Wu-Yang singular monopoles of the correspond(-)ther example of the same phenomenon occurs in Yang-

II. INFRARED INSTABILITY IN THE
GEORGI-GLASHOW MODEL

ing pure-gauge thec_)ry. . Mills-Chern-Simons(YMCS) theory, where the CS term
The action for this model is .
produces a mass of classical vakg?/4m at levelk. How-
2 ever, if k is less than a critical value of ord¢25] 2N in
1 1 N ;
SZJ d*| —(Gf)*+ 5 (D) + = [(¢7)>— 0] SU(N), the tachyon persists, at least at the one-loop level,
49 2 8 and dynamical mass generation must take place. This dy-

namical mass is of ordeM g°.
The main technique for uncovering these results is the

We will often use the conventional anti-Hermitean matri- ) > ;
pinch techniquéPT) [9,28—-3(. In the PT a gauge-invariant

ces
gauge-boson propagator is extracted from the S-matrix by

™ T . incorporating pieces of vertex, box, and other graphs which

Ai:zAi ' ‘//:zw , Di=dit+A. (20 have the kinematic structure of propagator parts into the

usual propagator defined by Feynman graphs. Since the
The VEV of, say,® is v; the massM of the charged gauge S-matrix is gauge-invariant, so is the resulting propagator.
bosons isM=gv and the mas#1,; of the Higgs particle is This propagator-like kinematic structure arises from pinch-

My=(\)Y%. Mostly we are interested in the—o limit, ing out certain lines in these non-propagator graphs by el-

where the massive Higgs particle decouplest not the ementary applications of Ward identities.

Goldstone fields Although we will be more precise momentarily, it is use-

The semiclassical limit of the theory is>g or M>g%  ful to indicate crudely what is going on. Roughly, the struc-

The action of the TP monopole is then large: ture of thed=3 Euclidean PT propagatddenoted with a

care}, when some of the gauge bosons pick up a mdss
4m{M  Amwlv
Stp=—=—5 >1, 3
g g

) . . _ 3Is a one-loop result even qualitatively right? There is some evi-
where{ is a numerical constant of order unity. In the semi- gence that it is, from Eberlein’s papé26] where he calculates
classical theory Polyakov shows that there is a condensate @fo-loop results which are quite close to previously calculated one-
TP monopoles with a density proportional to exi%p)  loop gap-equation results for tlie=3 gauge boson mass. However,
which is exponentially small in/g. The string tension is  most of these one-loop gap equation results are infected with tachy-
proportional to this density and therefore is exponentiallyons[18], coming from calculated mass values which are too small
small, and the condensate causes the TP monopoles to &o-cure the infrared instability.
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=vpg from the Higgs field, igomitting inessential longitudi- contribution is infrared-stable, but it is very far in size from

nal terms which come from the free propagator and have nturning off the infrared instability of the pure-gauge theory.
physical effeck Note that the inverse PT photon propagator has a pole at

p2=0, as it should in perturbation theory. But it has, for

~l1 PiP; sufficiently smallv, a tachyon as well; this tachyon also
dij™=| &ij— F (4) means that the zero-mass pole has negative residue. Both

b 2
phenomena are, of course, unphysical. A quick calculation

whereb is a gauge-invariant positive number; the quantityShOWs that this tachyon exists when
bg?/vg is shorthand for a more complicated function as
given below, but what is important for us is that it contrib- v<uv, UCZE-
utes negatively and that it grows as the magsdiminishes. ' 16w
Evidently, if v <bg, there is a tachyoni¢positivep?) propa-
gator pole. This, then, must be removed by other effects, as One can do a similar computation for the charged-boson
indicated by the ellipsis in Eq4). Dynamical mass genera- PT propagator, which we do not report here; since the
tion will add a mass term of orde” to the self-energy, and charged gauge bosons couple to the massive Higgs fields, the
in combination with the ?g? this term must self-consistently resulting condition for tachyons therefore depends on the
be large enough to remove the tachyon. Higgs boson mass. In any event, whesg or, equivalently,

Let us consider this effect for the photon in the George:when M is small enough(of order g?), tachyons appear.
Glashow model. Even with the PT it is necessary to fix alhese tachyons are removed in a variant of what happens in
gauge, although all gauge dependence cancels in the phyéhe pure-gauge theor},27], in YMCS theory[25], or in

cally relevant results. We choose & gauge and add the gauge theories with Higgs symmetry breakii&t]: A dy-
gauge-fixing ternSgf to the action(1): namical mass of ordey?® is generated, so that the charged-

boson mass is a combination of effectsfvg) andO(g?)

©)

5 1 ) and large enough to remove the tachyons. Similarly, the pho-
SGF:f d Xz_g[(a'Aerng 1) ton gets a mass oD(g?). These effects are revealed by
solving dressed Schwinger-Dyson equations for the PT
+(9- A= £Qu i) *+ (- Ag)?]. (5)  propagator, with the necessary full vertices approximated by
) a functional of the PT propagatf®,27,31,32 which satisfies
The free charged gauge-boson propagator is the PT Ward identities.

We will not attempt a solution of such equations here.
A i F(e=1) Pip; ©) _Instead, we Wi|| model the results of such_sol_utions by add-
1] p2+M?2 (p2+M?2)(p2+ EM?) ) ing to the action(1) another mass term which is completely
gauge-symmetric. This term is just the gauged non-linear
As before, M=vg and the Goldstone bosons and chargedsigma model. It has been used extensiy8l7,32,26,25,31L
ghosts have squared mass¢gv)?. The final result for the 0 discuss aspects of mass generation in a pure-gauge theory,
PT one-loop inverse propagator {ggain omitting free- OF in @ Higgs model with the Higgs boson mass taken to

propagator longitudinal terms infinity.
~_ PiPj | ~_ lll. FROM THE GEORGI-GLASHOW MODEL
d 1_ S5 — J d 1/ -2
T p2 (P, TO CENTER VORTICES

As indicated in the last section, whenis small enough
(PR P g 6M? (but not zero there is an additional source of gauge-boson
d=(p9)=| P+ A —7pt p mass, coming not from Higgs effects but from the underlying
infrared instability of theSU(2) theory. We will construct
] 7) an effective action, a modification of the Georgi-Glashow
) action(1), which represents the new source of mass. We then
search for solitons of this effective action; just as in previous
Note that, as advertised, @ldependence is gone. The mark works [4,23] we sought such solitons as the center vortices
of infrared instability is the—7p term in Eq.(7), with its  themselves and the nexuses to which they can be connected.
negative sign. In the massless limit the inverse PT propaga- The first step is to construct the new effective action. It is

p
X arctaré W) —-3M

tor is simply the Georgi-Glashow actiofl) with an added mass
term, a gauged non-linear sigma model term. The new mass
Nl oo 79°p term contributes a terrm? to the squared mass of all three
d=(p9)=p°- 8 (8) gauge bosons, while the old Higgs mass terms contributes, as

before, a mas#1? to only the charged bosons. In the limit
which differs slightly from the pure-gauge PT propagator, inm=0 we must find the original TP monopole, while in the
which —7/8 is replaced foSU(2) by [9] —15/16. The dif- limit M=0 we must find a nexus solution. This nexus is
ference of+1/16 comes from the scalar fields. The scalarattached to center vortices on each side, center vortices
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which give a non-trivial contribution to a fundamental Wil- Higgs terms as much as possible; so we will in effect take the
son loop when linked to it. As explained in R¢23] and  Higgs boson mashl,, to infinity, drop the term multiplying
sketched in Fig. 1, the entire configuration consists of a\ in the action(10), and replaceV by its asymptotic value as
nexus and an antinexus lying on a closed loop of centegiven in Eqs(15),(16) below. Given that finiteness of tha?
vortices, with the nexus and anti-nexus serving as sites famass term at spatial infinity requires the requires the behav-
reversal of the magnetic fields of the vortices. However,or shown in Eq(13), it is standard to show that finiteness of
when we give explicit formulas below for solitons they will the Higgs mass term requires:

consist of a nexus at the origin, straight-line vortices, and the

antinexus pushed to infinity. xi—or P—UPUT (15

. . whereW, is constant. For example, one might cho as
A. Two-mass effective action 0 P 9 tse

Using the matrix notation of Eq2), we add to the action Wy 3 (16)
(1) a symmetric mass term TR
-1 Then the kinetic term for the Higgs fields, or from the point
S= J d3X[ —Tr(Gy))*~Tr[D; ¢ of view of the gauge bosons, the Higgs mass term in([EQ).
29 becomes
A m2_ ~ ~
+gl2Tr(y)?+u?)?- ?Tr(Ai)z . (10 —TIA W)= —TH{ A, W] (17)
Note here the difference that the new mass term propor-
where tional to m> makes, compared to the usual TP monopole:
- When m=0, there is no requirement that the long-range
Ai=U"'D;U (1)  [O(1/r)] part of A; approach a pure gauge at spatial infinity;

] ) ) ) all that is required is that the commutator in the Higgs action
andU is a 2xX2 unitary matrix representative of the group i gq. (10) vanish. Indeed, the TP monopole in the spherical

SU(2). Thegauge-transformation laws fdy;, U are gauge, whereIf—wifi  is the Wu-Yang monopole, which is
A—VAV 1+VaVv-l U-VU. (12) certainly not pure gauge. Below we illustrate an ansatz
which behaves appropriately bothrat=0 and atm+#0.
This transformation law shows that not only is the mass term
involving m? in Eq. (10) gauge-invariant, but in fact the B. From monopole to nexus-vortex

gauge potentiak; is locally gauge-invariant. The action for which we seek solitonic solutions is
The new degrees of freedom Id constitute the long-

range pure-gauge degrees of freedom which are responsible -1 - m? .
for confinement by linkind4]. They are massless, and cor-  S= dsx[ FTr(Gij)z_Tr[Ai WP = —Tr(A)? )
respond to massless scalar poles which arise self-consistently 9 9 (18)
in the Schwinger-Dyson equatiof,27,37. In the effective
action(10) describing such a solution they satisfy equationsThe equations of motion for the gauge potential are
of motion which, as we show below, amount to covariant
conservation for the mass sources appearing in the gauge- [D;,G; ]=J=m?A + g2 V¥,[A V]I (19)
potential equations of motion. :

We want to find solitons of effectively finitéthree-  In view of the identity
dimensiongl action. One problem to be faced is the simul-
taneous vanishing of the two mass terms at infinite distance. [D;.[D;,G;1]1=0 (20)
Evidently, the mass term proportional ne? vanishes when

~ : oo it follows that
A; vanishes at infinity or

xi—o:  A—UgU L (13) [Di.Ji]=0; (2D)

these are, as one easily shows, the equations of motion found

The long-range behavior of EL4) must be compatible by varying the gauge matri4. So theU equations are not

with the vanishing of the Higgs mass term at infinity. It is independent of the gauge-potential equations.

convenient, in discussing the Higgs boson mass term, to in- Equation (19 generically has soliton solutions, as one

troduce the modified potentid;, simply related toA; : sees by using trial wave functions in the actid®) for A,
. - U which depend on a single spatial scaléelhe first term on
Ai=A+(U)U =UAUL (14)  the right-hand side of Eq18) scales like 1 while the other

_ R two scale likea times the square of some fixed mass; this
One can replacé; by A; in them? mass term of Eq(10). It action always has a minimum asis varied. The only ques-
will not interfere with our main purpose to simplify the tions which need investigation are whether a given trial wave
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function appropriately satisfies boundary conditions, andstrength coming fronf\; as a whole. Below we will need to
leads to no singularities in the actidmn this first investiga- ~ find another vortex which is composed of two terms, each an
tion of the solitons we seek, there is no reason to attempntegral running over an open contour. This complicates
stringent quantitative accuracy of the soliton action; so wehings, because as is well-known, if one tries to find a vortex
will be content with finding only crude trial wave functions. for which the integral in Eq(18) is over an open string, one
Moreover, we will spend most of our effort on ensuring thatfinds long-range monopoles as well as Dirac strings coming
the behavior of the wave function at spatial infinity is cor- from the zero-mass propagator. But a configuration with
rect, since this is what determines the topology of the solitoropen strings turns out to be necessary in order to find a
and its confinement properties. More detailed numerical inconfiguration which smoothly turns into the TP monopole at
vestigations will be postponed to further work. m=0. It will turn out that we need a non-Abelian center
Our strategy is to consider solutions of the equations of/ortex to do that. The reason has to do with the flux carried
motion which are determined by one or the other of the twaby the TP monopole.
mass terms in Eq(18). First we find a solution of nexus- The exhibited solitor{22) is purely Abelian. In fact, it is
vortex character depending only on the symmetric nmads  just a Nielsen-Olesen vortex at infinite Higgs boson mass. Its
is simplest to display this solution in a singular gauge, wheréAbelian nature means that it necessarily has zero flux as
it has Dirac strings. Then we show that whem=0 this  defined by the usual integrdld SB; over a closed surface,
nexus-vortex becomes the TP monopole at distances largesen if the contoul” pierces the surface of integration. The
compared to M or, equivalently, the Wu-Yang solution, in point is, of course, that by Stokes’ theorem the flux over a
an Abelian gauge also possessing Dirac strings. The nefigsedsurface must vanish, B=VXA.

step is to remove the string singularities by a singular gauge | follows that to make contact with the TP monopole and

transformation. Finally, we recover a trial wave function jis non-zero flux we must find a truly non-Abelian generali-
which can be used to describe both the TP monopole and theyion of the center vortex in Eq22). Note that it is not

appropriate nexus-vortex combination for generic mass valagsential that the center-vortex wave function itself be Abe-

ues. . lian; all that matters is that the holonomy group generated by
Begin by recalling 4] the standard center vortex Bk or 1o sual loop formula
T=0,
3 ex;{ éd A0(z) ], 24
Ai=2w(z) iy | dATANX-2)= Ao(x-2)] (22 AAT2) 29

where A is the long-range pure-gauge part of the center

wherel' denotes a closed contour. In H32), Am, IS a free vortex configuration, be in the center of the grdamd thus
scalar propagator of mass,0. The zero-mass term is a long- Abeliar)

range pure-gauge part, itis in essence the contribution of the To construct the necessary non-Abelian generalization of

'Lrjh;jsetgerrerssisotLgZ?gSirgn?g? tlhse rssglg??lljbr!itig)r: conflnememEq_ (22), we will abandon the long-range pure-gauge part of
Eqg. (22), and start with just the massive terms in Abelian
75 1 form, looking for a center vortex running along the positive
(I)F:_.Eijkf dojdi—=r (23)  axis from the origin to infinity and another running along the
4 s x—7 negativez axis with oppositely directed field strength. The
long-range pure-gauge part will be determined later. We
choose the massive part of the nexus-vortex gauge potential
as

where the integral is over a surfaBavhose boundary is the
contourI". There is a 2r jump in the value of the integral in
Eq. (21) for any loop which links with the contour once;

this is responsible for the Dirac string in the field strength T o —w

coming from this term. AiNV(x):27r(2—.3) eijgéj[ J’ dz3+J ng] Ap(X—2).
There is also a Dirac string in th&,, part of Eq.(22), ! 0 0

coming from values ok near the contour, whena can be (25

set to zero. The Dirac strings from the two parts of E29)

then exactly cancel; so there is no Dirac string in the fieIdThe integrals are easily done; in cylindrical-coordinate nota-

tion one finds

NV_ 5 T3 _ )

“There is a short-distance singularity & which gives rise to A= d)i(E) B, B=e(z)[mKi(mp)—J(p,zzm)].
logarithmically divergent mass contributions to thg part of the (26)
action(18). But since it is an essential feature of gauge-boson mass
generation, whether of dynamical or of Higgs nature, that theHere K, is a Hankel function of imaginary argument. The

masses vanish at short distance, this singularity could be removeinction J has the useful integral representation
by a detailed consideration of the Schwinger-Dyson equations and

of the effective action which they generate. We will not do that "
here; nor will we be concerned further with this removable short- J(p,z;m)= f dk
distance singularity. 0

2
2) 12

Ji(kp). (27)

e—lz\(k2+m
k?+m?
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This has a string along the negatizaxis, which carries the
full TP monopole flux. We can split it into two strings, each
of half the flux as in Fig. 2, by the further gauge transforma-
tion exp{¢7s/2). This yields

FIG. 2. A sketch of the field lines associated with the nexus- e A .
vortex combination of Eq(25). The heavy straight lines are Dirac- AT — ﬁ[ 6i(cos¢pTr+singr)
string fields.

A 73

In spite of superficial appearanceés’ of Egs.(26),(27) is a + ¢i(singmy—cosery) P+ ¢ ECOSH-
continuous differentiable function af

This (partia) vortex has Dirac strings pointing in opposite (32
directions  along thez axis, becaus_e of the behavior The point of this exercise is that the last term on the
mK;(mp)—1/p at short distances. Figure 2 sketches theright-hand side of Eq(32) is them=0 limit of the nexus-
general behavior of the field lines, with the singular Dirac'vortex combination(26),(27) with which we started: so we
string fields shown as heavy lines. This solution has 2€%an promote that last t,erm to finite valuesmfeasily’. Con-
flux, as it must because of its Abelian nature. sider the trial wave function

We first consider what happensrat=0. The reason for
choosing the particular forni25),(26),(27) is that in the

1 .
massless limit it becomes the Wu-Yang monopole in a sin- Aizf[ai(cos¢rz+sin ¢71)
gular gauge or, equivalently, the long-range part of the TP Ir
monopole:

~ T
+di(singr,—cospr) 11+ di 5B, (33)
ANV(m=0)= | —| cosd 28
P (m=0)=4¢, 2ip cos (28 differing from Eq. (32) only in the appearance @& from
Egs. (26),(27) instead of just its massless limit. It describes
(where 6 is the polar angle This form of the Wu-Yang the TP monopole atn=0, as just discussed, and describes
potential has two strings, just as in Fig. 2, each carrying halthe nexus-vortex26),(27) at M=0 if we require thatd
the Wu-Yang(or TP) magnetic flux. The flux of each of the Vvanish atM =0. o o
strings in Fig. 2 is the flux of a center vortex. We now wish to remove the string singularities in both
It appears that thex=0 limit of the nexus-vortex combi- the nexus-vortex and the TP monopole by applying one more
nation can describe the long-range fields of a TP monopoléingular gauge transformation This gauge transformation
but at the price of introducing singular strings. These must baVill supply the long-range pure-gauge part analogous to the
gotten rid of. We do this by finding the gauge transforma-Ao term in the original center vortef22), which cancels the
tions which connect the Wu-Yang or TP monopole in spheri-String singularity of theA, part. This singular gauge trans-
cal gauge, where it has no string singularities, to the singulaiormation is not unique, but we choose,
Abelian Wu-Yang potentia(28). The same gauge transfor-

mations occur in the deformation of the general spherical ANV—VANVTILVg VL v=e T2 (39
soliton to a nexus-vortex configurati¢@3]. Begin with the ) ) _
spherical ansatz for the TP monopole: That this gauge transformation removes the strings follows

simply from the observation that the string field strengths,

€iaTalx coming fromV XV ¢=2725(x) 5(y), are multiplied by ma-
1p_ €iakTa

= [®q(r)—1]. (290  trix coefficients to be evaluated aty=0. We have
. . . . 1 eiakTaFk
The function®, vanishes exponentially at=, leaving the VoV —T(cosd;— 1)
Wu-Yang monopole to describe the long-range field. As is
well-known, this potential can be transformed to a form with ri—Fr T T
an Abelian string via the gauge transformation - #) sing— ¢, 25 (35
P
W=exp(i 07 ¢/2). (30 where the string singularity comes from the curl of the last
) ) o term on the right. The coefficient r multiplying this singu-
Applied to the TP potential29) it yields larity can be replaced by,cosé. Furthermore, along the
axis it is clear thatvr;V~1=17;. These remarks show the
AP WATPAW 1+ Wo w1 cancellation of the strings in the center vortex described by
Egs.(26),(27). Similarly there are no strings in the TP gauge
73 potential, when the singular potentiéB2),(33) is trans-

1 . “ “
:ﬁ[ei72_¢i71]q’1+¢i m)(cosa—l)- (31)

formed byV also. The total gauge transformation going from
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(1) There is a nexus-vortex trial wave function given by

the gauge transform by = exp(¢r-1/2) [see Eq(34)] of the
potential(33). It is necessarily non-Abelian, in order to carry
flux, and has non-triviaZ, holonomy.
(2) This gauge-transformed potential is free of Dirac
FIG. 3. A sketch of the field lines associated with the nexus-string singularities.

vortex combination of Eq(33), gauge-transformed by the singular (3) When the dynamical mass vanishes the result is the
gauge transformatioN. The Dirac strings are gone. usual TP monopole.

(4) When the Higgs-boson-generated misganishes the
result is a nexus-vortex combination appropriate to the pure-
gauge theory.

(5) Whenm=0, the general configuration of fields is as
shown in Fig. 3, with the bundle of fields on either side
having the flux of a center vortex. The transverse extent of
the fields is Iih.

the spherical TP potential of E9) to the final string-free
potential isVexp(¢r/2)W, but in view of the identity

e'vsPW=wv1 (36)
the overall gauge transformation from E&2) or (33) is

X=VWV 1 (37)
IV. CONCLUSIONS
We can now suggest a non-singular trial wave function
which incorporates features of both the TP monopole and the This paper has shown that the Abelian TP-monopole con-
nexus-vortex combination. It is the potentié83) gauge- densate associated with confinement in the3 Georgi-
transformed byV of Eq. (34). There are no string singulari- Glashow model is a special case of a nexus-vortex conden-
ties left, but there could possibly be a singularity at the ori-sate, very similar to the center-vortex condensate associated
gin. Any such singularity can easily be removed by a furthemwith the pure-gauge theory. Nexus-vortex combinations were
deformation, along the lines of RéR23]; we will not discuss ~first introduced for the pure-gauge theory, with equal dy-
such fine points here. When the Higgs-generated nviss namical masses for all gauge bosons; the new combinations
vanishes one can tak®; to zero and recover the nexus plus considered here are appropriate to a broken gauge symmetry
vortex. The general configuration of gauge fields is shown irs in the Georgi-Glashow model, and have different masses
Fig. 3, which is Fig. 2 with the Dirac strings missing. Note m,M for the neutral and charged gauge bosons, respectively.
that the holonomy o¥/ taken around a closed loop enclosing The limit m=0 yields the TP monopole. It must be remem-
the z axis is, as needed; 1, the non-trivial element of the bered[1] that a condensate of such monopoles does not have
centerZ,. Because of this, the fundamental Wilson loop en-strictly massless magnetic fields, although the masi-
circling thez axis at infinite distance has the valuel, just ~ duced by condensatidithe Meissner effegtis exponentially
as for the standard center-vortex picture of confinement. ~small in the semiclassical regime of Polyakov’s calculations.
The next question to ask is how the Higgs fieNisbe- ~ As one moves away from the semiclassical regime of Polya-
haves after all these gauge transformations. Recall that in tH€oV to the quantum regime, this massgrows larger, and
spherical TP gaugésee Eq.(29)] the Higgs field has the eventually as the Higgs symmetry breaking is turned(lojf
kinematic structure tuning the Higgs VEW toward zerg one encounters a criti-
cal valuev.=g at which infrared instability of the gauge
T theory requires generation of a dynamical mass for all three
\sz(r)(7>. (88  gauge bosons. This massis of orderg?, and it is in addi-
tion to whatever masdl (now also of ordeg?) is induced
The overall gauge transformation from the original sphericaPy Symmetry breaking. For all non-zero valueswfinclud-
gauge(29) is by X of Eq. (37), and the gauge-transformed N9 the semiclassical regime of the Georgi-Glashow model,

Higgs kinematics follows from the generic vacuum configurations responsible for confine-
ment are of nexus-vortex type, consisting of closed loops
XT~FX‘1=VT3V‘1 (39) with a nexus and anti-nexus separating vortex pieces of op-

positely directed magnetic fields; these vacuum loops have

as is eas"y calculated. We a|ready know from Etﬁ) that magnetic fluxes Ieading to a facterl for fundamental Wil-
¥ must approach a gauge transformation of a Consiaﬂt Spﬂ |00p5 ||nked .Once to them. The sum of the fluxes of the
with the gauge transformation precisely that whishap- ~ fields on either side of a nexus is the TP monopole flux; so
proaches at infinity. This shows that in the#0 case the the nexus introduced here is in fact the correct generalization
potential at infinity is to a vacuum condensate of the TP monopole. For fundamen-
tal Wilson loops large compared tom/the mechanism for
A—Vo V1 (40) confinement is just that of the center-vortex picture, based on
topological linking of a vacuum loop with the Wilson loop as
and therefore the matril in the action is to be set equal to expressed in the homotody,(SU(2)/Z,)=Z,.
V, in order that both the dynamical mass term and the Higgs Based on earlier work23] on gauge-symmetric nexuses,
mass term vanish at infinity. the action of a nexus in the Georgi-Glashow model is ex-
To summarize these arguments: pected to be of order2m/g?, multiplied by a coefficient of
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order unity. In the quantum regime discussed in this paper, ithere is a real distinction between pure-gauge theory and
is not likely that the configurational entropy of nexug¢as either the Georgi-Glashow model or compact QED, as dis-
beads on a center-vortex stringill be big enough to over- cussed in detail by Ambbjo and Greensit¢l4]. In the ad-
come this action penalty, although detailed calculations neepbint Wilson loop there is only screening, not confinement
to be done to be sure. The nexus action is not necessari\33,34, with screening produced in the Georgi-Glashow
large compared to entropic factors sinods of orderg?/ model by charged bosons of mdds As pointed out in Ref.
(again up to a coefficient of order unjtyif the action penalty [14], this screening means that the Georgi-Glashow model is
is too large, then the nexus and the anti-nexus on a givenot really represented by a simple gas of TP monopoles.
vacuum loop will annihilate, leaving a pure center vortex andWork is in progress to understand how the configurations
a vacuum condensate essentially equivalent to that of thdisplayed here impact on screening for arbitr&ty(2) rep-

pure-gauge theory. resentation$35,36.
There are a number of interesting calculations which re-
main to be done, and work on some of them is in progress. ACKNOWLEDGMENTS
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