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Preface to the Series 

The RIKEN BNL Research Center was established this April at Brookhaven National Labo- 
ratory. It is funded by the “Rikagaku Kenkysho” (Institute of Physical and Chemical Research) 
of Japan. The Center is dedicated to the study of strong interactions, including hard QCD/spin 
physics, lattice QCD and RHIC physics through nurturing of a new generation of young physicists. 

For the first year, the Center will have only a Theory Group, with an Experimental Group to 
be structured later. The Theory Group will consist of about 12-15 Postdocs and Fellows, and plans 
to have an active Visiting Scientist program. A 0.6 teraflop parallel processor will be completed at 
the Center by the end of this year. In addition, the Center organizes workshops centered on specific 
problems in strong interactions. 

Each workshop speaker is encouraged to select a few of the most important transparencies 
from his or her presentation, accompanied by a page of explanation. This material is collected at 
the end of the workshop by the organizer to form a proceedings, which can therefore be available 
within a short time. 

T.D. Lee 
July 4, 1997 



CONTENTS 

Preface to the Series 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i 

Introduction . 

P. Orlando, P. van Baa1 and R. Pisarski . . . . . . . . . . . . . . . . . . . . 

Gauge Fields and Ads/($) CFT 

1 

I. Kogan . . . . . .‘. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , 2 

Yang-Mills Theory in (2 + 1) Dimensions, Vacuum Wave Function, Mass 
Gap, String Tension 

V.P. Nair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 

Instantons and the QCD Vacuum Wavefunctional 
W.Brown . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 

QCD from a &Dimensional Point of View 
D. Zwanziger . . . . . , . . , . . . . . . . . . . . . . . , . . . . . . . . . . 21 

Topography on Orbit Space 
P. Or-land . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . 27 

Gribov Problem and BRST Formulation 
K. Fujikawa . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . 33 

Resolution of the Gribov Problem-or How to Live with the Ambigu- 
ity 

M. Schaden . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -10 

Dynamics and Topology in a Gauge-Invariant Formulation of QCD 
K. Huller . . . . . . . . . . , . . . . . . . . . . . . . . . . . . , , , . . . . 48 

Physical Charges in Gauge Theories 
E.Bagan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 

Renormalization of Metric on Configuration Space 
G. Alexanian . . . . . . . . . . . . . . . . . . , , . . . . . . . . . . . 62 

Solitons (Monopoles and Dyons) in the Einstein-Yang-Mills Theory in 
Ad& 

J. Bjoraker . . . . . . . . . . . . . . . . . . . . . . . . .I _ . . . . . . . . 67 

Numerical Study of the Gluon Propagator in Landau and Coulomb 
Gauge 

A. Cucchieri . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10; 

On Field/String Theory Approach to Theta Dependence in Large N 
Yang-Mills Theory 

G. Gabadadze . . . . . . . . . . , . , . . . , . . . . . . . . . S2 

Magnetic Spatial Geometry and the Wu-Yang Ambiguity 
R.Khuri..................................... SS 



Reduction of Quantum Systems on Riemannian Manifolds with Symmetry 
and Application to Molecular Mechanics 

S. Tanimura . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 

New Monopole Solutions to the SU(2) Einstein Yang-Mills Equations in 
Asymptotically Anit-de Sitter Space 

Y. Hosotani . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 

Gravity H Large N Y-M Correspondence 
A. Jevicki . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 

Gauge Invariant Monopoles for Free 
P.vanBaal . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Dynamics of Confinement from 3d Gauge Theories 
0. Philipsen . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Lattice Gauge Fixing, Elitzur’s Theorem and Abelian Projection 
M. Ogilvie . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Smeared Gauge Fixing 
J. Hetrick . . . . . . . . . . . . . . . . . . . . . . . . . . . , 

Lattice Gauge Fixing, Gribov Copies and BRST Symmetry 
M. Testa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Gauge-Fixing Approach to Lattice Chiral Gauge Theories 
M. Golterman . . . . . . . . . . , . . . . . . . . . . . . . . . 

List of Participants 

....... 112 

....... 118 

....... 124 

........ 130 

........ 137 

....... 143 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 

Workshop Agenda 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 



Introduction 

This four-day workshop focused on the wide variety of approaches to the non-perturba- 

tive physics of &CD. The main topic was the formulation of non-Abelian gauge theory in 

orbit space, but some other ideas were discussed, in particular the possible extension of 

the Maldacena conjecture to nonsupersymmetric gauge theories. The idea was to involve 

most of the participants in general discussions on the problem. Panel discussions were 

organized to further encourage debate and understanding. Most of the talks roughly fell 

into three categories: 

1. Variational methods in field theory. 

2. Anti-de Sitter space ideas. 

3. The fundamental domain, gauge fixing, Gribov copies and topological objects 

(both in the continuum and on a lattice). 

In particular some remarkable progress in three-dimensional gauge theories was pre- 

sented, from the analytic side b;y V.P. Nair and mostly from the numerical side by 0. 

Philipsen. This work may ultimately have important implications for RHIC experiments 

on the high-temperature quark-gluon plasma. 

Many thanks to all participants of the workshop for their contributions and especially 

for the high level of discussion which clarified many aspects of field theory. We sincerely 

wish to express our gratitude to F’am Esposito, the secretary of the RIKEN-BNL Research 

Center. Finally we thank Brook:haven National Laboratory and the U.S. Department of 

Energy for providing the facilities to hold this workshop. 

Peter Orland (Baruch College, City University of New York) 

Pierre van Baa1 (University of Leiden) 

Robert Pisarski (BNL Physics) 
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Gribov Problem and BRST Formulation 

Kazuo Fujikawa 

Department of Physics, University of Tokyo 

Runkyo-Lx, Tokyo 113, Japan 

1. Motiva~tion 

2. A BRST symmetric re-interpretation of the Faddeev- 

Popov formlla 

” BRST invariant sumnation over Grihov copies” 

3. Grihov problem and gauge independence 

“Possible breakdown of BRST symmetry due to Gribov 

problen? 

4. RRST symmetric formulation of t)he soluble model 

of Friedberg et al. 

” Agreement with the canonical analysis” 

” Gribov horizon is not serious?” -. 

5. C~onc~lusion 
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Resolution of the Gribov 

Problem - or How to Live 

With the Ambiguity 

K. Fujikawa(‘79,‘83), P. Hirschfeld(‘79), 

B. Sharpe(‘84), R. Friedberg, T.D. Lee, 

Y. Pang, H.C. Ren(‘95), L. Baulieu, M. S., 

A. Rozenbe;g(‘96,‘98), and many others 

(talk at BNL on May 26, 1999) 



.-. 

SETTING: Su(n) Gauge theory on compact 

Euclidean space-time without boundary 

PROBLEM: V.N. Gribov & I.M. Singer (‘78): 

&;[A] = {U : U()E) E SU(n),.F(AU> = o} 
is not simply connected for all local F(A). 

PROPOSAL: Compute a top# of +-[A]: 

1) top# constant on connected set of orbits 

2) top# constant on connected set of F’s 

IMPLEMENTATION: top# w BRST of TQFT 

3) “Covariant” local effective action 

4) Global Gribov Problem (GGP): top# = 0 

5) Generalizes to SU(n)siteS-invariance of LGT 

COMMENT: 1)+2) are related, 3) requires 

a “covariant” and local F(A) that preserves 

a// isometries of the compact space-time, such 

as F(A) = 3-A. The resolution of 4) and the 

generalization 5) are subjects of this talk. 

41 



TRIVIALIZATION: BRST, FP-Integral and 

a top#(Sl) 12/ 

X(Sl> 

toP# 

FP = 1-1 db / dCdL:Ll dg exp[sE3(g)] 

with the nilpotent BRST symmetry, 

3 : g E: S1 --+ 3(g) E R 

=.I s1 & wm aI) 
a 

c sign[3’(gJ = O! 
,T(g;)==o 

@ 

F I 
0 

%I = c, 

COMMENT: 

s-exact: 

J 
S 1 

SC = 0 ; SC = ib, sb = 0 

The model TQFT “action” is 

s=(s> = ib3(g) - E3'(g)c 

z the integral is a top#(Sl) that does not 

depend on 3. By deforming to 3 = V’ + 

x(S,) is Morse’s definition of the Euler# of 

Sl - which vanishes!+ G%P 
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MORAL: The FP-Integral is a constant on 

a connected set of orbits that may vanish: 

x(G = su(n) x $3) = 0 
STRATEGY: avoid GGP by either 

l)Eq,uivariant cohom. for x(M = G/T-l) + 0 

2)Use BRST to compute a top#+ 0 of G ! 

RESULTS for SU(2) gauge group: 

on T4: &E&W(2)) =odd 

on S4, 72 = 0 sector: x(&&W(2)) = 1 

on S4, 72 = 1 sector: x(E~.A/SU(~)) =even, 

etc.... 

“Cov.” & BRST-inv., SU(2)-LGT in MAG: 

x(G = SU(2)9 = ~(sU(2))~ = 0 +-GGP 

BUT: x(M = sU(2)N/U(1)N - SF) = 2N ! 

Use U(l)N invariant Morse potential: 

V:M+R 

V{U} [g] = V[Ug] with V[U] = 
c/ 

2 
Trr+ Uij 

links 

to construct the TQFT with an equivari- 

ant BRST-symmetry and partition function 

x(Jw 
43 



THE TQFT pn M = SU(2>NIU(1>N 

equivariant B&T algebra of TQFT: 

S&j 

hi 
sci 

swi 

4% 

= 0 

-g&i + wi) , wi E Cartan 
= C: + [w& + & ,& E Cartan 
- - 4 i 

and multiplier doublets to enforce: 

3i[Ug] = Tr-roci = Trr& = 0 

with 3$J] = ~V[~Jgl/6gilg=l 

SEi = [Wi, Ei] + bi 7 Sbi = [Wi, bil - [4i 7 &I 

with o-, a,~,? in Cartan subalgebra. 

BRST-algebra is NILPOTENT: S* = 0 

BRST-exact action: STQFT[U~, C, C, . . .] = SW 

W = CTr [Fi(3i[u”] + :bi) + /3Z~ci + TiCi + ajci 
i 

STQFT does not depend on W. 
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* U( l)N-invariant gauge fixing action: 4’ 

= [ 

Tr -$3i[I/]3i[U] - E&$[U, c] - p;q [z, c] 
sites i 

1 
I 1 2 +42 i 

pi is an auxiliary scalar site field that could be 

eliminated in favor of a quartic ghost inter- 

action. The action is bilinear in the complex 

ghost fields 

which, when integrated, give a sparse deter- 

minant that depends on the link configura- 

tion {Uij} atid {pi). In a numerical simulation 

its gaussian average over {pi} determines the 

measure for the link variables. 

-mJl c UijT+(TrUJjT >+U* - ,iT-(TrUJjT+)-h.c. 
. . 

gives the variation of V[U] under infinitesimal 

gauge transformations. 
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THE EQUIVARIANT COHOMOLOGY: .,.’ 

The action is (on-shell) BRST invariant: 

with sFi[U] = M&J,c] 

defining M&J, c]. 

HOWEVER: on-shell (using EM’s of F,p) 

,2 _ * - InfinitesimalU(l)‘, parameters c’ 

and is nilpotent on U(l)N-invariant function- 

als 

I3 := {A[U,c] = A[Uh,ch], V h E u(QN} 
that do not depend on C,p only. On M,s thus 

defines an equivariant cohomology 

Ix :={OEB:sO= O,O+sE, VEEB} 

Observables are in the equivariant cohomol- 

ogy and have ghost#=O. 
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ONE PROVES (explicitly): 

1) (Equivarianlt) U(l)-LGT is normalizable 

2) Expectation values of observables in the 

U(l)-LGT are the same as in the SU(2)-LGT 

3) <: pi :>+ 0 in D < 4 dimensions scales - 
like a physical mass* in the critica/ gauge 

a = g2(11 - “f) + o(g4) 
4) Residual U(l)N-invariance can be “gauge 

fixed” to a discrete Zy with a TQFT whose 

partition function is the number of connected 

components bo(U(l>N) = 1 $0 

5) Equivariant construction of equivalent abelian 

LGT for SU(n)-LGT relies on SU(12+1)/U($ - 

CP, with x(CPn) = n+ 1 I;t 0 

CONCLUSION: It appears that this construc- 

tion is a viable field theoretic alternative to 

Dirac’s quantization. It relies on a nilpotent 

symmetry whose global breaking can be an- 

alyzed as in other TQFT’s (and SUSY). 

FOR DETAILS and APPLICATIONS SEE: 

l)M.S.,Phys.Rev.D59:014508;ibidD58:025016 

2)A.Rozenberg,M.S.,Phys.Rev.D57:3670 

3)L.Baulieu,A.R.,M.S.,Phys.Rev.D54:7825 

4)L.Baulieu,M.S.,Int.J.Mod.Phys.A13:985 
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Dynamics and Topology in a Gauge-Invariant Formulation of &CD. 

Kurt Hallerl 
Department of Physi.cs, University of Connecticut, Storrs, CT 06269 

Summarv 

This investigation addresses the properties of both, the gauge-invariant gauge field, 
and the “resolvent field” AT(r), one of its essential constituent elements. Both of these 
operator-valued quantities were constructed in earlier work.2 The resolvent field is a 
functional of the gauge field, and it has a pivotal role in our work. It first appears in 
the operator that implements the non-Abelian Gauss’s law, where it is folded into II;(r), 
the canonical momentum for the gauge field and the negative chromoelectric field. In 
addition, the resolvent field has an important role in establishing gauge-invariant gauge 
(gluon) and spinor (quark) fields. And it also is an important component of the unitary 
operator that enables us to ca,rry out a similarity transformation to a representation in 
which the low-energy dynamics of QCD can largely be described by a nonlocal interaction 
- the QCD analog of the Coulomb interaction in QED.3 

We have obtained a nonlinear integral equation that determines the resolvent gauge 
field for the SU(2) f orm 

- 
of QCD,2 in the form AT(r) = z(r), + Al(r)7 , where AT(r), 

and x(r)y are displayed on one of the accompanying transparencies. When we treat the 
resolvent field (as well as all ot.her fields) in this equation as ordinary functions of spatial 
variables, and make an appropriate ansatx delimiting their forms, we obtain a nonlinear 
differential equation that associates gauge fields with topological sectors in which the 
corresponding gauge-invariant gauge fields live. The topological sectors are characterized 
by winding numbers 2(N - n) + 1, where the integer indices N and n correspond to the 

r--too and r+O limits, respectively, of the magnitude g = g gq(r)$&q(r) . These 

limiting values of g are determined by the nonlinear differential equation referred to 
above. We observe that the d.ynamics of QCD - in particular the requirement that it 
respect the non-Abelian Gauss’s law - mandates that the T--+OO and r+O limits of n 
be integer multiples of 7r. The dynamical equations, therefore, have an important role 
in selecting topological sectors defined by winding numbers that depend on these T+CC 
and r-0 limits of g. 

‘E-mail: khaller@uconnvm.uconn.edu 
2L. Chen, M. Belloni and K. Haller, Phys. Rev. D 55, 2347 (1997). 
3M. Belloni, L. Chen and K. Haller, Phys. Lett. B 403, 316 (1997); L. Chen and K. Haller Quark: 

Confinement and Color Transparency in a Gauge-Invariant Formulation of &CD, hep-th/9803250; to 
be published in Int. J. Mod. Phys. A. 
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The program of this work: 

I ) Constructing a set of state vectors for tem- 

poral gauge (A0 = 0) QCD that obey the 

non-Abelian Gauss’s Law. 

II) Constructing gauge-invariant operator-valued 

gauge (gluon) and spinor (quark) fields. 

III) Transforming the QCD Hamiltonian to a 

representation in which the interactions be- 

tween the quarks and the ‘pure gauge’ compo- 

nents of the gauge field are replaced by non- 

local interactions between quarks - a non- 

Abelian analog to the Coulomb interaction in 

QED. 

IV) Investigating the gauge-invariant gauge 

field - its topology and its multiple recur- 

rences in different topologically distinct sec- 

tors. 
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SOLVING THE ‘PURE GLUE’ GAUSS’S LAW: 

We first construct a state \I, I$) for which 

{ &ll~(r)+J$(r) }V I#) = 0, where Jo”(r) is the 

gluon color charge density only. We choose a 

state 14) annihilated by &tl~(r) (they are easy 

to construct) and seek a u for which 

or, equivalently, 

[&n?(r), w] = -Jo”(y> u + qyr), 

where B;(r) is an operator that has &ll~(r) 

on its extreme right. THIS IS A KIND OF AN 

OPERATOR DIFFERENTIAL EQUATION. 

The commutator [&ll$(r), V] is, essentially, 

an operator derivative of u. 

The solution of this equation is: 

W = IIexp (i/k4~(r)ll~(r)) II) 

where the double-bar bracket denotes a nor- 

mal ordering in which all the gauge fields are 
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placed to the left of all canonical momenta, 

so that when the exponential is expanded, all 

powers of s:(r) appear to the left of any of 

the l-l:(r). 

Al(r), is the resolvent field. 

A?(r) = ?i 

j&(r) f and Y”(r) = 
Bj _ 

appear in the equation for z:(r) 
@y(r) 

Gauge-invariant operator-valued fields: 

Attaching quarks to gluons - the basic idea: 

s”(r) = &n;(r) + gfubcAf(r)llt(r) + j;(r) 

and &Za(r) = aJlq( r) + gfabcAf( r) Ill< r) 

are unitarily equivalent. 

G”(r) = UC F(r) UT1 , 

where 24~ = &Q@ and CO and C are given by 

CO = i JdrXC”(r)j$(r) and C= i Jdrya(r)j$(r) 



We have two options for gauge-transforming 

operators: in the C representation, 

O(r) + O’(r) = exp 
( J -g @(r’) d(r’) dr’ x 

) 

O(r) exp f P(r’)6P(r’) dr’ , (i ) 
where O(r) and O’(r) are in the “common” or 

C-representation. Alternatively, we can trans- 

form to the N representation, in which case 

and the gauge transformation ON(r) -+ Oh(r) 

is expressed as 

Ok(r) = exp 
( J -$ S”(r’) d(r’) dr’ 

%dr> exP S”(r’)d(r’) 

It is easy to see that the spinor field +(r) is 

gauge-invariant in the N representation, be- 

cause +(r) and p(r’) trivially commute. To 
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produce $GI(r), this gauge-invariant spinor is 

transformed to the C representation: 

+GI(T) = 24p/(r)U$- and $&(r) = 24&+(r)@ ; 

with the Baker-HausdorfFCampbeII theorem, 

+GI(r) = v?(r) $0) and &(r) = @+(r) vc-l(y>* 

Similarly,, the gauge-invariant gauge field is 

A&&r) g = Q(r) [A$9$3 V~%9 + 
iI+ &VT’(r) , 

or, equivalently, 

A&(r) = J&(r) + [&j - z] &r) . 

Two-color - SU(2) - QCD : 

AT(r) = Jq(r)x + Jqr), 7 

where 

_AY(r)x = sin(N) CJ@~ PP(r)Af(r) ~ - 
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g@r P(r) &t?(r) 

1-cos(N) 
2 

N l-cos(N) 
-cJ*@~@~ J?(r) J?(r) A;(r) 

and 

where 

L 

From an 

AT(r) = 

We can 

a~~satz, we find that we can express 

set g4 = g and grS = N and use 

this form of the resolvent field to transform 

the nonlinear integral equation into the non- 
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linear differential equation 

d2N + dm 

du2 
du +2 [Ncos(m+N) -sin(7V+N)] 

+ 2gro exP(u) {I” [cos(X + Jv) - 11 

- 7csin(X+N)} e 0, 

where u = h(+-o), and TA and TA are det.er- 

mined by the gauge field Al. With the ansatz 

we have made, 

Vi(r) = exp (-i&7-+) , 

so that we can represent [ A& r ( )I AY - .m z o as 

A&r) = Ty [A&&r)] AT = V$(r)&Vc(r) 
i 

and define the winding number 

Q = -i(24~~)-‘%~~~ 
s 

drTr[Ai(r)Aj(r)A k(r)] . 

This leads to 

&=2(N-n)+1. 
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PHYSICALCHARGESINGAUGETHEORIES 

EMILI BAGAN’ 

Grup de Fisica Tedrica and IFlIE. Edifici Cn. Universitat Autdnoma de Barcelona 
E-081 93 Bellaterra (Barcelona). Spain 

MARTIN LAV.ELLE~, and DAVID MCMULLAN~ 

School of Mathematics and Statistics. The University of Plymouth 
Plymouth, PL4 8AA. UK 

Summary: In QCD colour can only be defined on gauge invariant states. Hence to go 
beyond naive QCD partonic phenomenology requires gauge invariant descriptions of quarks 
and gluons. Obvious applications include the construction of constituent quarks; the onset 
of hadronisation and QCD description of the glue which makes up the pomeron. In this 
talk the highlights of a programme to systematically construct and apply such descriptions 
of charged states will be presented. The general method will be explained and then tested 
in various contexts. In particular we will see that in QED the on-shell Green’s functions 
and S-matrix elements for such physical charged states are free of infra-red divergences 
at all orders. This result, will be shown to be a na.t,ural consequence of the emergence of 
a particle structure at, asymptotic times in our construction. The ultra-violet behaviour 
of these fields is studied and is shown to have many attractive properties. In QCD it is 
demonstrated that this construction captures the dominant gluonic fields around static 
quarks and that a constituent structure emerges at short distances. 

References: 

1. E. Bagan: M. Lavelle and D. McMullan, “Soft. clynalllics ant1 gauge t’heories,” Phys. 
Rev. D57. 4521 (1998) llep-th/9712080. 

2. i\f. Lavclle and D. hlch~lullan, ‘Color charges ant1 tllc+ ant is;c,reening contribution to 
tlic intcrq11ark potciit,ial.” Phys. L(‘tt. 13436. :339 (lY18) hcp-th/9805013. 

3. AI. Li\\~~llc iuld D. h,lci\l~lllan. “Constitllcnt cll~rl<s f’rr,lll QC’D... Whys. R.ept. 279, 1 

(1997) llC~~,-~>11/950934~~. 

'cbllli\il: bagan@lfae.es 

't-lllclil: m. lavelle@plymouth. ac .uk 
~'c~~~~,rii. d mcmullan@pl;;mouth. ac .uL 

56 



Moral: We need to construct operators 
that create gauge invariant charges. 

How? 

Let G be the gauge group and u E g 

We need h = h[A] E g such that 

and use this to define 

qPh and Ap/-, are gauge invariant 

h-l is called a dressing 
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Physically relevant variables 

r-- Right electric field ( 

Example [Dirac]: 

we obtain 

i.e., the electric field of a static charge 

Recall that physical state space breaks into dis- 

tinct superselection sectors labelled by the ,!? flux 

distribution at spatial infinity. In the asymptotic 

regime 

elected 

the velocity of the charges is also supers- 

. 

Demand dressing eq.: 

- Analo&jy kvith 
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IR Structure 

Usual on-shell Green’s functions and S-matrix el- 

ements have IR divergences. 

The two dressing structures remove these IR di- 

vergences (at all orders): 

x (minimal) removes soft and I< (additional) can- 

cels phase. [QED, scalar QED] for both (on- 

shell) Green functions and S-matrix elements of 

any scattering process. 

Note: Have to go on-shell at appropriate point, 

e.g., static dressing M p = (m, O,O,O). 

We also have explicit full calculations at one loop 

order in both QED and scalar QED. 

+ 

( ) 21 ” 

a+h+-+ 
w ( > C Cd) c -I e ., 
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UV Structure 

Propagator: multiplicative wave function renor- 
malisation possible. On-shell & MS schemes 

- Scalar QED: & -+ ,/z&. Where dz becomes 
I a function (which is IR finite even in the on-she1 

scheme) of the velocity 

- Fermionic QED: IR finite matrix multiplication 
+_I + This can happen because the renorl 
malization constant depends on two vectors, q 
and V. 

+Renormalisation of & as a composite operator 
well behaved. Does not mix with other operators. 

l Vertex renormalisation. Additional renormaliza- 
tion constant Z(V,,~) linked to the anomalous di- 
mension of the fsgur-Wise function 

award identity for vertex holds, 

Iz(v,,l=o) 

Charge universality. 

*Usual physical predictions for IR safe observables 
(g - 2) hold 

Kharae radius? 
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Interquark Potential 
+ use minimally dressed quark/ antiquark states, 

l Take expectation value of Hamiltonian, 

H- ; /iEFE; + BrB;)d3cc -- 

l Equal-time commutator: 

l At order g* obtain Coulomb potential: 

g* NCF vg2(r) = - 4~r 

where T is separation. This is QED with coloured 

icing. 

What about QCD with non-abelian ingredients? 

e At order g4 need dressing to order g3 

o Find potential to g4 

Should be 

-P1 = (4 - l/3)& 

Dressing generates the dominant antiscreening con- 

tribution to the p function. It comes from longi- 

tudinal glue. The screening contribution comes 
from qa uge invariant ql ue ; f;yij”‘j ;;;:.:;;c~ :yi; :_.:~;,;,‘f~~,i j .; T:,‘.j ‘T 1 61 
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3. Spherid$ S+JM. Solutions 



3-2 

Choose u=o db G=o 
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Tz 
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o-1 

6. Sdu+ionS in A< 0 (Ads) 

* Solutions with no node. 

ew+ In CIS - 

C wack hois sol. F.Winsta+ cW%) 3 
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Numerical study 

of the gluon propagator 

in Landau and Coulomb gauge 

Attilio Cucchieri 

Abstract 

We study numerically the infrared behavior and the influence 

of Gribov copies for the gluon propagator in pure SU(2) lattice 

gauge theory. We consider the momentum-space gluon propagator 

D(k) in the lattice Landau gauge, and the (equal-time) time- 

time &e($) and space--space I&(z) components of the gluon 

propagator in the lattice Coulomb gauge. We also address 

the problem of discretization errors introduced by the lattice 

regularization, and their effects on the ultraviolet behavior of 

the gluon propagator. This issue is important in the numerical 

evaluation of the QCD running coupling constant using a recently 

proposed nonperturbative definition. 
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Infinite-Volume Limit 

Let us note that the zero-momentum gluon propagator D(0) can 

be written as 

D(0) = 5C,,b( (4;)‘) 
where 

4 be 

I-L 
= V-l C, A;(x) 

is the zero-momentum component of the gluon field AL(z). 

A nonzero value for the constants 

lattice artifact related to the use of 

and to the finiteness of the volume. 

4 L is (in Landau gauge) a 

periodic boundary conditions 

Vanishing of D(0) 

Zwanziger proved that, for lattice gauge configurations {U} E 

!2 and in the infinite-volume limit, D(k) is less singular than 

P 
2-d 

(k) in the infrared limit. Moreover, 

Lqx: = 0: H) -_) 0 as V+OO 

for almost every H, where HL cos (k - 2) is a “spatially 

modulated magnetic field” coupled to AL(z). 
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Infrared Behavior in 3d 

Gluon propagator in 3d at ,3=1.6 

Gluon propagator in 3d at fi=3.4 

p(k) 

Gluon propagator in 3d at ,¶=Z. 8 

I ’ ” II 8 I * ’ - II ’ 

Gluon propagator in 3d at fi=S.O 

p(k) 

Data for the gluon propagator (in Landau gauge) at: 0 = 1.6 and V = 163 (Cl), 323 (*); 

,0 = 2.8 and V = 1G3 (O), 323 (*); ,9 = 3.4 and V = 1G3 (O), 323 (*); p = 5.0 and 

V = 1G3 (Cl), 1ci2x32 (+), 323 (:J-), 322x64 (1 .,), 643 ( ). A decreasing propagator as 

p(k) + 0 can clearly be seen for the larger lattice sizes. 
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Theoretical Predictions: Coulomb gauge 

The equal-time space-space ghon propagator (in momentum 

space) 

should be suppressed in the infrared limit due to the proximity of 

the first Gribov horizon in the infrared directions. 

The quantity 

is a renormalization-group-invariant quantity since (in Coulomb 

gauge) Z!, Z;\,, = I . We can evaluate ,$( I@ on the lattice 

and check its asymptotic behavior 

2 -+N v4 
12/u 

%Jv 
- WJg [*"(r;')/l\::] 

in the lim it of large momenta p(g), with A(, = 1 .S!)(iS A:\ 
I ,s . 
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Coulomb Gauge at ,O = 2.2 

Data for the gluon propagators p(Z)D,i(Z) and Dii(Z) for V = 1e4 (o), V = 204 (O), 

v = ~4~ (r) and V = 284 (# ,). The propagator Dii(~?) clearly decreases as p(k) -+ 0 

for the larger lattice sizes. 
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The Running Coupling Constant 

;r” - 
-b 

2- 

-m 

-0 

l- 

The quantity p2(K)DOO($) at 0 = 2.2 fv,r V = 244 (*), and V = 2B4 (O), compared to 

the two-loop running coupling constant :’ !;; ,, ,T’j. We use c = 0.3068 and AC = 0.9596. 

In physical units and in the MS-scheme we obtain Am z 475 MeV. 
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Gauge Invariant Variables in Gauge Theories 

at BNL, May 25-28, 1999 

Reduction of Quantum Systems on Riemannian 
Manifolds with Symmetry and Application to 

Molecular Mechanics 

Shogo Tanimura 

Departm.ent of Engineering Physics and Mechanics 

Kyoto University, Kyoto 606-8501, Japan 

e.mail: tanimura@kues.kyoto-u.ac.jp 

and 

Toshihiro Iwai 

Depatiment of Applied Mathematics and Physics 

Kyoto University, Kyoto 606-8501, Japan 

e-mail: iwai@kuamp.kyoto-u.ac.jp 

Abstract 

Let A and G denote the configuration space of a gauge field and 

the group of gauge transformations, respectively. When one tries 

to define the moduli space M = A/G, a singularity arises at a con- 

figuration which admits a non-trivial symmetry group. To quantize 

the moduli space M we should impose some boundary condition on 

wave functions tlo make them smooth and to make the Hamiltonian 

self-adjoint. 

Molecu1a.r quantum mechanics provides a finite-dimensional analog 

of the quantum gauge theory. We make a generaI forrnulation to 

quantize the quotient space Q = nJ//G, which is a. reduction of the 

Riemanniaa manifold Al by the a.ction of the compact Lie group 

G’. A stratified bundle and a stratified connection are introduced 

as geometric concepts to describe qunntization on Q. The space of 

equiva.riant functions on A4 provides a Hilbert space of the reduced 

quantum system and the reduced Laplncian provides a self-adjoint 

opera.tor 011 the Hilhert space. We also apply t hc: formula.tioii to 

tri-atomic molecule to give a.11 concrete exarriplct. 
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. .._..i . . . 

Notations 

A = {A(z)} : configuration space of gauge field 

G = {g(z)} : gauge transformation group : 

A H Ag = g-lAg + g-‘dg 

M = A/G : moduli space 

Difficulty in quantization of systems with gauge invariance 

(i) No global section of the bundle 7r : A + M. 
Global gauge king is impossible. 

(ii) The quotient space M = A/G is not a smooth manifold but an orbifold. 

A : reducible connection M 3g # e, Ag = A, 
which gives rise to singularity in the moduli space. 

wrc? Section 

- Id 

‘-J= 
+ Molecular mechanics as a toy model of gauge theories 

Falling cat phenomenon : 
s;nguLW;t 

3 

net rotation with 
zero angular momentum 

zero torque 

J,l Analog in molecular mechanics 

Non-separability of rotation and vibration : 

(motion of molecule) = (translation) + (rotation) + (vibration) 

T T 
separable nonseparable 

T 
centrifugal force, Coriolis force 

change of moment of inertia 

AJ useful description 
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_....;. 

Gauge theory for molecules 

M=pN: configuration space of the N-atomic molecule 

G = SO(3) 

Q=M/G: ‘shape’ space, or reduced configuration space 

7r : M -+ Q : fiber bundle 

I : inertia tensor 

A = I-‘& mnra x dr,) : connection form on M 

{ 

classical mechanics: (Zuichardet (1984) 

quantum mechanics: Tachibana and Iwai (1986) 

Difficulty 

existence of “reducible” or degenerated configurations 

generic coplanar collinear 
k / collisioni 

W I 
irreducible reducible: 39, gx = gz 9 + e 

1 
orbifold singularity in Q = M/G 

Solution 

vector-valued wave function : ,$ : A4 t C2e+1; x H ti(x) 

equivariance : $(gz) = p!(g)+(x), g E SO(S) 

boundary condition : p,(<)$ = 0 for c E SO(~) such that 19,(t) = 0 
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Formulation 

(M, gM) : Riemannian manifold 

G : compact Lie group acting on A4 by isometry 

G, = {g E G 1 gx = xj : isotropy group at x 

g : Lie algebra of G 

gz : Lie algebra of G, 

0, = {gx 1 g E G} S G/G, : G-orbit through x E M 

TT : M + Q = M/G : stratified bundle 

V, = Ker T, = T,O, c g/g, c T,M : vertical subspace 

Hz = (IQ1 : horizontal subspace 

8, : g --f T,M : infinitesimal transformations 

wz : ZM --f g/g, : stratified connection form 

(7-F, px) : irreducible unitary representation of G 

+:M+W : equivariant function; $(gx) = pX(g)$(x) for g E G and x E M 

D@ = d$ - PS-~$ : covariant derivative 

I, : g x g --f R; Iz(<,q) = gM((Bz(e),8z(T)) : inertia tensor field 

I, : g/gz @g/g, 4 R : non-degenerated reduced inertia tensor 

(fz)-’ :E g/g, @ g/g, : inverse of the reduced inertia tensor 

AX = DtD + AX : reduced Laplacian 

DtD : horizontal component of the Laplacian or vibrational energy operator 

A” = (p? @/I:) 0 (I&l : vertical component of the Laplacian 

G- 

e 

or rotational energy operator 



% 
c 

3.. 

TX-atomic molecule 

coordinate systems (ql, q2, qs) and (p, r#+ x) in & = M/S0(3): 

i 

41 = p2 c-xc~4 := Ilnll” - 11~2112, 
q2 = cl2 cosxsinb := 2(rl,r~), 

q3 = p2 sinx := 2ljrl x ~-211. 
.InJ 

? 

vector-valued wave function: 

+(A x, 4) = (,roe, h-1,. *. , q-e+17 +-e> 

the reduced Laplacian : 

-AX$b, x, 4) 
IX -D+D$ - Ax 

E 

J 
-J 

vl’bratjon 4d 
energy 

boundary condition: 

;i 

9 
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What we have done is 

quantization of the reduced configuration space Q = M/G with 

l generalization of the concept of connection from principal fiber bundles to 

stratified bundles 

l definition of the reduced Hilbert space of equivariant wave functions 

l definition of the reduced Laplacian using the stratified connection 

l determination of the boundary condition imposed on the equivariant function 

at the singularities to make the Laplacian self-adjoint 
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New monopole solutions to the SU(2) 

Einstein Yang-Mills equations in 

asymptotically anti-de Sitter space 

by Jefferson J. Bjoraker 

and 

Yutaka Hosotani 

School of Physics and Astronomy 

University of Minnesota, May 4, 1999 
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Overview 

New Monopole solutions to the Einstein Yang-Mills (EYM) 
equations. 

General formalism and the EYM equations 

Monopole solutions in asymptotically Minkowski space and in 

asymptotically de Sitter space. 

New monopole solutions in asymptotically anti de sitter space 

Stability of the new monopole solutions. 

Yang-Mills Equations 

No Regular Static solutions -> Repulsive in nature. 

Einstein equations 

No Regular Static solutions -> Attractive in nature. 

If one couples the attractive gravitational fields and the repulsive 
Yang-Mills fields together, are there static solutions? 

YES-- This was done by Bartnik and Mckinnon (BK) in 1988 for 
purely magnetic Yang-Mills fields in Minkowski space. 

Black hole solutions were found soon after, as were solutions in 
asymptotically de Sitter space. 
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Ansatz for the SU(2) Yang-Mills fields. 

Most general Ansatz found by Witten (1977): 

A; = (4 2- 1) XjXa 

r2 
- XjXa)+AI- 

r2 

A”, 
XU = Ao- (1) 
r 

where Ao, Al, 41 and ~$2 are functions that depend only 
on r and t. 

Gauge invariance allows us to gauge rotate A and remain 
general. 

Gauge rotations: 

l Line up A, with the z axis. 

l Rotate about 73 (i.e. S = eitr3). 

l Rotate about S = exp[if(r)T3/2], where f(r) is 
some arbitrary function of r 

The result is: 

A= ( ~71 + iik2)dO + (cot 1973 + ~72 - GTI) sin Od$] . 

3 
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Yang-Mills equations in curved space 

Using the static metric 

ds2 = -f(y)dt2 + h(r)dr2 + r2d0 + f2 sin2 6d& 

The Yang-Mills (YM) equations are, . 

--iiiw’ + iz’w = 0. 

The last equation yields, G = CW where C is some con- 
stant. A constant rotation S = exp&C/2), allows us 
to set iii = 0. 

4 
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Energy momentum Tensor 

The energy momentum tensor is: 

. 

T.he components of Tab are: 

Too = 
1 ( _If-l/.)3u/)2 +pu;2+ 

47re2 2 

l(l-w2)2 

h-1(:y2 +- 2 > r4 ’ 

l(1 - w2)2 h-1c,22 - - 2 
> r4 ’ 

and, 

T22 = Ts3 = + f -lh-l(u’)2 . 
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Figure 1: Profiles for calorons at ;: = 0. 0.125. 0.23 (from top to hottom) with p = 1. 

The axis connect.ing the lumps. separated 11\- a distance ;i (for C,J + 0). corresponds to the 

direction of 2. The other direction indicates the distance to this axis. making use of the 

asial symmetry of the solutions. \‘crtically is plotted the action density. at the time of its 

maximal ~aluc. 011 equal logarit llmic scales for the three profiles. The profiles were cut off 

at an action density I~clon- l/c. The mass ratio of the tn’o lumps is approsimately W/G. 

i.e. zero (no second lump). ii third and oiic (cc~unl miwes). for the respective values of w. 
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Figure 1: For the rtwo i@gups ,og &he sides we plot on the same scale the logarithm of the 
zero-mode densities ~cut&F I~+OW I/e5) for w = l/8 (left QI- / right Q+) and w = 3/8 
(right Q- / left Xl?+), with p = 1 and p = 1.2. In the middle figure we show for the same 
parameters (both choices of w give the same action density) the logarithm of the action 
density (cutoff below 1/2e2). 

Figure 3: Zero-mode density profiles for the two zero-modes of the lattice caloron (left) 

on a 4 x 163 lattice for z = (1, 1, l), created with improved cooling (E = 0). The profiles 
fit well to the tsvo zero-modes for the infinite volume analytic caloron solution (shown 
on the right at y = t = 0) with w = f and constituents at ?j’r = (2.50,0.12,0.95) and 
7J.2 = (1.38, -0.24,2.67), in units where p = II = 1 ( or a = f) and the left most lattice point 
corresponding to x = z = 0. The plots give the added densities of the two zero-modes. 
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Lattice Gauge Fixing, Elitzur’s 
Theorem and Abelian 

Projection 

Mike Ogilvie 
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1. c onsequences of Elitzur’s Theorem 

2. Lattice Gauge Fixing 

3. Abelian Projection and Abelian Dominance 

4. L essons 

124 



Analytic Control of Lattice Gauge Fixing 
It is very convenient to introduce an auxiliary gauge-fixing field #(x), 
which takes values in G. This fields are applied to an unfixed field 
configuration as 

&4x> + :4/l (-4 = (7Wg,1(-49’(x + P) 

so that &(x) is used wherever the gauge-fixed field is required. The 
gauge fixing function depends ,on F, which is to say both g and C#L The 
expectation value of an observable 0 is given by 

(0) = + [[dg] eS,[gl z 
g 

lLgl I[d#]es~[~l 0 
gf 

where 

and&&] is defined as 

Zd is needed for gauge invariance 

In the limit il -+ CO, the procedural implementation of this formula is 
equivalent to the commonly used algorithm for lattice gauge fixing, 
modulo Gribov copies. 

Formally, the field 4 is just a quenched, adjoint representation 
scalar field with two independent symmetry groups, GL @I GR. 

The generating function Zd[g] is somewhat analogous to the 
Fadeev-Popov determinant. 

This lattice formalism sidesteps the problem of Gribov copies. 
By construction,gauge invariant observables are evaluated by 
integrating over all configurations. Gauge-variant quantities 
receive weighted contributions from Gribov copies. 
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Projection without Gauge Fixing 
Projection to an abelian subgroup for lattice field configuration is carried 
out by maximizing the overlap of each link with an element in a 
subgroup H in the trace norm. For analytical purposes, we generalize 
the projection process. The weight function for this projection is: 

Sproj [g, h] ‘= CL 
1 

$p(dh + Ql)] 

Expectation values are given by 

(0) = + J[dg] ,%[gl z 

g 
1 [gl 

proj 
~[&]&dg.~l 0 

where 

Zp,roj[g]= [[dh] eSpr~~~@l 

Reduces to usual case if 0 depends only on the g fields. ZP,-,[g] 
ensures that the h fields behave as quenched variables, and have 
no effect on the distribution of g fields. 

Computationally, this can be implemented as a Monte Carlo 
simulation inside a Monte Carlo simulation. 

As p -+ w, the usual projection algorithm is reproduced 

Alternative (Faber, G.reensite and Olejnik, 1998) for 
W(2) + Z(2) 

21 = sign(TrF Ul) = xcaxa(UI> 
a 
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Consider a Wilson loop W in a representation pof H with no 
self-intersections: 

1 . Expand the weight function in characters of the group G: 

exp 
[ 

&D(g+h + h+g)] = C &c&)Xa(h+g) 
Q 

where 

Zp,[g] is given by 

Z,t-oj[gl= I-I FO(P,gl) cz I-I CO(P) 

1 1 

where 70 is given by 

&(p,gl) = jH(dhi) exp[ -$‘QA + h;g+)] 

Note that 

epM1 5 Fo(g,,p) L epM2 

2. Integrate over all possible gauge transformations: 
Consider two adjacent links on the curve g, and gm+l. We 
integrate over the variable &,, on the common site. 
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3 . 

4 . 

5 . 

Key Result 

PI~ysics content: the Wilson loop as measured in the ,O 
representation of H is given as a sum of Wilson loops in the 
irreducible representations of G, each weighted by the number of 
times p appears in a and by a p-dependent perimeter 
renormalization facto#r which goes to 1 asp + CO. 

Strict Bounds 
Using the bounds on TO we can obtain the upper bound 

a 

with a corresponding lower bound when MI is replaced by M2. 

Key Result 

independent of p, where the minimum is taken over all 
representations a that have a non-zero contribution. This result 
relies only on gauge invariance, does not depend strongly on the 
projection subgroup, and is independent of dimensionality. Center 
symmetry is important. 

Example W(2) projected to U( 1) 

612 = min oj 
j=1/2,3/2,.. 

and 

6312 = min Oj 

j=3/2.5/2,.. 

but & = 0 because CJ~ == 0. 
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Lessons 

l Elitzur’s theorem tells us that lattice operators defined via 
gauge fixing can always be reduced to explicitly gauge 
invariant operators., 

l Lattice gauge fixing is really not very much like continuum 
gauge fixing. Lattice Landau gauge does not reduce to 
continuum Landau gauge in the naive continuum limit. 
Lattice gauge fixing assumes that integration over all field 
configurations is the correct prescription for defining the 
functional integral. 

l Landau gauge propagators can be viewed as propagators 
of composite objects or as complicated, extended objects. 

l Coulomb gauge fixing has much in common with other 
lattice techniques for constructing improved operators, 
such as smeared operators. 

l String tension measurements on projected gauge theories 
with or without gauge fixing give the same answers as the 
underlying gauge theory. This is independent of 
dimension, and unrelated to any scheme for confinement. 
The choice of subgroup is not important, as long as it 
contains the center of the group. Such measurements give 
no information on confinement mechanisms. 
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Smeared Gauge Fixing 

James E. Hetrick 

hetrick@cliodhna.cop.uop.edu 

Physics Department 
University of the Pacific 

Stockton, CA 95211 
USA 

Abstract 

We present a new method of gauge fixing to standard lattice Landau gauge, 

Max Re Tr I& &,,, in which the link configuration is recursively smeared; 
these smeared links are then gauge fixed either by by standard extremization 
for SU(2), or by constructing a “gauge tree” which diagonalizes the links for 
SU(3). The resulting gauge transformation is simultanteously applied to the 
original links. Following tlhis preconditioning, the links are gauge fixed again 
as usual. 

We find that this method is generally free of Gribov copies and for physi- 
cal parameters, generally results in the gauge fixed configuration with the 
globally maximal trace. 

The method is hindered by the stability of instantons while smearing, and it 
is hoped that an alternative smearing method will help. 
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1 Introduction 

There are two deficiencies of gauge fixing on the lattice: 

1. 

2. 

The Gribov problem: that gauge fixing leads to multiple solutions of 

the gauge fixing condition. 

The Smoothness condition: .if one alters the gauge condition so that it 

is free of Gribov copies 

difficult to compare to 

gauge. 

(like axial gauge) it is generally not smooth, and 

perturbation theory which usually uses Landau 

Below we present a method for addressing these two issues which is both simple and fast. It 

has so far been free of Gribov copies, and usually produces the smoothest (Max Re Tr x2,+ U,) 

configuration. 

2 Iterative smearin.g 

By smearing we define new links ‘VP from the old ones Up by the definition 

v;meared (z) = &{w + w Cv#, [U,t(z - zqU& - quv(z - 6 + jIi> 

+ K&$Jp(~ + W,t(~ + 41) (1) 
where w is the weight for the staples, normalized so that V;meared(x) = 1 when all UP’s on the 

r.h.s of eq. (??) are 1. Pictorially: 

vsmeared 
P 

l After smearing each link is reunitarized. 
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3 Smearing as gauge covariant cooling 

As we smear the configuration is transported toward the trivial gauge orbit (FpV = 0), ie. 

it is cooled. Furthermore this cooling is gauge covariant: 

If starting configurations U;f and U: are related by a 

then the corresponding smeared configurations V; and 

gauge transformation GAB. 

gauge transformation GAB, 

VjB are related by the same 

We can say that smearing (with :w < w,) transports the entire fiber toward the trivial orbit, 

preserving the vertical structure, as depicted in Figure ??. 

- Smearing 

> Physical 

Trivial 

Orbit 

G-Orbit 

Figure 2: Gauge structure of the smearing process: Physical degrees of free- 
dom (- l/p) change horizontally and gauge degrees of freedom are repre- 
sented as vertical. 
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On the trivial orbit, the unique m.inimaZ Landau gauge fixed configuration is easy to find: 

VLandau gauge = (D,) l/n, 
P (3) 

where there are nl, links in the p--direction. 

We compute the gauge transformation GvD that rotates the smeared links VP into Dawns. 

and apply this gauge transformation to the unsmeared links UP, which rotates the original 

links to a unique point DL. Because the gauge fixed surface is nonlinear+, the resulting 

D’ does not satisfy the Landau gauge condition. However the point D’ along the orbit is 

unique. Thus, every starting configuration is taken to D’ by the gauge transformation which 

takes its smeared version to D. From D’ we gauge fix as usual by extremizing I(U,, G): 

this results in a unique Landau gauge fixed configuration. 

0 G 

- Smearing 

Trivial 

orbit 

G-Orbit 

Figure 4: Gauge fix 1 P / to D, and use the same G to fix UP to DL. 

tFor U(1) gauge fields the resulting configuration DL lies on the gauge fixed surface 

and satisfies the Landau condition, because U(1) gauge transformat,ions are linear. 
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Figure 7: Standard Gribov copies and the unique copy .J from smearing. 
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Figure 9: Gauge fixing histories: standard Gribov copies (. . .) and the unique 

copy (-1 from smeared gauge fixing. 
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* We end by summarizing our algorithm in its simplest form: 

l Recursively smear a configuration UP into VP. We have found that smearing 
coefficient w - 0.3 works best, and have used as stopping condition that 
j$Tr (0) be within 10e5 of 1. 

l Gauge fix VP by extremizing, I(V, G) E C2,p Re Tr Gt(z)V,(z)G(z + p), and 
apply the same gauge transformation to UP. 

l Finally, gauge fix UP as usual, by extremizing I(U, G). 
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Lattice gauge fixing, Gribov copies 
and 

BRST symmetry 

Massimo Testa 

Physics Dept. University “La Sapienza” 

Rome-Ttaly 

Abstract 
We discuss the problem of quantisation of Gauge Theories in 

presence of Gribov ambiguities. 
In particular, through a very simple example, we argue that, in the 

framework of ghost formalism and BRST quantisation, Gribov copies are 
probably harmless. 
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Toy abelian model 
(zero dimensional prototype of BRST symmetry with 
compact variables) 

M. Testa Phys. I&t. B 429 (1998) 349 

Take: 

and define: 

The “gauge-fixed” version of the functional integral is: 

.1 . . 

where 6 denotes the (idempotent 62 = 0) BRST 
transformation: 

6A=c &=O 

&=a aa=0 
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IV’ suffers from the Neuberger disease. Going 
through the same steps as before, we conclude: N’= 0 

This can also be checked through an explicit calculation: 

n --w 
-- 

a 

K 
fW2 -- 

e2a=0 

-- 
a 

for periodic f(A). 

Why should f(A) be periodic? 
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-..- 

..,. 7‘:.+ .:. 

In fact, if: 

we have: 

I7 = S[cF(A)] = ikF(A) - zF’(A)c 

for periodic “gauge fixing condition”, f(A), and F(A). 

In particular, for a = 0: 

n 
- -c1y . 

N’== lim 1 &+rdJ, e 2 el’fcA)f ‘(A) = 
a-->0 7-c --oo 

-- 

n 

= 2n: 1 dA f’(A) 6(f (A)) = 0 
?C -- 
u 

3 

which displays the Gribov nature of the paradox (a 
periodic J’(A ) has an even number of alternating zeroes). 
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4 

Solution 

so that N’ * IV” where: 
(we, extend the formulation 

term) 

a -I- 

= Gn=-cZ 
I: inax ~ a+Vnx 

-z 
27T n=--f ” 

=na 

with the inclusion of a 2 

&7 = ik n 
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We can now chose a ‘*gauge fixing” f(A) such that: 

f(A+E)= f(A)+2 
a a 

which evxles Nedxxger’s argument (f(A ) 1~s tin odd 

number of ;;r.eroes), still leaving a periodic intcgrand. 

The mechanism is gcnerul: 

When a + 0 we recover the continuum BRST 

formulation (Fourier series -->Fourier integral): 
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