PHYSICAL REVIEW D

VOLUME 31, NUMBER 4

15 FEBRUARY 1985

New lattice approximation of gauge theories

Jerzy Kijowski
Institute for Theoretical Physics, Polish Academy of Sciences, 02-668 Warsaw, Al. Lotnikéw 32/46, Poland

Gerd Rudolph
Sektion Physik und Naturwissenschaftlich-Theoretisches Zentrum, KMU Leipzig, 7010 Leipzig,
Karl-Marx-Platz 10/11, German Democratic Republic
(Received 22 June 1984)

A discrete approximation of the SU(2) gauge theory interacting with a matter field in the adjoint
representation is proposed. Lattice variables describing the state of the field are gauge invariants of
the underlying continuum theory. Topological degrees of freedom corresponding to the monopole

strength are discussed.

I. INTRODUCTION

In this paper we construct a lattice field theory, which
approximates the continuum theory of an SU(2) gauge
field interacting with a matter field in the adjoint repre-
sentation. This approximation is entirely different from
the standard lattice gauge theory proposed by Wilson.!
Our construction is based on the hydrodynamical descrip-
tion of gauge field models.> The essential feature of our
theory is that the lattice variables we use are gauge invari-
ants of the underlying continuum theory.

There are two main advantages of this approach.

1. In Wilson’s theory the gauge field 4, and conse-
quently the field strength F,, are replaced by group-
valued lattice variables. Thus, the information about F,,
is “truncated up to 2wn.” Here F,, remains Lie-algebra-
valued.

2. Among the lattice variables we construct, there are
certain discrete invariants, which describe topologically
nontrivial configurations, namely, 't Hooft-Polyakov
monopoles® appearing in the continuum theory. In this
respect our paper is another step toward dealing with to-
pological charges in lattice gauge theories.*

Due to the simple structure of the variables we use and
due to the fact that they are gauge invariant our model is
well adapted to computer analysis.

For pedagogical reasons we demonstrate our method in
Sec. II for the case of scalar electrodynamics.

II. SCALAR ELECTRODYNAMICS
ON THE LATTICE

Scalar electrodynamics is a theory describing the in-
teraction of the electromagnetic field 4, with a complex
scalar field ¢. The Lagrangian is given by

L=—3m’¢¢* + D, $(D*$)* — L F,,F* 2.1

where F,,=0,4,—03,4, and D,$=(3,+igA,)p. We
will formulate this model on a hypercubic lattice A in
four-dimensional space M, which can be either the Min-
kowski or the Euclidean space-time. Let us denote by

Z°—the set of lattice points ,
Z'__the set of bonds ,
Z2—the set of plaquettes .

Points will be denoted by x,y,... or x,x+1,... . [The
vector [ has the direction of the oriented pth axis and
length +8& (lattice spacing), according to whether fI is
spacelike or timelike.] Bonds will be denoted by (x,y),
(x,2),... or (x,x+[1), (x,x +9),... and plaquettes by
p=(x,p,z,t) or p=(x,X +[,x +{1+¥,x +%). A continu-
ous field configuration (4,4) on the whole M gives rise to
the  lattice  variables Z°9x—¢,€C!, and
Z'3(x,y)—>A,, ER'=u(1), defined as ¢, =4(x) and

8
5 S A=~ 4 2.2)

Ax,x +ii x+i,x

where Ax,x+ﬁ(T)EAu(x +712/8), T€[0,8], is the (orient-
ed) restriction of the continuous gauge potential 4, to the
bond (x,x +12).

If we do not want to lose important information about
the topological character of (A4,4) on the lattice level, we
have to assume that the value of the field ¢ on lattice
bonds is the covariantly linear interpolation of the values

oy, ie.,

(DD$), , , ;=0 (2.3a)
for every bond (x,x +[2), where
(DD@), oD =[d/dT+igA, ,  (D](r) .

The easiest way to solve this equation is to pass to such a
gauge that 4 + ﬁ(‘r) is constant along the bond. As a re-
sult we obtain the following interpolation formula:

¢(r)=exp(—igd, +ﬁ7) [exp(igAx,HﬁS)q&x +i

- ¢x]§ by ] . (2.3b)

The first step of our construction consists therefore in re-
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stricting the continuous configuration (4,4) to lattice
bonds and imposing the interpolation condition (2.3a).
Next we shall characterize this configuration by a full set
of invariants. At the beginning we restrict ourselves to
the set of generic lattice configurations (configurations for
which ¢5£0 on lattice bonds). Obviously,

Z°5x—R,=(4,¢%)?ER, (2.4)
is a gauge-invariant quantity. The second invariant is
given by

Z'3(x,x +ﬁ)—+vx’x +i

f p—2_ (rdr,
~igsJo [ l 18] Jaxta

(2.5)

where again D=d /dr+igA.

We observe that
1

vx,x+ﬁ=Ax,x+ﬁ+ —E(Aa)x,xﬂi ’ (2.6)
where (Aa), i is the phase increase of ¢ along the bond
(x,x +[@). We can always choose a gauge for which
A__, ~(1)=0. Then g8vxx+A——(Aa) and ¢ is a

X, X+ X, X +;4
linear function on (x,x +fi), accordmg to (2.3b). We con-
clude that

T T
T <8xxii<Ty - 2.7
Decomposing

¢x =Rxelax’ axE]—"T;"T] s (2.8)
we can write down

(Aa), , A= +ﬁ—ax+27rnx,x+ﬁ s (2.9)
where n ~ are integers. Taking the lattice curl of v on

X, X+

p=(x,x +,x +0+7,x +9) we get

(curl), = —l—(v +v

§ xxXART Ux+Ax+R+Y

U i prix 9T U gon)

27
_Fp+—g—82—np R (2.10a)
|
" s R_.—R, |’
by -
W:*%MZER’CZ"__SZ— E _g__z_ x+;18 x ] 4
x (%, +11) 5

4 N
__—i—zg(p) (curlv)P—Ezg—znp s
p

857

where

np=n, x +ﬁ+nx +i,x +ﬁ+9+nx +E4,x +0+nx +9,x

(2.10b)

is a gauge-invariant quantity, which describes the total
phase increase along the boundary of p (the strength of
the vortices running through the plaquette) and

1
Fy=r(d, ;44 +4 oA 5))

~
X +v,x

(2.10c)

%% +[ X +i,x +A+v X +A+V,x +

is another invariant, equal to the mean value of the (u,v)
component of the field strength F,, on p. Due to (2.10b)
we have the identity
(divn).= 3 n,=0.
PEadc

(2.11)

[The total number of vortices through the boundary dc¢ of
every cube (three-dimensional lattice element) ¢ vanishes.]
Thus, we have characterized the configuration (A4,¢) by
the following set of invariants:

(a) Z°2x—R,ER,

(b) Z'3(x,x +[i)—gv

T 7
% i ]—_5_73[ , (2.12)

(¢c) Z*3p—n,el

which satisfy (2.11).

It is easy to prove that starting from (2.12), one can
reconstruct ¢, and A4, up to gauge transformations.
Now we allow 8V, 4p 1O reach the boundary values
—m/8 and 7/8. These situations correspond to the case
when a vortex is running through (x,x +[). In this case
the value (Aa )ex + in (2.9) can be either 4+ or —7 and
correspondingly Ny 44 MAY change its value by +1. This

changes the vortex strength n, on every plaquette p for

which (x,x +i) belongs to its boundary dp. Hence, we
identify the following configurations:
T . T
8Vy x +a= g | T 8% x+i™ s M |
where  m,=n,+1 if (x,x+f@)E, A=n,—1 if

(x +@,x)Edp, and n,=n, if (x,x+[) and Jp are dis-
joint.

The lattice dynamics of this theory is given by the fol-
lowing action which is the lattice version of (2.1):

(2.13)
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where for the plaquette p=(x,x +0,x +0+¥,x +9) we
put g(p)=gt#g” /8*=+1. The second term in (2.13) is a
consequence of the interpolation formula (2.3) and the
third term follows from (2.10a).

III. GAUGE INVARIANTS FOR THE
SU(2) GAUGE FIELD
IN THE ADJOINT REPRESENTATION

Now we consider the theory of an SU(2) gauge field 4
interacting with a three-component matter field ¢, defined
by the Lagrangian

L=—7(|¢|))+5|D¢|*—5|F|?*, (3.1a)
where | | is calculated with the help of the scalar prod-
uct h(,)=—=K(,) (K is the Cartan-Killing form) on

su(2) and with the space-time metric g,,. We shall use
the orthonormal basis for A: e, =—(i/2)o,, where (0,)
are the Pauli matrices. Therefore

D, ¢°=03,0°+g€e%. ALo° (3.1b)

Fi,=0,4%—0,A45 +g€% AL A . (3.1¢)
Moreover, under the identification

su(2)=R?> (3.2)

the adjoint representation Ad of SU(2) is isomorphic to
the fundamental representation of SO(3) on R>. Thus,
treating ¢ as an R3-valued field, we may write down
gauge transformations in the following way:

¢$'=0""¢,
1

A'=U"14AU+—
g

(3.3a)

U-'du , (3.3b)
where M 3x—U(x)ESU(2) describes the gauge and
O(x) is the orthogonal rotation of R* defined by
AdU(x).

Now we want to define the lattice approximation of a
continuous configuration (A4,$). As in the previous sec-
tion we will take the restriction of (A4,¢) to lattice bonds.
However, here we will need additional topological infor-
mation about the behavior of (A4,4) on plaquettes. Simi-
larly as in the U(1) case we assume the field ¢ to be co-
variantly linear and nonvanishing on bonds. This enables
us to define the following invariants:

Z°9x >R, = |¢(x)]| , (3.4a)
L oy &
Z'3(x,x +fi)—v A= — D (7) |dT
u xx+1= g8 fo l || oxti
(3.4b)

It follows from linear covariance and nonvanishing of ¢
on bonds that

AT (3.5)

osgsvx , X+

The easiest way to see this is to pass to a gauge in which
A vanishes along the bond (x,x +i). Then ¢ is linear on
(x,x +ft). Denoting by B(7) the angle between ¢(x) and
¢(x +7i2/8) we have B(0)=0 and 0<fB(8)<w. On the

other hand the integrand in (3.4) is equal to (d/d7)B(T)
Thus gdv, , +a=B5 . If we allow the field ¢ to vanish on

bonds, we have to allow the value 7 for g8vx X 4h
Now we denote

¢ —|p_¢ 13
D,— = |(x)= |D, + (3.6)
“g] ] “Tel T8 )|
and observe that the quantities
-1
w .= |D,~2— |0) || [D,—2— |x) (3.7)
ik “le| “le| ]

are unit vectors lying in the plane orthogonal to ¢(x).
This plane can be identified with the complex plane C!,
but there is no canonical identification. Each two such
identifications differ by a multiplicative factor
LEC!, || =1. Therefore, at each x €Z° we have a col-
lection of unit complex numbers w, AES CC!l, corre-
sponding to the collection of bonds startmg at x. This
collection can be simultaneously rotated, but the numbers
— 1
x;ﬁﬁ:wx p x OES (3.8)
are gauge invariant. They satisfy the identity
Sx;ﬁ,VSx;?,ﬁsx;ﬁ,ﬁzl y (3.9)
for any triplet [(x,x +1),(x,x +%),(x,x +p)] of bonds.

At the end we notice that if v__ +ﬁ=0 then, of course,
formula (3.7) is meaningless. In this case we choose
w, ;€S 'and w, +i-pES ! arbitrarily. We will show
later that this arbitrariness does not change the Lagrang-
ian.

The invariants constructed in this section are not suffi-
cient to reconstruct the field configuration (A4,¢) modulo
gauge. We will need addmonal information of topological
character.

IV. TOPOLOGICAL INVARIANTS

The easiest way to construct topological invariants is to
use a gauge in which

' (E)=¢*£)=0, ¢

for & lying on lattice bonds.

We decompose the restriction of A4 to lattice bonds into
a part belonging to the Lie algebra of the stabilizer
H=U(1) of e;Esu(2) and its orthogonal complement.
Due to (3 2) the first part is (0,0,4°) and the second part

)= 1¢&)]|, 4.1)

is (4',4%0). We denote
3
Bxxﬂt T)_Axx+ﬁ(T) (4.2a)
Vexip =4, a(D+id]  o(nECT. (4.2b)

We still have a freedom of H=U(1) gauge transforma-
tions on bonds [preserving condition (4.1)]:

(1)+ l~d~7L('7') ,

Bxx+ﬁ(7') Bx,x+ﬁ g dr (4.3a)
—,—iA(T)
Vxx+”(7') e TIMT Vxx+#(7') . (4.3b)
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In terms of differential geometry the field B is a U(1)-
connection form on a bundle, which is in general nontrivi-
al.’> This nontriviality (due to the existence of monopoles)
is manifested by the fact that, unlike in electrodynamics,
the quantity

(curlB ),,E%( Bm+ﬁ+Bx thxties
+B, pivxastBeyns) (4.42)
where
o +ﬁ=% J By patndr (4.4b)
is not invariant. To see this we take a homotopy
[0,81%[0,8]12(r,m)—U(r,n)ESU(2) , 4.5)
such that
U0,m)=U0(8,m)=U(1,0)=idgy() ,
(4.6)
U(r,8)=exp 41m%e3

We perform a gauge transformation on the whole pla-
quette putting

U x+7'“§—+n% 4.7)

and observe that the gauge condition (4.1) is preserved on
bonds belonging to this plaquette. However,

=U(7,7)

B 44, (4.8)

’
B X +R+v,x +¥ g8 ’

X BT+

whereas the B’s on the other bonds remain unchanged.
Therefore,

(curlB), = (curlB), + ~Lp . 4.9
gd

This could suggest that the information about the integer
part of (g82/4w)(curlB )p is completely lost. But this is
not the case, because we are able to recover this informa-
tion from the topological behavior of the matter field ¢ on
the plaquette p. Again we restrict ourselves to the generic
case when ¢(£)5£0 on plaquettes. (Nongeneric configura-
tions can be discussed in a similar way as it was shown in
Sec. I1.) The mapping

psg-_»\pp(g)s—ﬂﬁ)—esz (4.10)
[(8) |

takes, because of (4.1), the value e; on the boundary dp of
p. We denote by m,, the topological degree of W,,. [|m, |
tells us, how many times S? is covered by ¥, and
sign(m,) depends on whether ¥, preserves the orientation
or not.]

One can easily check that after the gauge transforma-

tion (4.7) the degree of W, takes the new value
m, =m, —n. Therefore,
4

Sfp=(curlB), + ggz—mp
is gauge invariant under (4.7). This result obviously ex-
tends to any gauge transformation preserving (4.1) on
bonds. The quantity f, can be interpreted as (curlB), in
the topologically trivial gauge, where the condition (4.1) is
satisfied not only on bonds, but on the whole plaquette
(and consequently m,=0). The topologically trivial
gauge can be simultaneously performed on all plaquettes
belonging to the boundary dc¢ of a lattice cube c if and
only if the following number vanishes:

(4.11)

Q. =8(divm),= 3 m, , 4.12)

pPE3d

which is usually not the case. The number Q, assigned to
each lattice cube c is the topological degree of the map-

ping

(&)
dcoE-wE)=-—2E) _cq2
BV = T8

and does not depend on any gauge condition we used ear-
lier. The invariant quantity

(4.13)

igEQc=83(divf)c=4—7T 3 m, (4.14)

pEac

is interpreted as the total monopole charge contained in c.

Now we will show that exp(igSzfp) can be calculated
from invariants (3.8). For this purpose we write down the
condition of covariant linearity of ¢ in the gauge (4.1).
We use the following notations [for simplicity we drop the
index (x,x +i)]: ‘

R()=¢*1)=|¢(7)] ,
DV(r)=V(r)+igB(r)V(r) ,

(4.15a)
(4.15b)

where the overdot denotes differentiation along the bond.
The DD¢ =0 reads

(DD$)’=R—g*| V |*R=0,
(DD¢)' +i(DD¢)*= —ig(2V-R +R-DV)=0 .

(4.16a)
(4.16b)

Decomposing V=v-w, where v= |V |, |w| =1, (4.16b)
gives

[In(R%v)] =0,
Do=w+igBo=0 .

(4.17a)
(4.17b)

Therefore, denoting by CHN the value of w corresponding

to the bond (x,x +fi) and calculated at the point x we
have

=, exp(—igdB ). (4.18)

T v i—i x,x+1

Thus, for a plaquette p=(x,x +f,x +0+%,x +9) we
have
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exp(ig62fp)=exp[ig8(Bx,x +ﬁ+Bx +ﬁ,x+ﬁ+’1\'+B

—1 _
WeiaWr i —p Wy ritWx 4545 -5

We introduce the following notation: y=x +[i,
z=x+[I+%, and t=x-+% Moreover, we denote
Sx=S,5m S=Scin_ s S:=S.i44%_5_p and
S;=S, 54 5 Thus

exp(ig8’f,)=S,S,S,S,; . (4.20)

Now we choose at each x €Z° a square root X_. -~ of

b HTRY
xih, X P Sxﬁ@, and denote by 6, Me] ] its
phase:
X, AA—exp(ZOxﬁa) (4.21)
Then (4.20) reads
g8, =2(0,46,+6,+6,) +4n(n, +3¢,),  (422)

where n, is an integer and €,EZ, (i.e., €,=0 or ¢,=1).
To any “three-dimensional oriented corner” g, i.e., any
triplet [(x,x +f), (x,x +9), (x,x +p)] of non-co-linear
bonds starting at x, we assign the following complex
number:

Ve Exx;ﬁ,?)(x;;,ﬁxx;ﬁ,ﬁ ’
which is either +1 or —1 because of (3.9).
define

(4.23a)

Moreover, we

Yp=(—17. (4.23b)

One can show that there is such a choice of square roots X
of S that all y, and y, are equal +1. (The proof of this
theorem is given in the Appendix.) From now on we al-

ways use “good” X’s and €’s. Then
g8%f, =2(6,+06,+6,+6,)+4mn, (4.24a)
and
exp[i(0,., AP ex;a,,?'f‘ex;ﬁ,ﬁ)]
(4.24b)

=1=X, 255855 -

Now we have a complete list of invariants of our theory:

(a) Z°2>x—R,ER ,

(b) Z°3x—>(X, 4 5)5CS",
(4.25)
1 A T
(c) Z' o(x,x +‘u)—>vxx+ﬁ€ 0, g—ﬁ_ s

(d) Zzap——)anZ .

The quantities X may be viewed as assigned to bonds of a
certain lattice A*, which we define in the Appendix (see
Fig. 2). It is also worthwhile to notice that for each cube
¢ the number

x +i+vx 4T
1
Wy 4i+%—a%x +3

S 2,8%% +2— 5% +2+% 5, —aSx 4955, -5 *

Bx +9,x )]

—1 -1
w, +9;—9wx;$

(4.19)

(4.26)

=117

PEdc

corresponds to the Z, monopole considered by Mack,
Pietarinen, and Petkova.® As it was noticed by these au-
thors, such monopoles do not survive in the continuum
limit. In our model they can be simply removed, because
of the theorem proved in the Appendix.

V. RECONSTRUCTION THEOREM

In this chapter we show that for a given set of invari-
ants (4.25) fulfilling (4.24b) we are able to reconstruct (up
to gauge transformations) the configuration (4,¢4) on
bonds together with the topologically essential behavior of
¢ on plaquettes. This means that the set (4.25) is a com-
plete set of invariants. As a first step we calculate for
every p the value f,, using (4.24a). Next we find for each
cube ¢ the monopole number Q, as the divergence of f ac-
cording to the formula (4.14). As a consequence we have
for each hypercube 2

2Qc=

cEdh

(5.1

Using the Poincaré lemma for integer-valued co-chains on
A we conclude that we can find a 2-co-chain
Z?Sp-—>m, EZ, such that

> mpy=0Q, (5.2)
PEI
Next we take Jf, = f »—4mm, /g8, which satisfies

(divf),=0. Using again the Poincaré lemma (for real-
valued 2-co-chains) we find a 1-co- c_ham Z'S(x,x
+0)—B ~€R!, such that (curLB) =fp.- We can now

%%+
reconstruct (A,¢) in the gauge (4.1) on bonds. We choose

a point xo€Z° and a collection | ®, a}p such that for
each bond (x¢,x(+[2) starting from x,
) A
wxo;?'zwxo;ﬁxxo:ﬁﬁ . (53)
To find o, ;p at any x €2Z° we choose an arbltrary path
connecting xo and x. On'each bond of this path we use
(4.18). One can easily check that the result does not de-
pend on the choice of the path. Inside bonds we put

A

“®
Jc—+—7'8

—igTB ~
=w_ e X, X+ . (5'4)

xi

Op

To reconstruct R (£)=¢*(£) and v (&)=
we use Egs. (4.16a) and (4.17a).

| V(&)| on bonds
The latter gives us for

each bond the constant c,,=R*7)v(7). Now (4.16a)
reads
R=g%,*R~3. (5.5)
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There is a unique solution to this equation fulfilling the
boundary conditions R (x)=R, and R(y)=R,

Uy =75 J v(T)dT

A ) B
RX(7)= R, X(1—1/8)*+2[R,’R,*—(g5cy, *]'2 =~ JocoR Hn)dr
X (1—7/8)7/8+R,H7/8)* . (5.6) 1 gdcy R, 'R, ™!
= ——arctan > 5 3173 (5.7)
gs [1_(g86xy)Rx‘ Ry— ]
In our gauge we have |D,(¢/|¢|)|=g|V,|. Thus
(3.4D) gives Hence ¢y, =(g8) 'R, R,sin(gdv,,). Finally
]
2 2
R¥1)=R,* |1 % +2R,R,cos(gdv,, ) — 5 ‘ % +R,? % (5.8)
and
sin(gdv,,)
v(‘r)=g%S 5 £y 5 . (5.9
R.R, ™" [1—= | +2cos(ghoy )< (u% +R,'R, |
r
Thus, we have reconstructed the field (4,¢) on bonds. We Ve xtiir At each corner x of p we take the value
have also reconstructed the topological degree m, of the _ L X2 )
mapping (4.10) Ayiap =~ 8V x 4 ilrx 43I 50
= AV 5sin(26_ AA) (6.3)
VI. FIELD DYNAMICS T8V x 43V x +7
d f :
The dynamics of our model will be governed by the anc average gver lour corners
difference equations obtained from the lattice approxima- (FfW p=Fp=fp+ +( a4 a5t asa
tion of the action defined by the Lagrangian (3.1a). For
the scalar term we put +a, aynp st %ssp) ‘
wi=-8 3 7(R? . (6.1a) (6.4)

xez®

The vector term is calculated using the fact that | D¢ | ? is
constant on bonds. The result is

2
_3 g“” Reia—Rs 2
Wn= 2 > 5 +S;RxRx+,;
XX+#)
X [l—cos(gﬁvx’x +ﬁ)] (6.1b)

To calculate the tensorial part we pass (on each plaquette
separately, because simultaneously it is impossible) to the
topologically trivial gauge ¢°=|¢|,¢'=¢*=0. (Of
course, the final result will be expressed in terms of in-
variants and, therefore, not depending on the gauge
chosen 1ns1de the plaquette) Denoting A p=B, and
Al p +1A =V, (3.1¢) takes in the above gauge the form

F},=3,B,—3,B,—gIm(V,V3), (6.2a)
F,,+iF,,=D,V,—D,V, , (6.2b)

where D,V,=3,V,+igB,V,. As a lattice version of
d,B,—0,B, on the plaquette p we take its mean value on
D, equal to f,, which we calculate from (4.24a). [We
remember that in the topologically trivial gauge m, =0,
see (4.11).]

To calculate the lattice version of Im(¥V, V), we re-
place |V, | on each bond (x,x +fi) by 1ts mean value

To calculate the lattice version of F. ,,—{-iF we introduce
the notation as in Fig. 1: a;=7a si,e and similarly
a,, a3, and ay, By, EBx,x r and 51m11ar1y B3, B3y, and
B,4;. The field V will be represented at centers of bonds
using the actual phase  and the mean value vof |V |:

V]zEUlza)x_'_ﬁ/z;ﬁ (65)

and similarly V3, V34, and V4. Using (4.18) and (5.3)

we have
—1 —1, —igdb;
et V12U12 = V4]U41 e S1 , (6.6)
Yy
B Vy
a, 34> "34 ag
i
L
1 P34
|
641 i 623
Byps Vay === B Bas, Va3
|
1812
1
ay J
X ag
Bi2, Via K
FIG. 1. The fields B interpolate the fields B on the internal

bonds of the plaquette.
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B, iandr— [B

X% +1

r)dT

X, X +V

(6.7)

and S, =Sx;;’ i In the simplest gauge when B is constant
on bonds we have b =(B4; +B;)/2. Similarly we define
by, bs, by, and S,, S3, and Sy, fulfilling formulas analo-

gous to (6.6). If  stands for w, 5 , 5, then

—igdb,
Vip=vp0Se ,

—ig8(by +b,)
— Va3 =v30815,e ,

(6.8)

—igd(b;+b,+b3)
V34 =0340515,5;e ,

—Va =U41a’515233s4e—lga(bl+b2+b3+b4)=l’41w s
because of (4.19) and (4.20). To calculate (6.2b) we will
covariantly differentiate ¥ on “internal bonds” connecting
centers of bonds (dashed lines in Fig. 1). For this purpose
we need the interpolation S of the field B to these four
internal bonds, see Fig. 1. We define this interpolation
demanding the curvature F3 to be equal on four internal
plaquettes. (The physical meaning of this demand be-
comes clear, if we analyze the canonical structure of lat-
tice gauge theories.”) More precisely, we demand
F1 =F2 =F3 —'=F4, where

1
T 8/2

=4(b18_1+al )—28—1(/312_341) y

F, (2b; —Bi2+Ba1)+4a,

Fy=4(b,87 ' +a,) 26" (Bn—B12) »
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therefore calculated up to one arbitrary constant. This ar-
bitrariness reflects the freedom of choosing the U(1) gauge

at the center of p. As this constant we take
4B=f1,+ B3+ Bss+Pas. Then we obtain
Bi=B+5(by—b,+8(a;—ay))
+'i_(b4'_'b3 +8(a4—a3)) 5
Byy= B+ 5(by—b3+8(a,—a3))
+5(by—bs+8(a;—ay)) ,
(6.10)
Bss= B+ 4 (b3 —bs+8(az—ays))
++(by—b;+8lay—ay)),
Ba= B+ %(b4—b1 +68(as—a,))
++(b3—by+8(az—a,)) .
As a lattice approximation of D, V, we take
(D, Vv)p—_—%(Vzgeigsﬁ”/ 2Py
(6.11)
(D,V,),= —;—( Ve P _y By
and consequently
(FL,+iF2,),= %( Vipe 5P 1y, 80P
4 V34eig8334/2+ V4leigﬁﬁ4|/2) .
(6.12)

. (6.9)  Using (6.10), (6.8), and (6.4) we obtain after some lengthy
Fy=4(b367"+a3)—28"(Byu—Pas) , calculation
— —1 _oa—1 _
F4———4(b48 +ay) 26 (Bay [3’34). (F‘l;v+iF;2¢v)p=§pGp, (6.13)
Equations (6.9) are linearly dependent, namely, .
(F\+F,+F;+F,)/4=F,. The four quantities 8 can be where
|
13 8 1 8
Gp=%[v12expl—z T 92—91+g7(02——a1) % [93—94'*‘8-2—(‘13—‘14) H
.13 5? 1 5
—(—l)n"v23exp[—t —4" 03—92-{-8’7((13—(12) +Z 04——01+g—2—(a4—a1) ]
tosexp =i |3 (64— 05182 (as—ay) | +L |0— 0,462 (a1 —ay)
34€Xp 2 |94 82 4—as 3 |17 82 1 2
n .13 5 1 5?
— (—1)Pvgexpi—i|= [01—04+8—(ay—ay) |+— |0,—03+8—(ay—a3) (6.14)
4 2 4 2
and {, €S ! is a phase factor,
gp=(_1)npme.~g<a/z>ﬁexp[—ig% [%(b1-b4)+%(b2—b3) }exp{—i[%(e4—91)+%(03—92)]} . (6.15)



This factor corresponds to the arbitrariness in choosing
the gauge. We remember that if one of the numbers
Ve x+h vanishes, the corresponding phases w, 8 and

4—p can be chosell arbitrarily. If,_ e.g., v;p=0 we
have the arbitrariness 8;=0;+a and 6,=0,—a. It is
easy to check that |G, | does not depend on the choice of
a, which proves the consistency of our approach.

Finally we put

Wim=—+83(F,*+ |G, |?) (6.16)
p

and

W= WI + WH + WIII . (6.17)

The above formula for the action W is a good lattice ap-
proximation of the action (3.1a). In the case of the classi-
cal theory we will derive the difference equations of our
theory by varying W with respect to variables (4.25). The
equations are elliptic or hyperbolic according to whether
we take Euclidean or Minkowski space-time M. [It can
be proved, e.g., that in the latter case the Cauchy problem
on the lattice is well posed and is causal, i.e., the values of
variables (4.25) in a certain region ¥ of the lattice depend
only on that part of Cauchy data which lies in the past
“light cone” of ¥. These results will be published else-
where.] In the quantum case W can be defined for Feyn-
man path integrals. There will be no “ghosts” in such a
theory since all the constraints have been removed and the
whole theory is formulated in terms of gauge invariants.
The integration over the set (4.25a)—(4.25¢) of continuous
variables will be performed with respect to the measure
which we inherit from the continuous theory. We thus
have to integrate from 0 to « over R,%dR, and from O to
7/g8 over dv,, +p- The integration over X’s is more
complicated due to the constraint (4.24b). The constraint
defines a plane in the space of variables 8 and Dirac § on
this plane has to be used. The choice of independent
parametrization of the plane is not straightforward. A
possible way to overcome this difficulty is to integrate
over unconstrained variables (3.7). Here, all physically
meaningful functions have to be invariant with respect to
the simultaneous rotation of all w’s at each point x €Z°
independently [it is the case of the Lagrangian (6.17)].

FIG. 2. The lattice A* is constructed by joining the centers of
bonds of the primary lattice A.
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FIG. 3. Typical three-dimensional element of A* with tri-
angular faces.

The integration with respect to the discrete degrees of
freedom (4.25d) is simply the summation.

APPENDIX

Theorem. There exists a choice of square roots X, such
that all y,, and v, defined by (4.23) are equal to + 1.

Proof. Consider a new lattice A* composed of centers
of bonds of A. Bonds of A* are defined as lines connect-
ing centers of bonds of A, which are nearest neighbors (see
Fig. 2).

Then we have two types of plaquettes of A*: rectangu-
lar ones, corresponding to plaquettes of A, and triangular
ones, corresponding to ‘“three dimensional oriented
corners” of A. Define a Z,-valued 2-co-chain
Y={V¥4:Yplqp On A* by putting 7, [defined by (4.23b)]
on rectangular plaquettes and y, [defined by (4.23a)] on
triangular plaquettes. We prove that the coboundary of ¥
vanishes, i.e.,

Oyly= 117, [17v,=1,

PEJV g€V

for each three-dimensional element V of A*. There are
two types of such elements: (a) “cubes with cut corners”
(see Fig. 2) and (b) elements, which have only triangular
faces (Fig. 3). Let ¥ be a “cut cube” corresponding to a
cube ¢ of A. For any rectangular plaquette of 3V corre-
sponding to a plaquette p € dc we have

%852fp-(91+02+93+04)—21mp=1rep s

or
. Y
’)/p =em€”=e'gs fp/2(X1X2X3X4)_1 .
Therefore
)
@ry=I1e*"%” I x' I x.
pEac i=1,...,24 i=1,...,24

where the index i numbers all the 24 corners belonging to
the 6 faces of c¢. The third factor in (3y), comes from
triangular plaquettes. Thus,
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(9y)y=exp —;;g83(divf)c J=exp(27Tch)=l .

Now, let ¥ be an element which has only triangular faces:
But for triangular faces y, was already defined by the 9
operator [formula (4.23a) means that y,=(9X),]. There-
fore, (@y),=1 is a trivial consequence of 3*=0. This
proves that y is closed. Now we have from Poincaré lem-

ma that there exists a Z,-valued 1-co-chain {A;}, such
that ¥y =0A (i corresponds to bonds of A*, i.e., to corners
of A and A;==1). We use A; to “improve” the choice of
square roots X;:

yi :X,')\,,' .

Now it is obvious that the co-chain ¢ for X vanishes.
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