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Off-diagonal gluon mass generation and infrared Abelian dominance
in the maximally Abelian gauge in lattice QCD
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We study effective mass generation of off-diagonal gluons and infrared Abelian dominance in the maximally
Abelian (MA) gauge. Using S(2) lattice QCD, we investigate the propagator and the effective mass of the
gluon field in the MA gauge with U(L)Landau gauge fixing. The Monte Carlo simulation is performed on the
128X 24 lattice with 2.2< 3<2.4, and also on the @&nd 20 lattices with 2.3< 8<2.4. In the MA gauge, the
diagonal gluon componem‘; shows long-range propagation, and infrared Abelian dominance is found for the
gluon propagator. In the MA gauge, the off-diagonal gluon compoA%nbehaves as a massive vector boson
with the effective masM y=1.2 GeV in the region of =0.2 fm, and its propagation is limited within a short
range. We conjecture that infrared Abelian dominance can be interpreted as infrared inactivity of the off-
diagonal gluon due to its large mass generation induced by the MA gauge fi$i0556-282199)05223-4

PACS numbds): 12.38.Gc, 11.15.Ha, 12.38.Aw

[. INTRODUCTION of Abelian dominanc¢9,10,14,16 and monopole condensa-
tion[17-19 in the Abelian gauge. Here, Abelian dominance
The quark-confinement mechanism is one of the most imfirst named by Ezawa and Iwazaki in 19BB6] means that

portant subjects in nonperturbative QGRP-QCD) and in  only the diagonal gluon component plays the dominant role
hadron physics. From a phenomenological point of viewfor the NP-QCD phenomena like confinement. In the 1990’s,
quark confinement is characterized by the linear inter-quarkhe approximate relations of Abelian dominance for quark

potential V(r)~or with the hadronic string tensionr ~ confinement[18,20-22 and chiral symmetry breaking
~1 GeV/fm, which is obtained from the Regge trajectories23:24 are numerically shown in the lattice QCD Monte

[1] of hadrons and also from the lattice QCD simulatj@h Claérlzoosizmulatri]pnh in the m.a)l(iz]t?”ﬁ’ Abeliar@MA)hgauge f

This confining force arises from the one-dimensional squee _’2 —28, which is a special Abelian gauge in the case o

. . o C_ .

g of J.[he gluonic flux betw.een the quark and Fhe antiquark, Abelian dominance is usually discussed on the role of the

which is actually observed in the lattice QCD simulat[Gi diagonal(Abelian) component of the gluon field. However
On the quark-confinement mechanism, Nanj@y first 9 P 9 ' '

d the dual ductor bicture in 1974 usi thin terms of the off-diagonal gluon, Abelian dominance can
proposed Ihe dual-superconductor picture in using thfse expressed that off-diagonal gluon components are inactive
concept of electromagnetic dualitg] in the Maxwell equa-

. . . ; ; t the infrared scale of QCD and can be neglected for the
tion and the analogy with the one-dimensional squeezing o rgument of NP-QCD. Here, Abelian dominance as infrared
the magnetic flux as the Abrikosov vortex in the type-Il su-

) inactivity of off-diagonal gluons may be interpreted with a
perconductof6]. In the dual-superconductor picture, color- large off-diagonal gluon mass. In this paper, we study the

magnetic monopoles are assumed to condense, and then @ﬁon propagator and the effective mass of off-diagonal glu-

color-electric flux between the quark and the antiquark isons in the MA gauge, using the $2) lattice QCD Monte
squeezed as a one-dimensional tube due to the dual Hng?’arlo simulations. ’

mechanisni4,7,8).

The possibility of the appearance of monopoles in QCD
was pointed out by 't Hooft in 1981 using the concept of the Il. INFRARED ABELIAN DOMINANCE
Abelian gauge fixind9], which is defined by the diagonal- AND MASS-GENERATION HYPOTHESIS
ization of a gauge-dependent variable aB[A,(x)] ON OFF-DIAGONAL GLUONS IN THE MA GAUGE

esu(Nc). In fact, the Abelian gauge fixing is a partial gauge | the maximally Abelian(MA) gauge, the non-Abelian
fixing which' remains the Abelian gaugeldegrees of freedon@Jauge symmetry SU,) of QCD is reduced into the Abelian
on the maximally torus subgroup U(t) *CSU(N). As a _gauge symmetry U(T% 1, and accordingly diagonal gluons
remarkable feature in the Abelian gauge, color-magneti¢an he distinct from off-diagonal gluons. For instance, diag-
monopoles appear as the topological objects relaﬁlngl t0 thgnal gluon components behave as neutral gauge fields like
nontrivial — homotopy  group, II[SUN)/U(1)™ "] photons, and off-diagonal gluon components behave as
=z, " [9-12. charged matter fields on the residual Abelian gauge symme-
Then, the quark-confinement mechanism can be physiry [9,10].
cally interpreted with the dual Meissner effect in the Abelian  In the MA gauge, Abelian dominance for quark confine-
dual Higgs theory10,11,13—-1%under the two assumptions ment and chiral-symmetry breaking has been shown as the
approximate relation in the lattice QCD Monte Carlo simu-
lations[18,20-24, and only diagonal gluons seem to be sig-
*Email address: amemiya@rcnp.osaka-u.ac.jp nificant to the infrared QCD physics, which we call “infra-

0556-2821/99/6(11)/1145099)/$15.00 60 114509-1 ©1999 The American Physical Society



KAZUHISA AMEMIYA AND HIDEO SUGANUMA PHYSICAL REVIEW D 60114509

red Abelian dominance.” In this section, we considerscale, it seems natural to expect that only diagonal gluons are
infrared Abelian dominance and the off-diagonal gluon propropagated over the large distance and carry the long-range
erty in the MA gauge in the S@2) QCD. In terms of the confining force in QCD. In fact, infrared Abelian dominance
off-diagonal gluon, infrared Abelian dominance means thah']ay be explained with the mass generation hypothesis of
off-diagonal gluon components are inactive and their contrioff-diagonal gluons(This interpretation of infrared Abelian
bution can be neglected at the infrared scale of QCD in thgiominance may be similar to the dominant contribution of
MA gauge. o _ _ _ photons for the large-scale interaction in the Weinberg-
As a possible physical interpretation for infrared Abelian ga1am model, where only the massless photon field is propa-

dominance, we conjecture that the effective mass of the Offgated over the large distance and the massive weak bosons

diagonal glyom;é(llx/?)(A}LﬂAi) is induced in the MA 44 not contribute to the large-range interaction.

gauge. IfA, acquires a large effective mabbyq, the off- Since the effective masM o is closely related to the
d|agonaL?qun propagation is limited within the short rangeyt_giagonal gluon propagation, especially on the interaction
asr_sMoff , since the massive pa_rncle is propagated \_Nlthlnrange, we study the gluon propagator in the MA gauge using
the inverse of its mass. Hence, in the mass-generation Nype attice QCD Monte Carlo simulation. In the following
pothesis ofA | in the MA gauge, the massive off-diagonal sections, we aim to estimate the effective mass of the off-

gluons cannot mediate the long-range interaction and thei§iagonal gluon from the numerical result of the gluon propa-
direct contribution is expected to be negligible at the mfraredgatOr in the MA gaugé18,27.

scale, although there remains the indirect contribution of off-
diagonal gluons through the coupling to the diagonal gluon.
(This is similar to the negligible contribution of heavy me-
sons for the nuclear force at a large distance, where only
light mesons as pions play the significant rple. ~In this section, we try to understand the behavior of the
The mass-generation hypothesis on off-diagonal gluons ifassive vector boson propagator in the Euclidean metric
the MA gauge is formally expressed in QCD as follows. Thefrom a simple model, for the preparation of the analysis on
QCD partition functional in the MA gauge is expressed as he effective gluon mass in the MA gauge in the lattice QCD.
We start from the Lagrangian of the free massive vector field
ZNa= J DA, exp{iSocl AT} (P yal A DAL AL A, with the massM #0 in the Proca formalisrfi2g],

@

where A A,] denotes the Faddeev-Popov determinant L=5(0,A,~3,A)°+IMPALA,, (4)
[28]. Here,®yA[ A, ] denotes the off-diagonal component of

dyalA,]1=[D, [D* 7°]], which is diagonalized in the B

MA gauge[12,18,23, and therefore the MA gauge fixing is in the Euclidean metric. The propagat@r,,(k;M) of the
provided by 5(®ya[A,]). The mass-generation hypothesis massive vector boson is given as

of off-diagonal gluonsﬁ\i is expressed as

Ill. MASSIVE VECTOR BOSON PROPAGATOR

ZgéD=fDAfLexp{iSAbe|[AfL]} G (kM)= s | 5, + 2 V) (5)

X f DA, expliSg[ A, 11ATA,]. )
in the momentum representatip®0]. The Euclidean propa-
gatorG,,(x—y;M) in the coordinate space is obtained by

Here,S(';"ff[Ai] denotes the U(L}invariant action of the off- z : )
performing the Fourier transformation as

diagonal gluon with the effective mads.; as

SHIAL]= f dx{— L(DAYIAY —DAA") G (X—YiM)=(A,(OA(Y))
d*k
X (DfipeA” — D ipeA*) +MEAS A", (3) = | GGk (®)

with the U(1); covariant derivativd5*'=d, +ieA>,. Here,

SAbe|[Ai] is the effective action of the diagonal gluon com-  For the investigation of the interaction range, it is conve-

ponent, andF[A ] is a U(1)-invariant smooth functional in  nient to examine the scalar-type propaga@y,,(r;M),

comparison with exfiSii{A’ 1} at least in the infrared re- since G,,(r;M) depends only on the Euclidean four-

gion. dimensional distance= \/(x#—y#)z. As shown in the Ap-
Since the massive off-diagonal gluons cannot carry thgpendix, the scalar-type propagat@,,(r;M) can be ex-

long-range interaction and would be inactive at the infraredporessed with the modified Bessel functikn(z) as
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dk ooy, 1 k2
G/m(r-M):<AM(X)AM(Y)>:J (2,”_)4e ym(4+w

d*k 1 3 M 1
— ik-(x—y) _
3 (277)48 k2+M2+M254(X y) 1(Mr)+ 54()( Y) (7)
|

In the infrared region with larg#r, Eq. (7) reduces to global Weyl symmetry[18,22,32—-34 and the diagonal
3M e Mr gluon componenﬁﬂ behaves as the Abelian gauge field and
G,.(F:M)= S ®) the off-diagonal gluon componeAf; behaves as the charged

e 2(2m)7° r matter field in terms of the residual Uiy * Abelian gauge

) . . symmetry. In the MA gauge, off-diagonal gluon components
using the asymptotic expansion are forced to be as small as possible, and then the gluon field
- ( 7T)l/z B * TE4n) 1 o ,[Aéﬂz(]x) mostly approaches the Abelian gauge fiélgh(x) - H
1(Z2)=|57] € ' . oA
=0 nIT(§-n) (22)" Since the covariant derivative operatbr,=d,+ieA,
obeys the adjoint transformatidn, — QD Q" it is conve-

&ent to describéR g with D like Eq (12), for the argument

of the gauge transformat|on property Rfs . Using the in-
finitesimal gauge transformation, the local gauge-fixing con-
dition in the MA gauge is obtained as

for large Rez. Here, the Yukawa-type damping facterM"
expresses the short-range interaction in the coordinate spa
Then, the mash of the vector fieldA ,(x) is estimated from
the slope in the logarithmic plot ofr%’zl\/—)G L(r;M) as
the function ofr,

[H,[D,.,[D,,H]]]=0. (13)
= — Mr +const. (10

3/2
ny—G,.(rM . . .

M pa(TiM) In particular for the S(R) QCD, this leads to i@,
) o _ ieAf;)Aj=O, or equivalently, the local variable
:Sﬁeiﬁ’:gjoé‘a'mlt;‘:g Egle]ms applicable filr>1 from the chA[Aﬂ(x)]E[DM,[DM,#]] is diagonalized in the MA

For the masslfass free vector boson, the Euclidean scalag In the SU?) lattice QCD, the system is described by the

type propagator in the Landau gauge is written as link variable U ,(s)= exp{|aeAL(s)(7""/2)} e SU(2) with the
3 1 lattice spacinga and the QCD gauge coupling constanmt
G,.(r= i (11)  The MA gauge is defined by maximizing
With the four-dimensional_distan(_re—= \_/(xﬂ—yﬂ)z. 'I_'his ex- RMAEE E tr{UM(s) 7'3UL(S) 73} (14)
hibits the Coulomb-type interaction in the four-dimensional s w=1

coordinate space. . . . o
using the SW2) gauge transformation. In the continuum limit

a—0, maximizingRyx leads to minimizingR in Eq. (12).
Also in the lattice formalism, the MA gauge fixing is a par-
In this section, we review the maximally AbelidivA) tial gauge fixing on the coset space (chaV[U(l)fca'

gauge, which seems the key concept for the study of thex Wey?°?®] and there remain the (U);-gauge symmetry

dual-superconductor picture from the lattice QCIB,20— and the global Weyl symmetry. According to the partial
26]. In the Euclidean QCD, the MA gauge is defined by gauge fixing on S(2)/U(1),, it is convenient to use the Car-
minimizing the global amount of the off-diagonal gluon, tan decomposition for the E{B) link variable asU ,(s)

N _Mﬂ(s)ulﬂ(s) V\gth u,(s)= RUACES eU(1); and M (s)
fd xtr[D, - fd4 A2, =il 4, (S)T}ESU(Z)/U(l)g Here, the Abelian link
Roit= ‘=1 variableu,(s), which is suggested to play the relevant role

(12)  for confinemen{18,20—-22 in the MA gauge, obeys the re-
sidual U1);-gauge transformation,

IV. MAXIMALLY ABELIAN GAUGE FIXING

by the SU\N,) gauge transformatiofi2,18,22,3% Here, we

have used the Cartan decompositioh,(x)= A, (x)-H UL(S)—w(S)U,(S)e'(s+i), (15
+2 ‘- CA“(X)E“ and the covariant derivative operator yjth the gauge functiom(s) e U(1)s.
D —(9 +ieA,. In the MA gauge, the SUN.) gauge sym- For the study of the gluon propagat«éAa(x)Ab(y))

metry |s reduced into the U(Y)~! gauge symmetry with the (a,b=1,2,3) in the MA gauge, the gluon flelkF(x) itself is
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to be defined as the dynamical variable by removing the Next, we study the Euclidean gluon propagafﬁ)i (x
residual U1)s-gauge degrees of freedom. In order to extract—y) = <Aa(x)A (y)) in the MA gauge with the
the most continuous gluon configuration under the constraing(1),- Landau gauge. In this gaugel,(s) is determined

of the MA gauge fixing, we take the(l); Landau gauge for  without the ambiguity on the local gauge transformation. In
the U1)s-gauge degrees of freedom remaining in the MAthis paper, we study the Euclidean scalar-type propagator of
gauge. The (); Landau gauge is defined by maximizing the diagonalneutra) gluon as

: G (N=(AS0A%(Y)), (19
Rupi=2 2 tlu,(s)] (16 " e
s p=1 and that of the off-diagondkharged gluon as
using the UWl)s;-gauge transformatioril5) [18,27,34—37. GOﬁ(r)E<A+(X)A*(y)>
The maximizing condition forRy;, leads to the Landau s ol o
gauge conditions,A>=0 in the continuum limit. By taking =3 {(ALOOAL(Y)) H(AL(X)AL(Y)}  (20)

the U1l); Landau gauge, all of the Abelian link variables . 1
u,,(s) mostly approach unity, and the most continuous quorW"[h the off-diagonal gluons A (x)=(1M2){A,(X)
configuration is realized under the MA gauge fixing condi- + A2 #(X)}. These scalar-type propagators are expressed as

tion. the funct|on of the four-dimensional Euclidean distance
r=v(x,— Y, 2. In GO“(r) the imaginary part
V. GLUON PROPAGATORS AND OFF-DIAGONAL —('/2){<A1(X)A2(y)> <A2H(X)Al(y)>} disappears auto-
GLUON MASS IN THE MA GAUGE matically due to the symmetry as(AL(X)AL(y))
IN THE LATTICE QCD =(AZ(X)AL(Y)).

A. Gluon propagators on lattices .
B. Lattice QCD results for gluon propagators

In this subsection, we consider the extraction of the gluon
propagator from the link variable ,(s) in the MA gauge
with the U1)s;-Landau gauge fixing. To begin with, we ex-
tract the lattice gluon field\‘;(s) (a=1,2,3) from the link
variable U, (s) obtained in the lattice QCD Monte Carlo
simulation. In the S(2) lattice QCD,U ,(s) relates toA ,(s)
as

Using the SW2) lattice QCD, we calculate the gluon
propagator in the MA gauge with the(U; Landau gauge
fixing. The Monte Carlo simulation is performed on the
12X 24 lattice with 2.2<8<2.4, and also on the f@nd
20 lattices with 2.3<8<2.4. All measurements are done
every 500 sweeps after a thermalization of 10,000 sweeps
using the heat-bath algorithm. We prepare 100 gauge con-
sta figurations at eacls for the calculation.
UM(S)EPext{ ieJ dx Aa(x) —) The MA gauge fixing and the (); Landau gauge fixing
are performed by the iteration of the local maximization of
_ Rua and Ry, respectively, using the overrelaxation al-
=exp{iaeAfL(s) ?] gorithm with the overrelaxation parameter=1.7 [38]. As
the accuracy of the maximizing condition d},, and
Ry, they are required to converge to 10per sweep.
The physical scale unit is determined so as to reproduce
. . . ) the string tension ag=0.89 GeV/fm=(420 MeV)? based on
with a small lattice _spacmg, the gauge coupling constaat Refs.[39-43. In Fig. 1 and Table [39—-43, we summarize
and the pass-ordering operatBr Here, A7,(s) corresponds  the sU2) lattice QCD data for/oa, the square root of the
to the coarse-grained field @f(x) on the link fromstos  string tension in the lattice unit, as the function ®in the
+af, and coincides withA%(s) approximately, whera is  case of the pure gauge standard action. In the region of 2.2
small enougH?2]. In this paper, we regarda(s) as the ap- =<pB=<2.4, the lattice QCD data in Fig. 1 seem to lie on a
proximate gluon field on the lattice. Here the gluon fieldstraight line, and therefore we determine the values/'®&

(a=1,2,3 (17)

A‘;(s) is described as and the scale unia at intermediate values g8 e (2.2,2.4)
using the interior division. -
A% = i UZ arctan a (U )2 (18 Gof?(]re) aErtlaJCr:;zZiErestZ? ':htelr'z\(/evo pg?}?gﬁgﬁns(g theendluon
2" ge \/23_ (U2)2 ' uo K P 9
a=1{~yu © fields on §,0) and ,r) using Eqs(19) and(20). While the
temporal direction is fixed along the longest side in thé 12
by parametrizindJ ,(s) asU,=U%+i72U% (U), USeR;  x24 |attice, we measure the correlation in all four directions

a=1,2,3), which Satisfies the un|tar|ty CondltIOHUg)2 for the symmetric lattices (f6and 2d) without fixing the
+(U5, 2)2=1. The gluon er|dAM(S) e su?2) is thus obtained temporal direction. We show in Fig. 2 the lattice QCD data
from the link variableU ,(s) e SU(2) generated in the lattice for the diagonal gluon propagathAbe'(r) and the off-
QCD Monte Carlo S|mulat|on For the simple notation, we diagonal gluon propagat@Oﬁ (r) in the MA gauge with the
expressAi(s) by A‘;(s) hereafter. U(1); Landau gauge fixing. Here error is estimated with the
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FIG. 1. The square root of the string tension in the lattice unit,
Joa, as the function of3 in the SU?2) lattice QCD with the pure-
gauge standard action, using the data in R88-49. In the region
of 2.2<3<2.4, the lattice QCD data seem to lie on a straight line.

jackknife analysis[30]. In the MA gauge,G%°(r) and
Gf%(r) manifestly differ. The diagonal-gluon propagator
Gﬁﬂe'(r) takes a large value even at the long distance. In fac
the diagonal quorAi in the MA gauge propagates over the
long distance. On the other hand, the off-diagonal gluo
propagatorGfoL(r) rapidly decreases and is negligible for
=0.4fm in comparison WithGﬁE’f’(r). Then, the off-
diagonal gluomj seems to propagate only within the short
range as =0.4fm. Thus, “infrared Abelian dominance” for

the gluon propagator is found in the MA gauge.

Finally in this subsection, we briefly discuss the finite size

Abel off
effect on the gluon propagator§,,,” andG,,,. As shown

in Fig. 2, the shape onLi’f' slightly depends on the lattice
parameter$s and the lattice sizealthoughg dependence of
G/ at Be[2.3,2.4 seems to decrease for the*2attice.
(See also Figs. 3 and)4Then, one should be careful about

the finite-size effect for the detailed argument on the diago-

nal gluon propagatoGﬁ?f'. On the other hand, the single
curve approximately fits almost all the lattice dataG)ifL

TABLE I. The SU?2) lattice QCD data for/oa, the square root
of the string tension in the lattice unit, at variogsfor the pure-
gauge standard action. These data are taken from RB&s42. Ng
andN, denote the lattice sizﬁgx N,. We add the physical length
of a to reproduce/o=0.89 GeV/fm.

N, N, B Joa a (fm)

8 10 2.20 0.469(100 0.2233
10 10 2.30 0.369@30) 0.1757
16 16 2.40 0.266@0) 0.1267
32 32 2.50 0.190%8) 0.0907
32 16 25115  0.183@3) 0.0874
20 20 2.60 0.136@0) 0.0648
48 64 2,635  0.1208) 0.0575
32 32 2.70 0.10130) 0.0483
32 32 2.74 0.091(R) 0.0434
48 56 2.85 0.063@30) 0.0300

n
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a b 4
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.
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T : 2.4(5) “:gi E3 Y E
20° ‘5%__ Wihags
o @ x| O A o i nacd
% 240 00 02 04 06 08 10 1.2
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FIG. 2. The SW?2) lattice QCD results for the scalar-type gluon
Abels .\ _ ff
propagators  GLo%(r)=(A3(x)A%(y)) and Go(r)
E(Aj;(x)A;(y)) as the function ofrE\/(xM—yM)2 in the MA

gauge with the {l); Landau gauge fixing in the physical unit. The

Monte Carlo simulation is performed on the3x24 lattice with
2.2<pB<2.4, and also on the f6and 2@ lattices with 2.3<3

2.4. The diagonal-gluon propagat@ﬁ‘;e'(r) takes a large value
even at the long distance. On the other hand, the off-diagonal gluon
propagatorijL(r) rapidly decreases and is negligible for
=0.4fm in comparison wittG4"¢(r).

=

obtained from different lattices o and the size. Therefore,
the finite-size effect seems to be small on the off-diagonal
gluon propagatorGZfL in the MA gauge.(See also Figs.
3-5)

C. Estimation of the off-diagonal gluon mass in the MA gauge

In this subsection, we examine the hypothesis on effective
mass generation of off-diagonal gluons in the MA gauge. To
this end, we investigate the logarithm plot ro"szZfL(r) as

the function ofr, since the massive vector boson with the

massM behaves likeG, ,(r)~[exp(~Mr)]/r¥? for Mr>1

[31] as was discussed in Sec. lll.

In Fig. 3, we show the logarithmic plot of?GS' (r) and
r¥2GA"%!(r) as the function of the distancein the MA
gauge with the d1); Landau gauge fixing. As shown in Fig.
3, the logarithmic plot of #G®" (r) seems to decrease lin-

early in the region of 0.2feer<1fm. In fact,GfoL(r) be-
haves as the Yukawa-type function
exp(—Mgh)
G~z — (21)

for 0.2fm=r=1fm in the MA gauge. From the linear slope

on r¥G% (r) in Fig. 3, the effective off-diagonal gluon

massM . is roughly estimated as

Mys=5 fm =1 GeV. (22)
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FIG. 3. The logarithmic plot of #2G% (r) andr¥3G,%?(r) as I I T T T T
the function of the distance in the MA gauge with the (1); G Abel(r)
Landau gauge fixing, using the &) lattice QCD with 13x 24 s
(2.2<p=<2.4), 16 and 2@ (2.3<5=<2.4). The off-diagonal gluon - ok a o=
propagator behaves as the Yukawa-type functi(BﬁfL(r) ey -~ P
~[exp(—Mqxr) /132 with M4=1 GeV forr=0.2 fm. Therefore, 0.1 . L]
the off-diagonal gluon seems to have a large mdgg=1 GeV in

the MA gauge.

0.01
For more accurate estimation of the off-diagonal gluon

massM ¢, we analyze the lattice data of?GS(r) indi- GG g f
vidually at each lattice with the sam@and the lattice size, ¢ & 23 }Hv: }
to separate the systematic error relating to the lattice param- | a v 33| 0001 | [ | ) |
eters. We show the lattice data fo?’szfL(r) in Figs. 4a),
4(b), and 4c) corresponding to the lattice size,*224, 16, r
and 2d, respectively. Using the least-squares method, we 12
perform the linear fitting analysis for the logarithmic plot of r2G o (r) [GeV™] 20* lattice
r¥2Go" (r) with the fitting range of 0.2 frer <1 fm. H FT | T T T

We summarize in Table Il the effective off-diagonal i 32~ Abel

. . 1= . r Gy, 3]

gluon massM s obtained from the slope analysis at each Eve tres
lattice (the lattice size angB) as well asy? and the degrees F " en
of freedom,Npg. The error of M is estimated with the "t
jackknife analysis. Here, the two crude-lattice data with 0.1
122X 24 and 8=2.2,2.23 show extremely large values on
x%/Npe, which means the wrong fitting of these two data,
and hence the errors listed are not credible for the two crude- 0.01 x
lattice data. Except for these two wrong-fitting data, the lat-
tice QCD data for the off-diagonal gluon mass in the MA GG, B
gauge distribute around z=1.2GeV within about 0.1 M- % I
GeV error. s v 2 0001 L ! L | |

We show in Fig. 5 the off-diagonal gluon madsy as the 04 06 08 10 12
function of 1V, the inverse volume in the physical unit, to r [fm]
investigate the finite-size effect M. In Fig. 5, we have FIG. 4. The logarithmic plot of #2G°" (r) andr¥2G*¢(r) in
dropped the two wrong-fitting data on the crude lattice withy, SU2) lattice QCD with (a) 12°x 24 fand 2.%ﬂ£2.£ﬂ(b) 16
123><.2'4 and B=2.2,2.23. The systematic errors including 54 2.38<2.4,(c) 20* and 2.3<8=<2.4 in the MA ga’uge with
the finite-size effect seem to be small fdrg;. the U1); Landau gauge fixing. The slope corresponds to the effec-

Finally in this section, we discuss the relation betweenive mass, and the effective off-diagonal gluon mass is estimated as
infrared Abelian dominance and the off-diagonal gluon massy ,~1.2GeV for r=0.2fm both on these lattices. The finite
Ms=1.2GeV, which is considered to be induced by thejattice-size effect seems to be small on the off-diagonal gluon
MA gauge fixing. Due to the large effective malgs, the  propagator.
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GeV 16 T I T I 7 I T I T TABLE II. The effective off-diagonal gluon masdd , obtained
[GeV] from the slope analysis on the logarithmic plot r&szj’fL(r) at
B e 12°x24 . each lattice(8 and the lattice sizewith the fitting range of 0.2 fm
. 16* <r=<1.0fm. Here,x? and the degrees of freedoMyg, are also
14 . 20* _ listed. Except for the first two wrong-fitting data with largé, one
finds 1.1 Ge\EM z=1.3 GeV.
i 1 Lattice size B M off X% Npe
My 12+ % if 3 ? { { ] - 2.20 0.9099) 21.8958/2
{ } { 2.23 0.9219) 22.5831/2
B { { T 2.25 1.18%53) 0.2457/2
2.27 1.18461) 2.4423/2
1.0 - . 2.30 1.12845) 0.2110/2
128x 24 2.31 1.17(44) 0.5786/2
i ] 2.32 1.11142 0.5139/2
ogll_o 1 1 L L 2.33 1.15133) 0.9888/3
"o 002 004 006 008 0.1 2.34 1.16841) 0.6145/2
- 2.35 1.22840) 4.0086/2
v fm™
[ ] 2.37 1.09654) 9.0845/4
FIG. 5. The off-diagonal gluon madd as the function of 2.40 1.14058) 11.9412/4
1N, the inverse lattice volume in the physical unit. The off-
diagonal gluon mashl i is obtained from the slope analysis on the o 2.30 1.23819) 4.0602/2
logarithmic plot ofr#2GS" (r) at each latticé/ and the lattice size 1 2.35 1.18217) 0.3777/3
with the fitting range of 0.2 frer<1 fm. In this figure, we drop 2.40 1.20720) 2.2900/4
e e o o STl g vebsoglene vants 230 119m3 109632
ylarg A 20 2.35 1.17713) 10.7148/3
2.40 1.18710 6.4432/4

off-diagonal gluon propagation is restricted within about
M_#=0.2fm in the MA gauge. Therefore, at the infrared
scale ag>0.2fm, the off-diagonal gluona; cannot medi- MA gauge, but still now, we have to consider the finite
ate the long-range force, and only the diagonal gladrcan  lattice-spacing effect and the Gribov copy effeplel-44
mediate the long-range interaction in the MA gauge. In factelating to the gauge fixing for more quantitative arguments.
in the MA gauge, the off-diagonal gluon is expected to be A'b:rlom the behavior of the diagonal-gluon propagator
inactive due to its large masd ¢ in the infrared region in G, (), the diagonal gluon seems to behave as a light or
comparison with the diagonal gluon. Then, we conjecturémassless particle. However, for the detailed argument on
that effective mass generation of the off-diagonal gluon inGﬁ':f'(r), one should consider the finite size effect more
the MA gauge would be an essence of Abelian dominance igarefully, because the diagonal gluon may propagate over the
the infrared region. long distance beyond the lattice size. On the other hand, the
off-diagonal gluon propagation is limited within the short
distance as <M =0.2 fm, and hence the finite size effect
for GfoL is expected to be small enough, when the lattice size
In this paper, we have studied the gluon propagator ané taken to be much larger thaVlgﬁlzo.me. Such a ten-
the off-diagonal gluon mass in the MA gauge with thélld  dency of the small finite-size effect ocsij has been

Landau gauge fixing using the ) lattice QCD. The checked using the lattice QCD simulation with the various
Monte Carlo simulation is performed on the®¥224 lattice  volume.

with 2.2<3<2.4, and also on the f@nd 2¢ lattices with Due to the large off-diagonal gluon mass &b
2.3<pB=<2.4. In the MA gauge, we have measured the Eu—=1.2 GeV, the off-diagonal gluon cannot mediate the inter-
clidean scalar-type propagatd@s, ,(r) of the diagonal and action over the large distance @s M ¢, and such an infra-
the off-diagonal gluons, and have found infrared Abelianred inactivity of the off-diagonal gluon may lead infrared
dominance for the gluon propagator. In the MA gauge, weapelian dominance in the MA gauge. Then, an essence of
have found that the off-diagonal gluon behaves as a massiv@frared Abelian dominance would be physically explained
vector boson with the effective madd =1 GeV forr a5 generation of the off-diagonal gluon maés; induced by
=0.2fm. At each lattice, we have estimated the effectivethe MA gauge fixing. As an interesting conjecture, this off-
off-diagonal gluon mas « from the linear fitting analysis  diagonal gluon mass generation may provide general Abelian
of the logarithmic plot ofr®**G%" (r). The off-diagonal dominance for the long-distance physics in QCD in the MA
gluon mass is estimated &d.,4=1.2GeV with the error gauge, similar to the infrared inactivity of the massive weak
about 0.1 GeV. We have also checked the smallness of thgosons in the Weinberg-Salam model.

finite-size effect for the off-diagonal gluon malk in the Finally, we consider the criterion of the scale where Abe-

VI. SUMMARY AND CONCLUDING REMARKS
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lian dominance would hold in the MA gauge. We conjectureOne of the authorgH.S) is supported in part by Grant for
thatM 4 =0.2 fm would be regarded as the critical scale onScientific ResearciiNo. 09640359 from the Ministry of
Abelian dominance in the MA gauge. For the short distancdEducation, Science and Culture, Japan. The lattice QCD
asr=Mi=0.2fm, the effect of off-diagonal gluons be- simulations have been performed on SX-4 at RCNP, Osaka.
comes significant, and hence all the gluon components have

to be considered even in the MA gauge. On the other hand APPENDIX: FORMULA ON EUCLIDEAN PROPAGATOR

. _l~ .
at the long distance as>M =0.2fm, the off-diagonal In this appendix, relating to Eq$7) and (11), we add

gluon cannot mediate the interaction and would be negligibleeyera| formulas on the vector boson propagator in the Eu-
in comparison with the diagonal gluon, which may lead Abe-¢jijean metric. For the massive vector case, the scalar-type
lian dominance in the MA gauge. In this way, Abelian domi- propagatoiG ,,(r;M)=(A,,(x)A,,(y)) is expressed as

nance is expected to hold for the long-range physics as

>M_+, and Abelian dominance would break at the short o d*k ik (x—y)__ L 1 5
distance as <M in QCD in the MA gauge. Gpuu(riM)=3 (277)48 k2+M2+ M2 (X=y).

(A1)
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would like to thank all members of the RCNP theory group.integration in Eq(A1) can be expressed witk,(z) as

4 3 - 3
d’k elk-(x=y) 1 _ d°k f %eikor 1 _ d°k 1 ewkzﬂvlzr
(2m)* k?+M? (2m)3\ )27 K5+kZ+M? 2m)° 2 K2+ M2
1 * k2 \/ﬁ 1 * 1 *
_ dk e kc+M r:_f dEe—Er /EZ_MZZ_MZJ d e—sMr / 2_1
4m? fo JKZFM? am? Ju Eh P €
1 M
= 7 KalMD) "

with E=k?+M?2 and e=E/M. Here, we have used the with the gauge-fixing parametef. The massless vector-

integration formula for the modified Bessel function, boson propagator is obtained as
Kl(z)zzf dte ?t?>—1 (%z>0). (A3) 5 1 kK,
' G=i2 5W+<§—1>[;—2] (A6)

Thus, the scalar-type propagat@,,(r;M) can be ex-

pressed as
in the momentum representatifB0]. The scalar-type propa-

s M 1 atorG , ,(x) in the coordinate space is written as
Guu(TiM) = 5 = Ki(MD)+ 15 54(x=y).  (A4) gatorG,,,(x) p

For the massless vector case, we use the covariant La- _3+¢1 A7
grangian in the Euclidean metric, Guu(r)= A 2 (A7)
L= 2 (A= DA o (0,72 A5
= O IR 2—5(19# 2 (A5 Wwhich becomes Eq11) for the Landau gaugé=0.
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