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Casimir scaling versus Abelian dominance in QCD string formation
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1Department of Physics, University of Wales Swansea, SA2 8PP Swansea, United Kingdom

2Institut für Kernphysik, Technische Universita¨t Wien, 1040 Vienna, Austria
3Physics and Astronomy Department, San Francisco State University, San Francisco, California 9413

4Theory Group, Lawrence Berkeley Laboratory, Berkeley, California 94720
5Institute of Physics, Slovak Academy of Sciences, 842 28 Bratislava, Slovakia

~Received 25 October 1995!

We show that the hypothesis of Abelian dominance in the maximal Abelian gauge, which is known to w
for Wilson loops in the fundamental representation, fails for Wilson loops in higher group representatio
Monte Carlo simulations are performed on lattice SU~2! gauge theory, inD53 dimensions, in the maximal
Abelian gauge, in the confined phase. It is well known that Creutz ratios extracted from loops in various g
representations are proportional to the quadratic Casimir invariant of each representation, in a distance in
from the confinement scale to the point where color screening sets in. In contrast, we find numerically, in
same interval, that string tensions extracted from loops built from Abelian projected configurations are
same for the fundamental andj53/2 representations, and vanish for the adjoint representation. In addition,
perform a lattice Monte Carlo simulation of the Georgi-Glashow model inD53 dimensions. We find that the
representation dependence of string tensions is that of pure Yang-Mills theory in the symmetric phase
changes abruptly to equal tensions for thej51/2, 3/2 representations, and zero tension forj51, at the
transition to the Higgs phase. Our results indicate that an effective Abelian theory at the confinement s
invoking only degrees of freedom~monopoles and photons! associated with a particular Cartan subalgebra, i
inadequate to describe the actual interquark potential in an unbroken non-Abelian gauge theory.@S0556-
2821~96!05910-3#

PACS number~s!: 11.15.Ha, 12.38.Gc
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I. INTRODUCTION

Many years ago, in a very influential paper@1#, Polyakov
demonstrated quark confinement in the Higgs phase of
D53 Georgi-Glashow model, the mechanism being conde
sation of monopoles in the unbroken U~1! subgroup. It is
natural to suppose that such a mechanism might also exp
quark confinement in the symmetric phase of non-Abeli
gauge theories, inD54 as well asD53 dimensions, and that
the effective theory at the confinement scale and beyond
essentially Abelian, i.e., compact QED. The most explic
version of this idea is the Abelian projection theory due to
Hooft @2#, where a special gauge-fixing condition on th
gauge fields, rather than the Higgs field, is used to single
an Abelian subgroup of the full gauge group. For an SU(N)
theory, ’t Hooft’s Abelian projection gauge-fixing leaves a
unbroken U~1!N21 subgroup; condensation of the magnet
monopoles associated with this subgroup is the conjectu
confinement mechanism. This picture is one possible reali
tion of the idea of dual superconductivity in non-Abelia
gauge theories, as originally proposed by ’t Hooft@3# and
Mandelstam@4#.

In the D53 Georgi-Glashow~GG3! model in the Higgs
phase, Polyakov computed the area law contribution to W
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son loops in terms of an effective Abelian theory, invokin
only the monopoles and ‘‘photons’’ associated with the u
broken U~1! gauge group. The Abelian gauge field~Am

3 , say!
is singled out by a unitary gauge choice, and for the calc
lation of the string tension~in this theory! it is a reasonable
approximation to ignore the contribution of the other colo
components, i.e.,

^W~C!&5 K Tr expS i R dxmAm
a taD L

; K Tr expS i R dxmAm
3 t3D L , ~1!

whereta5(1/2)sa . The same approximation, in the contex
of ’t Hooft’s theory, has come to be known as ‘‘Abelian
dominance’’@5#.

In this work we address the question of whether Abelia
dominance, which implies the existence of an effective Ab
lian theory of monopoles and photons at large scales, is
equate to describe the infrared dynamics ofD53 Yang-Mills
theory, in the maximal Abelian gauge. Our tool for studyin
this question will be Wilson loops in higher group represe
tations. It should be noted, at the outset, that we arenot
addressing the possible relevance or irrelevance of mo
poles, or the validity of dual-superconductor pictures in ge
eral. Our investigation is limited to one issue only, namel
are vacuum fluctuations, at the confinement scale and
yond, dominated by fluctuations in the gauge field associa
with a Cartan subalgebra of the gauge group, as is the c
for GG3 in the Higgs phase? In particular, the question he

ess:
5891 © 1996 The American Physical Society
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is not whether magnetic monopoles, defined with respec
an Abelian projection gauge, are condensed~evidence for
condensation of such monopoles is found in@6#; condensa-
tion of these and perhaps other types of field configuratio
is not unexpected in a magnetic-disordered vacuum sta!.
Rather, the issue we address is whether the fluctuations
the corresponding~Cartan subalgebra! gauge field dominate
the large-scale vacuum fluctuations, justifying the use of E
~1!.

There are a number of reasons to believe in Abelian dom
nance for pure Yang-Mills theory in maximal Abelian gaug
There are, for example, several kinematical similarities b
tween that theory, and GG3 in the Higgs phase. First, in both
cases, the underlying SU~2! symmetry is reduced to a U~1!
symmetry by a gauge choice: the unitary gauge in GG3, and
the maximal-Abelian gauge@7# for pure Yang-Mills theory.
Second, magnetic monopoles can be identified in both th
ries, associated with the remaining U~1! symmetry. Third, on
the lattice, one finds in both cases that most of the quant
fluctuations of the link variables are in theAm

3 degrees of
freedom. Apart from these kinematical similarities, it is re
sonable to suppose that if Abelian monopoles are the cru
confining configurations, then a truncation to the associa
Am
3 degrees of freedom~Abelian dominance! would retain

the essential features of magnetic disorder and flux-tube f
mation. In support of this supposition, Monte Carlo simul
tions have found that the Abelian dominance approximatio
i.e., Eq.~1!, accurately reproduces the string tension for W
son loops in the fundamental representation of the gau
group @5#.

However, the fundamental representation is not the o
group representation, and Wilson loops in higher group re
resentations may also have a tale to tell. In particular let
recall the suggestion, made many years ago, that the st
tension of planar Wilson loops inD53 andD54 dimensions
could be computed from an effective two-dimensional gau
theory. This suggestion, known as ‘‘dimensional reduction
was put forward independently~and for quite different rea-
sons! in @8,9#, and some numerical evidence for the ide
based on a Monte Carlo evaluation of loop spectral densit
was presented by Belovaet al. in @10#. It was Ambjo”rn, Ole-
sen, and Peterson, in@11#, who noticed that dimensional re
duction implies that the ratio of string tensions betwee
quarks in different group representations should equal
ratio of the corresponding quadratic Casimir invariants, sin
this can be shown to be true in two dimensions. In particul
for SU~2! lattice gauge theory at weak couplings, the pred
tion is

x j@ I ,J#

x1/2@ I ,J#
5
4

3
j ~ j11!, ~2!

where x j [ I ,J] is the Creutz ratio for Wilson loops in the
j50,1/2,1,3/2, . . . representations. These authors tested
above prediction numerically, in bothD53 andD54 dimen-
sions, and found it to be accurate to within 10%. Their r
sults have since been confirmed, for larger loops and w
better statistics, by a number of other studies in both th
and four dimensions@12#. Similar results have also been ob
tained in SU~3! gauge theory@13#. Of course, this ‘‘Casimir
scaling’’ of string tensions cannot hold at arbitrarily larg
t to
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distances, since at some distance the screening of he
quark charges by gluons will become energetically favo
able, reducing the effective charge. Numerical simulatio
indicate, however, that there is a large-distance interval, b
tween the onset of confinement and the onset of cha
screening, where Casimir scaling of string tensions hol
quite accurately.1 It is reasonable to demand that any theor
of quark confinement, which purports to explain the behavi
of gauge fields beyond the confinement scale, should acco
for the observed Casimir scaling of interquark forces in th
interval.

Does the hypothesis of Abelian dominance allow for th
existence of Casimir scaling? According to a simple heuris
argument, found in@14#, the answer is probably no. Instead
beginning at the onset of confinement, one expects

x j5x1/2, j5 1
2 ,

3
2 ,

5
2 ,...,

x j50, j51,2,3,...,
~3!

for an SU~2! gauge theory. We refer to the expectations o
Eq. ~3! as the ‘‘Abelian monopole prediction.’’ We then tes
this prediction numerically in two cases where one may
fairly sure that Abelian monopole configurations give th
crucial contributions: ~1a! The calculation of Creutz ratios
in lattice D53 Yang-Mills theory, using ‘‘Abelian-
projected’’ lattice configurations obtained in maximal Abe
lian gauge; and~2a! the calculation of Creutz ratios in the
latticeD53 Georgi-Glashow model in the Higgs phase.

The results for these two cases are compared with~1b! the
actual Creutz ratios in latticeD53 Yang-Mills theory, ob-
tained from the full, unprojected lattice configurations; an
~2b! Creutz ratios in the latticeD53 Georgi-Glashow model
in the symmetric phase.

It will be found that cases~1a! and ~2a! agree quite well
with the Abelian monopole prediction, and utterly disagre
with the corresponding cases~1b! and ~2b!, which instead
follow the predictions of dimensional reduction. This ha
two consequences. First, it means that in the case of GG3 in
the Higgs phase, where it is known that an effective U~1!
theory describes the infrared dynamics, the monopole pred
tion is verified. Second, in the case of pure Yang-Mill
theory, where Casimir scaling is observed, the Abelian dom
nance approximation has failed entirely.

Before proceeding to discuss the simulations, let us fi
recall the heuristic argument leading to the Abelian mon
pole prediction~3!. Suppose that, in an SU~2! gauge theory,
the area law for Wilson loops is due to fluctuations of th
gauge fieldAm

3 , associated with a remaining U~1! symmetry.
This U~1! symmetry is assumed to be singled out either b
an Abelian-projection gauge choice~as in ’t Hooft’s theory!,
or by a unitary gauge choice~D53 Georgi-Glashow model!.
In that case, we would have

1In fact, it is not even clear that color screening has been seen
in lattice Monte Carlo simulations ofD53 Yang-Mills theory, in-
side the scaling region~cf. Poulis and Trottier in@12#!.
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^Wj~C!&5 K Tr expS i R dxmAm
aTa

j D L
; K Tr expS i R dxmAm

3T3
j D L

; (
m52 j

j K expS im R dxmAm
3 D L , ~4!

where theT a
j are the SU~2! group generators in thej repre-

sentation. If an area law is obtained from Abelian configur
tions, this is presumably due to monopole effects. Followi
Polyakov’s analysis@1#, one then expects

^Wj~C!&; (
m52 j

j

exp@2mmArea~C!#. ~5!

Themm will increase with the magnitude of the U~1! charge,
which is given byumu ~for m50, m050!. The above sum
would then be dominated by those terms which are falli
most slowly with increasing area, i.e.,m561/2 for j5half-
integer, andm50 for j5integer. In this way, we arrive at the
monopole prediction~3!.

Now the behavior~3! is, in fact, what one expects asymp
totically, due to charge screening. The problem, however
that according to the argument above this behavior actua
begins right at the confinement scale, and has nothing wh
ever to do with the physics of charge screening.2 The fact
that adjoint loops are unconfined, in the Abelian projectio
theory, is simply due to the fact that them50 component of
an adjoint charge is neutral~and thereby unconfined! with
respect to the remaining U~1! symmetry. Them50 contribu-
tion therefore dominates the sum in~5!.3 A flux tube between
adjoint quarks does not form and then break due to cha
screening; in this picture the tube does not form at all. A
already mentioned, this conclusion appears to be con
dicted by the numerical evidence presented in@11–13#,
which find a force between adjoint quarks which is about 8
that of the fundamental quarks, over a fairly large-distan
interval in the confinement regime.

The Abelian monopole prediction, however, is based on
heuristic argument; it could be that there is some subtlety
monopole dynamics that we have missed. Let us turn, th
to the numerical simulations.

II. BREAKDOWN OF ABELIAN DOMINANCE

We perform Monte Carlo simulations ofD53 lattice
SU~2! gauge theory, at lattice couplingb55, which is just
inside the scaling regime. Maximal Abelian gauge fixin
which maximizes the quantity

2We have emphasized this lack of connection to charge screen
in the Abelian projection theory in a previous publication, whic
was mainly concerned with large-N behavior@15#. In the present
work, we turn our attention toN52.
3Of course, if one would simply toss out them50 contribution,

thenWj (C) would decay exponentially with the area. But we ca
see no justification for such a procedure.
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x,m

Tr@Um~x!s3Um
† ~x!s3# ~6!

is implemented. Wilson loops in the fundamental~j51/2!,
adjoint ~j51!, and j53/2 representations, normalized to a
maximum value of one, are given by

W1/2~C!5 1
2 Tr@UUU•••U#,

W1~C!5 1
3 @4W1/2

2 ~C!21#,

W3/2~C!5 1
4 @8W1/2

3 ~C!24W1/2~C!#. ~7!

We calculate the expectation values of these loops using bo
the full link configurations~for which the gauge fixing is
irrelevant!, and also using the Abelian-projected link con-
figurations~or ‘‘Abelian links’’ !. For a full SU~2! link ma-
trix, represented by

U5a0I1 i(
k51

3

aks
k, ~8!

the corresponding Abelian linkU8 is given by a truncation to
the diagonal component, followed by a rescaling to restor
unitarity, i.e.,

U→U85
a0I1 ia3s

3

Aa021a3
2
. ~9!

Wilson loops of the Abelian-projected configurations are ob
tained by inserting the Abelian links~9! into Eq.~7!, and the
corresponding Creutz ratios are computed in the usual wa

Our simulation involved 100 000 sweeps of a 123 lattice
at b55, comprising 10 000 thermalization sweeps, with data
taken every tenth of the remaining sweeps. Figure 1 show
the ratios of Creutz ratios

ing
h

n

FIG. 1. The ratio of Creutz ratiosx j [ I ,I ]/x1/2[ I ,I ], for j51
~solid circles! and j53/2 ~open circles!, in D53 lattice SU~2!
gauge theory atb55. Dashed lines show the corresponding ratio of
quadratic Casimir invariants~8/3 for j51, and 5 forj53/2!.
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x1@ I ,I #

x1/2@ I ,I #
and

x3/2@ I ,I #

x1/2@ I ,I #
~10!

for I52,3,4. The agreement with Casimir scaling~8/3 and 5,
respectively! is fairly good, as found in previous studie
@11,12#. Figure 2 shows the same ratio of Creutz ratios, f
the same loop sizes, but this time computed with Abelia
projected configurations. It is clear that Figs. 1 and 2 displ
completely different behavior. In the Abelian projection, th
adjoint Creutz ratio actually goes negative atI53; the ad-
joint tension is consistent with zero atI54, as predicted by
~3!. Likewise, x3/2[ I ,I ] appears to converge tox1/2[ I ,I ],
again as expected from the Abelian monopole predictio
However, this behavior of the Abelian-projected loops
clearly inconsistent with the corresponding behavior of t
full Wilson loops. Evidently, for higher-representation Wil
son loops, Abelian dominance has failed entirely.

III. D53 LATTICE GEORGI-GLASHOW MODEL

Polyakov’s seminal work@1# was concerned with the
Higgs phase of the Georgi-Glashow model inD53 dimen-
sions. Because of this work, we may be confident that t
confinement mechanism in the Higgs phase is due to mo
pole condensation. In that case one may ask: is the monop
prediction ~3! for higher representations confirmed? An
does this prediction also hold in the symmetric phase?

There have been a number of lattice Monte Carlo simu
tions of this model, both inD53 @16,17# andD54 @7,18#
dimensions, and these have been mainly concerned w
finding the phase diagram of the theory. To our knowledg
there has been no study of the behavior of Wilson loops,
one goes across the symmetry-breaking transition. We h
therefore carried out such a calculation. However, as ther
a three-dimensional coupling constant space for the latt
Georgi-Glashow model, we have not attempted to comp
the Wilson loop behavior throughout the phase diagram.
stead, we have only computed loops along a particular line
the coupling constant space, which crosses from the symm

FIG. 2. Same as Fig. 1, except that Creutz ratios have b
computed using the Abelian-projected lattice configurations
maximal Abelian gauge.
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ric to the Higgs phase. We believe the behavior that we fin
for Creutz ratios is typical, as the system goes across t
Higgs transition, but of course this will have to be verified b
a more extensive study.

The lattice action of the Georgi-Glashow model is

S5
1

2
bG(

plaq
Tr@UUU†U†#

1
1

2
bH(

n,m
Tr@Um~n!f~n!Um

† ~n!f†~n1m!#

2(
n

H 12 Tr@ff†#1bRS 12 Tr@ff†#21D 2J , ~11!

where the adjoint Higgs fieldf(n) has three degrees of free-
dom per lattice site

f~n!5 i(
a51

3

fa~n!sa . ~12!

In performing the Monte Carlo simulations it is useful to go
to a unitary gauge wheref(n)5 ir(n)s3 , reducing the de-
grees of freedom of the Higgs field from three to one per sit
The details may be found in@16#.

To map out the phase structure of the theory inD53
dimensions, we compute the following observables:~1! the
rms value of the Higgs field

R5^Tr@ff†#&1/2, ~13!

~2! the value

Q5 1
2 ^Tr@Um~n!s3Um

† ~n!s3#& ~14!

in unitary gauge. A jump in these two quantities is an in
dication of a transition from the symmetric phase to th
Higgs phase.

We begin by looking for a region of couplings where it is
possible to see a~fundamental! string tension in both the
symmetric and Higgs phases. The strategy we have chose
to keepbG andbR fixed, and varybH . One would like to use
a value ofbG where the pure gauge theory is in the scalin
regime, i.e.,bG>5. In practice, however, we have not been
able to detect a string tension in the Higgs phase at su
large values ofbG . Since presumably theremustbe a string
tension in the Higgs phase inD53 dimensions, we interpret
this result as meaning that the monopole is quite heavy,
lattice units, at the larger values ofbG , and therefore the
confinement scale~in the Higgs phase! probably lies beyond
the size of our lattice.4 So we have been forced to go to a
rather small value ofbG , usingbG52 throughout. A fixed
~and rather arbitrary! value ofbR50.01 was also chosen; this
was mainly in order to compare our values for the location o
the phase transition with those in@16#. Simulations in the
region of the transition were run on a 123 lattice with a total

4A related observation has been made by Laursen and Mu¨ller-
Preussker in@17#, who noted that monopoles in the Higgs phase, a
bG55, are very dilute.
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of 35 000 sweeps; of which 5000 were thermalizing swee
with data taken every tenth of the remaining sweeps.

Figure 3 shows the variation of theQ parameter withbH ,
at fixedbG52, bR50.01. There is clear evidence of a first
order transition between the symmetric and Higgs phase
0.45,bH,0.46; which is supported by the behavior of th
rms value of the Higgs field, shown in Fig. 4, showing
similar jump at the same value ofbH .

Having located the transition to the Higgs phase, we th
study the behavior of Creutz ratios. Figure 5 shows t
xj @2,2# Creutz ratios for fundamental and adjoint loops. U
to the Higgs transition, we are in the strong-coupling regim
and the Creutz ratios do not appear to be strongly depend
on bH ~for comparison, to lowest-order in the strong
coupling expansion atbH50, we have string tensions
m1/250.84 andm152.01!.5,6 At the Higgs transition the fun-
damental string tension drops, but remains finite, while t
adjoint string tension appears to be consistent with zero.

In Fig. 6 we display thex j [ I ,I ] Creutz ratios in the Higgs
phase, for the fundamental~j51/2!, adjoint ~j51!, and
j53/2 representations, atI52,3,4. The coupling isbH50.46,
which is just past the transition~once again,bG52 and
bR50.01!. Note that the adjoint ratio actually goesnegative
at I53, and is consistent with zero atI54. Since the signal
for the j53/2 loops is quite small, we have not obtaine
good data for thej53/2 Creutz ratio beyondI53. Neverthe-
less, from the data atI52 andI53, it does appear that the
j53/2 string tension is converging to thej51/2 value.
In short, up to the Higgs transition, our Creutz ratios e

5The lowest-order strong-coupling result in three-dimensions
the same as that in two dimensions, consistent with the idea
dimensional reduction, and the string tension is given by a ratio
Bessel functions. This ratio becomes, in the limit of weak co
plings, a ratio of quadratic Casimirs, which is the origin of th
Casimir scaling prediction of@9#.
6Creutz ratios for thej53/2 representation are not shown, sinc

the statistical errors are quite large for 232 loops in the symmetric
phase. However, we have found that the smaller 131 and 132
loops are quite close to their strong-coupling values in the symm
ric phase, right up to the transition.

FIG. 3. Variation of theQ parameter withbH in the 3D Georgi-
Glashow model, atbG52 andbR50.01,
ps,
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sentially follow the strong-coupling expansion, which~at
lowest order! is in agreement with the notion of dimensiona
reduction. At the Higgs transition, both the absolute and rel
tive values of the string tensions change abruptly, and a
indications are that the Abelian monopole prediction~3! is
fulfilled.

IV. CONCLUSIONS

At a minimum, our results cast considerable doubt on th
hypothesis of Abelian dominance in maximal Abelian gaug
If the ‘‘photon’’ gauge field associated with the remaining
U~1! symmetry is mainly responsible for forces betwee
heavy fundamental quarks beyond the confinement sca
that same gauge field should also explain the forces betwe
heavy quarks in higher group representations. Given that t
projection to Abelian lattice configurations is found to repro
duce the fundamental string tension, then according to the
ideas the string tensions for higher representations shou
also be reproduced, at any distance beyond the confinem
scale. We have found, however, that this is not at all the cas

There have been previous indications of trouble for th
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FIG. 4. Variation of the rms Higgs fieldR with bH , same model
and parameters as in Fig. 3.

FIG. 5. Creutz ratiosxj @2,2# vsbH , for j51/2 ~solid circles! and
j51 ~grey squares!, same model and parameters as in Fig. 3.
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Abelian projection theory. As three of us have pointed out
a previous publication@15#, for SU(N) theories there is a
significant difference in the coefficients of subleadin
~perimeter-law! contributions to adjoint Wilson loops, as
predicted, respectively, by large-N counting arguments, and
by the Abelian-projection theory. The origin of this differ
ence is that according to the large-N picture, the perimeter-
law term is due to the binding of gluons to the adjoint quar
~a 1/N2 suppressed process!, while perimeter law behavior in
the Abelian projection theory is just due to the fact thatN21
of theN221 adjoint quark charges are neutral with respect
the Abelian subgroup, and this leads only to a 1/N suppres-
sion factor. The different powers ofN reflect the fact that
there are different mechanisms involved; only one of the
can be the right explanation of the perimeter law. We re
the reader to@15# for a more extensive discussion of thi
point. Some other types of numerical evidence against
abelian projection theory are found in@19#.

Not everyone finds large-N arguments persuasive, so i
this work we have considered the opposite limit, name
N52. For such a small value ofN, it is hard to understand, in
the context of the Abelian projection theory, why the Abe
lian neutral~m50! adjoint quark component should not com
pletely dominate the value of the adjoint loop, at and beyo
the confinement scale. In fact we find, in Abelian-project
lattice configurations, that this is exactly what happens, a
the corresponding adjoint loop has no discernable string t
sion at any of the distances studied. However, such beha
is in complete contrast to adjoint Creutz ratios, measured
the same distances, constructed from the full lattice config
ration. The latter follow Casimir scaling~2!. The breakdown
of Abelian dominance in pure SU~2! lattice gauge theory, not
only for the adjoint but also for thej53/2 representations,
seems to be quite evident from comparing Figs. 1 and
Conversely, in theD53 Georgi-Glashow model in the Higgs
phase, where the infrared dynamics is essentially that
compact QED, it is the monopole prediction, rather than C
simir scaling, which agrees with the data.

A breakdown of Abelian dominance implies that large
scale vacuum fluctuations arenot adequately represented b

FIG. 6. Creutz ratiosx j [ I ,I ] vs I , in the Higgs phase of the 3D
Georgi-Glashow model atb50.46, just past the transition. Again
bG52, bR50.01; representationsj51/2 ~solid circles!, j51 ~grey
squares!, and j53/2 ~open circles! are shown.
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the fluctuations of only those degrees of freedom associa
with a particular Cartan subalgebra~Am

3 , in the Yang-Mills
case considered here!, not even in the maximal Abelian
gauge. Large-scale fluctuations in the ‘‘off-diagonal’’ de
grees of freedom~Am

1 andAm
2! have been found to be impor-

tant; were it not for these fluctuations, Wilson loops woul
follow the Abelian monopole prediction found for Abelian
projected configurations. It may be, of course, that there e
ists a simple effective theory, perhaps even an Abelian gau
theory involving some sort of composite fields, which doe
capture the essential dynamics of confinement in Yang-Mi
theory. It may also be that the Yang-Mills vacuum does,
some way, exhibit the properties of a dual superconduct
Concerning these possibilities, we have nothing to say he
What can be asserted, however, is that an effective theory
the long-wavelength dynamics cannot be based on theAm

3

degrees of freedom alone. The validity of a theory of th
sort would imply the validity of the Abelian dominance ap
proximation, and this simply conflicts with our data.

Some caveats about the data, however, are in order.
have looked only at rather small loops~up to 434 lattice
spacings! atb55 inD53 pure Yang-Mills, and only along a
single line ~varying one coupling! in the three-dimensional
phase diagram of theD53 Georgi-Glashow model. Cer-
tainly much more numerical work is needed to extend a
solidify our results. This work is in progress, and will be
reported in due course.

Finally, in view of the observed Casimir scaling of Creut
ratios, we believe that a certain scepticism regarding pr
posed monopole confinement mechanisms, at least in th
most naive forms, may be appropriate. Whatever may be
importance of monopoles, it appears doubtful that the effe
tive infrared dynamics of Yang-Mills theory is essentiall
that of compact QED. It may also be that there is an eleme
of truth in some of the old ideas regarding dimensional r
duction. In any event, Casimir scaling of heavy interqua
forces is a striking result of many numerical simulations, an
any satisfactory theory of quark confinement must eventua
take this scaling into account.

Note added: After submitting the present paper for publi-
cation, a paper appeared by Poulis@20# which also addresses
the problem of Abelian dominance for higher representati
sources. Poulis modifies the usual Abelian dominance a
proximation, in an attempt to allow for some of the effects o
the off-diagonal degrees of freedom, and finds that in th
modified approximation them50 adjoint loop component
still has no area law falloff in any distance range. In ou
opinion his results support our conclusions, although
chooses to interpret those results in a different way. We w
return to this issue in a future publication.
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