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One-Loop UV Divergent Structure of U(1) Yang-Mills Theory on Noncommutative R4
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We show that U(1) Yang-Mills theory on noncommutative R* can be renormalized at the one-loop
level by multiplicative dimensiona renormalization of the coupling constant and fields of the theory.
We compute the beta function of the theory and conclude that the theory is asymptoticaly free. We
also show that the Weyl-Moyal matrix defining the deformed product over the space of functions on R*

is not renormalized at the one-loop level.
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Field theories on noncommutative spaces may play
an important role in unraveling the properties of nature
at the Planck scale [1,2]. Yang-Mills theories on the
noncommutative torus occur in compactifications of M
theory [2], and there is already a good many papers where
M theory on noncommutative tori has been studied [3].
Still, it has not been established yet that these field theories
are well defined at the quantum level. Although a few
initial steps were taken in Ref. [1] (see aso [4]), the very
definition of quantum field theory over noncommutative
spaces (the anal og of the standard Wightman-Osterwal der-
Schrader axioms, scattering theory, etc.) is yet to be
stated. Quantum field theories on fuzzy spheres [5] had
been studied previously and its UV finiteness established
[6]. Here the number of quantum degrees of freedom
is finite and hence it seems that the quantum theory
exists. This is not clear at al for field theories over
noncommutative spaces such as the noncommutative R*
[7], the noncommutative 3-tori [8], or the noncommutative
plane [9]. In these cases the quantum field theory has
UV divergences and there remains the question whether
these theories are renormalizable. It should be noticed
that for the theories at hand the interaction termsin Fourier
space are no longer polynomialsin the momenta, and hence
it cannot be taken for granted that the renormalization
program (either perturbative or nonperturbative) works.

The purpose of this Letter is to analyze the one-loop
UV divergent structure of the simplest pure gauge the-
ory over the noncommutative R*. This theory is a U(1)
theory but it is not a free theory due to the noncommu-
tative character of the base space. Indeed, now the field
strength (curvature) is no longer linear in the gauge field
(connection).

Field equations over the noncommutative R* can be
represented as equations over a deformation of the C*
algebra C..(R*) of continuous complex-valued functions

over R* vanishing at infinity [10]. This deformation is

given by the Weyl product
(f *g)x) =

/I

Here f(g) and g(p) are, respectively, the Fourier trans-
forms of f(x) and g(x), and w,, is a constant antisym-
metric matrix of rank four. Connes noncommutative
geometry formalism gives mathematical rigor to the con-
cept of classical U(1) gauge field over such a noncommu-
tative space [11,12]. This gauge field is provided by a
real vector function, A, (x), on R*. Thefield strength F,,,
for this gauge field now reads F,, = 0,A, — d,A, +
i{A, AL}, where {A,, A} (x) = (A, * 4,) (x) — (A, *
A,) (x) isthe Moyal bracket.

The classical U(1) field theory over noncommutative R*
is given by the Y ang-Mills functional

d'q d'p

Gyt T f@)g(p).

Sym 47 [ (F,LLV * F,lLV) (X), (1)

where F,,(x) is given above. This action is invariant
under gauge transformations which have the following
infinitesimal form: A, (x) = 9,6 + i{A,, 6} (x).

The next task to tackle is the construction of a quan-
tum field theory whose classical counterpart is the
previous theory. What we mean by a quantum field
theory over a noncommutative space is by no means
obvious, e.g., which mathematical objects define the
guantum physics have not been properly established yet
(see Ref. [9] for discussions on this point). In this paper
we shall assume that the quantum theory is defined by
the Green functions of the theory, i.e., by the generating
functiona

Z[j1= Nf D (x)e ST [IHWID = pyom ‘"‘[5/‘3’(")]exp[ f d*xd*y j(x)P(x — Y)J(Y):|

where ¢ denotes generically the “fields’ of the theory and |
P(x — y) denotestheinverse of the kinetic term (quadratic

476 0031-9007/ 99/ 83(3)/ 476(4) $15.00

in the fields) in S. S and Sy, denote, respectively, the
classical action over the noncommutative space in question
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and the interaction termsin S. The previous definition of
Z[ j]isto be understood as aformal expansion in terms of
Feynman diagrams.

Since our Yang-Mills action is invariant under gauge
transformations, its kinetic term has no inverse and a
gauge-fixing term has to be introduced. We shall do
this in a consistent way by using the Becchi-Rouet-Stora
(BRS) formalism. Let us introduce the ghost fields ¢
and ¢, the gauge-fixing field B, and define the BRS
transformations as follows:

sA,(x) = Dyc(x) = d,cx) + i{A,, ¢} (x), sc(x) = B,
sB(x) = 0, sc(x) = —(c * ¢)(x).

To keep track of the renormalization of the composite
transformations sA,(x) and sc(x), one aso introduces
the external fields J,(x) and H(x) which couple to
them [13]. The BRS invariant classical four-dimensional
action is

St = Sym + Sgr + Sext ()

where Syy has been given in Eg. (1) and

Ser = [ d4x§|:6 * (%B - aMAMﬂ(x),

Sext = [ d4x<J“ * sA, + H % sc) (x).

Now, standard path integral formal manipulations lead
to the Slavnov-Taylor identity for the 1Pl functiona
I'[A,,B,c,c;J,, H]. This identity reads

S(r) = f a’4x|: or of

5JH 8A, c

6T 6T 6T —0
8H bc¢c 8¢ ’

(©)
We shall see in this paper that, as far as our explicit

computations reach, no anomalies occur in the quantum |

theory and that, indeed, a renormalized BRS invariant
1Pl functional does exist. We shall be working only at
the one-loop level.

It is not difficult to see that one-loop UV divergent 1P
Green functions are the following: I'aa, 'aaa> T'asaa,
I'ze, T'zac, Ty Tjae, and 'y, With obvious notation.
Notice that the Feynman rules from Eqg. (2) are obtained
from the Feynman rules for Su(N) Yang-Mills theory
on commutative Euclidean space upon the replacement
faraa, — 28Nw(p2, p3), p2 and p3 being, respectively,
the momenta carried by the lines with color index a, and
az. Hence, the counterpart in our U(1) theory of a Feyn-
man diagram, which is finite by power counting in the
standard SU(N) theory, will aso be finite. Since no ac-
tion principle (see Ref. [13], and references therein) has
been shown to hold yet for field theories over noncom-
mutative spaces, we cannot carry out a cohomological
study of the renormalizability of the theory at hand. We
shall proceed by performing explicit computations.

To regularize the Feynman integrals of our theory will
shall use dimensiona regularization. The dimensionally
regularized counterpart of any Feynman diagram is de-
fined as follows. First, 2i sinw(p,, p3) is expressed
as el — o=iw(Pp3); gpcond, the four-dimensional
momentum measure d*p/(2m7)* is replaced with the
“D-dimensional” measure d’p/(27)? and any four-
dimensional algebraic expression with a D-dimensional
one defined according to the rules in Ref. [14]; third,
Gaussian integration over the D-dimensiona loop mo-
menta is carried out, which leads to an integral over
the a-parameter space of Schwinger (see [15]); fourth,
D is promoted to a complex variable, and any formal
expression is defined to be an algebraic expression satis-
fying only the algebraic rules in Ref. [14], with the Weyl-
Moyal matrix being “intrinsically four dimensional.”

We have computed the one-loop UV divergent con-
tribution to al the divergent 1Pl Green functions. The
results we have obtained thus read

1 13
F;ﬁ?}z(p) = _((477.)28> (? - “) (pM1PM2 - PZg,ule)’ (49)
(AAA) _ 1 17 .
Ui (P1s p2s P3) N amrs )\ 3 3a | SN[y (p2)u(p3)y]

X [(pl - p3)u2gulu3 + (P2 - pl)ﬂgg,u],u,z + (P3 - p2),u,1g;tz,ug]’ (4b)

1 4
Fiﬁ%ﬁlm(m,pz,pam) = (m) (g - 2a>

X 4{Sin[wﬂy(171),u(l72)v]Sin[w,w(PB)M(lM)v] (g,ulﬂsg,uz,lm - g,lL[,lL4g,lL2,lL3)

+ Sin[w,u,v(pl),u,(p4)v]Sin[w;w(p3),u,(p2)v] (gM2M4gl/«1M3 - glul/vsgm,uz)

+ Sin[a),u,u(p4)y(p2)v]Sin[a);u/(p3),u(pl)1/] (g,LL4M3gMzM| - g,tL],LL4g,LLz,LL3)}v (4c)
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I (p) = _((47:)2(9)(;) (3 — a)g’p?,

_ 1
F(cAc) -
i (p1, P2, p3) | @me

. 1
Y9 (p) = ((477)28><

1
I‘(JAC) Do, —
,W(m P2, p3) (47 )e

1
(4m)%e

TH (py, pa, p3) = —(

where D = 4 — 2¢. Notice that the momentum struc-
ture of the previous contributions is the same as the
corresponding term in the BRS action in Eq. (2). So,
one would expect that these 1Pl contributions can
be subtracted by MS multiplicative renormalization

(4d)

)(agz) (P 28w,y (p2)u (p3)s], (4e)
= “)gzp,“ (@
)(agz)g,ull-bzzS.n[wﬂv(pZ)M(pB)V]’ (49)
)(agZ)ei[ww(pz)M(ps)u] , (4h)

action. And, indeed, this is so, if we perform
the following infinite renormalizations. gy =
u*Z.8, ap = Zaa, Aoy = ZaAy, By = ZgB,

JO,u = ZJJM, Hy = ZyH, ¢y = Z.c, and ¢y = Zzc.
Here the subscript O labels the bare quantities

of the fields and parameters in the BRS invariant | and
1 22 1 34+ «
Zg=1- = Za=1- 2,
¢ @mze 3 £ Gmpe 2 ¢

I 3-«a 1

ZzZ, =1 + ——— 2 77420 =1 — ——— agh,

4m)2e 2 £ A (4m)%e “8

1

ZnZ; =1 wgh Zy =2y Zoa = 75, ad Z, = Z. )

- (47)%e

Notice that there is no renormalization of the matrix
w,,. That these Z’s render UV-finite the 1Pl functions
whose pole contribution is in Egs. (4) is a conseguence
of BRS invariance. Indeed, in view of Egs. (4), it is
not difficult to show that the singular contribution T'(Pole)
to the dimensionally regularized 1Pl functiona can be
recast into the form

i = £ [ dPx(Fpuy % Fp) (x) + BpX, (6)

where

X = f de[al(JM — 9,C) * A, — aH * c](x),

122, 1 3+a ,
a=(477)2s?g’alz_(477)28 2 &
_ 1 2
az—_maé’,

and Bp is the linearized Slavnov-Taylor operator act-
ing upon the space of formal algebraic expressions con-
structed with D-dimensional monomials of the fields and
their derivatives. Bp is defined as follows:

5S4 & 85y & | 854 8
Bp = | d”° + —
b f { 5Jv 8A, | 8AR 8,  oH oc
08 & Bi .
6c O0H oc

478

The conclusion that one draws from Eg. (6) is that
the UV divergent contributions displayed in Egs. (4) are
BRS invariant. Notice that I'*°'®) js the sum of two
terms: the second is Bp exact (recal that B3 = 0),
whereas the first, the Yang-Mills term, is Bp closed.
This al goes hand-in-hand with the analysis of the UV
divergent contributions in standard SU(N) Yang-Mills
theory. And, indeed, as in standard four-dimensional
Yang-Mills theory, we have Z, =1 —a,Zy =1+
ai, ZeZ. = 1 — ay + ay, ZeZpZe = 1 + ay, ZyZ* =
\+ar, Zp=2,",Z, = 23, and Z;, = Zz. Equa
tion (5) is thus recovered. Let us remark that the values
we have obtained for the Z’ s agree with the corresponding
values of the Z’s of standard SU(N) Yang-Mills theory on
commutative R* upon replacing in the latter the constant
C,2(G) (the quadratic Casimir in the adjoint representa
tion) with 2. Actualy, the UV divergent contributions
in Egs. (4) agree with those in the standard SU(N)
Y ang-Mills theory, if the following substitutions are made
in the latter: f4,4,0, — 2SNw(p2, p3) and C2(G) — 2.
Recall that the structure constants are not renormalized
in standard SU(N) Yang-Mills theory; w,,, the matrix
defining the Weyl-Moya product, is not renormalized
either.

We shall define the order 7 M S renormalized 1PI func-
. (1),MS ,
tiona I'ren ~ asusual:

F(l),MS —

ren

limThree — D),
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where rgﬁeg denotes the dimensionally regularized 1Pl

functional at order i, and I'*°'®) jsgivenin Egs. (4). The
limit e — 0 istaken after performing the subtraction of the
pole and replacing every D-dimensional algebraic object
with its four-dimensional counterpart [14]; thisis why we
have denoted it by lim. "

Since rgﬁeg isBRSinvariant,i.e., BpI'pr; = 0,theMS

renormalized 1PI functional T'ex™* is also BRS invariant:
Braa™ = 0. The operator B is the counterpart of
Bp a D = 4: the linearized Slavnov-Taylor operator in
noncommutative R*. We thus conclude that the Slavnov-
Taylor identity [Eq. (3)] holds for the renormalized theory
at order /i. Thisstatement is not completely rigorous since
there is no proof as yet that the quantum action principle
[14] holds for the dimensionally regularized amplitudes of
the theory at hand. However, in our computations we have
found no hint that this principle might not be valid here.

By using standard textbook techniques, one can work
out the renormalization group equation for I'MS:

ren

9 9 3
LBt By
[” Pog "% %a

S (x)
Thefields are denoted by ¢. It should be noticed that w
isadimensionful parameter which does not run. The one-

loop beta function of the theory is easily computed to be
,8( 2) = d;gz — _L % 4
8= M g2 3 &
Hence, the theory is asymptotically free. The other renor-
malization group coefficients read, at the one-loop level,

1 (3+a), o,
YA—JF@ > g %—+Qag,

Yr = Ye = YB = T YA,

_27¢fd4X¢(X) o }Fﬁfﬂ(ﬁ;g,w,a;u]:u
¥

5& = _2’)/Aaa

YE = —Yec-
We shall conclude with two remarks. First, the struc-
ture of the UV divergences, which is not a polynomial in
momentum space, is a polynomial in the fields and their
derivativeswith respect to the Weyl product. Onewonders
whether this generalizes to higher loops upon subtraction
of subdivergences and whether the theory of normal prod-
ucts (on which the method of algebraic renormalization
rests) remains valid upon replacing the ordinary product
with the Weyl product. Second, I'®°'®) verifies both the
gauge-fixing equation and the ghost equation (see Ref. [13]
for definitions) and, hence, so does the MS renormalized
1Pl functional up to order /.
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