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Abstract We give a pedagogical account of noncommutative gauge and gravity theories, where the exterior
product between forms is deformed into a x-product via an abelian twist (e.g. the Groenewold—Moyal
twist). The Seiberg—Witten map between commutative and noncommutative gauge theories is introduced.
It allows to express the action of noncommutative Einstein gravity coupled to spinor fields in terms of
the usual commutative action with commutative fields plus extra interaction terms dependent on the

noncommutativity parameter.

1 Introduction

Noncommutativity of phase space is a core feature
of quantum mechanics. Noncommutativity of space-
time rather than phase space has been considered
since the early days of quantum mechanics as a pos-
sible way to reconcile gravity with quantum theory.
Indeed the dynamical variable in Einstein general rel-
ativity is spacetime itself with its metric structure,
and noncommutativity of spacetime coordinates could
lead to a regularization in the perturbative treatment
of gravity as a quantum field theory. Noncommutativ-
ity of spacetime coordinates is further supported by
Gedanken experiments that aim at probing spacetime
structures at very small distances. They show that due
to gravitational backreaction one cannot test space-
time under the Planck scale. For example, in relativis-
tic quantum mechanics the position of a particle can
be detected with a precision of at most the order of
its Compton wavelength A\c = h/mc. Probing space-
time at very short distances implies extremely energetic
particles, that in turn produce high spacetime curva-
ture. When A is of the order of the Planck length,
the spacetime curvature radius has the same order of
magnitude of the Compton wavelength of the probe
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particle, and the attempt to measure spacetime struc-
ture under the Planck scale fails. Gedanken experiments
of this type show that the description of spacetime as a
continuum of points (a smooth manifold) is an assump-
tion no more justified at the Planck scale. It is hence
natural to relax this assumption and conceive a more
general noncommutative spacetime, where uncertainty
relations and discretization naturally arise. Space and
time are then described by a Noncommutative Geom-
etry. In this way the impossibility of testing spacetime
under the Planck length, a dynamical feature due to
gravitational backreaction, is encoded at a deeper kine-
matical level.

In general spacetime discretization is expected in
quantum gravity theories, see the review [1]. For exam-
ple in string theory the study of string scatterings leads
to generalized uncertainty principles where a minimal
length emerges. In other approaches, e.g. loop quantum
gravity, minimal area and volumes are predicted.

Spacetime noncommutativity also arises by consider-
ing an electron in a strong magnetic field B. In this
regime, due to the minimal coupling with the back-
ground gauge field (4,,A,) = (0,Bx) associated to
the flux B, the dynamics takes place in the reduced
phase space ¢ = y,p = Bx. Thus the electron’s coor-
dinates become noncommutative: [z,y] = —% (cf. [2]
for an extended discussion). Hence quantum theory in
the presence of a magnetic field B leads to a non-
commutative spacetime. Similarly, low energy effec-
tive actions of open strings in the presence of a back-
ground Neveu—Schwarz B-field can be described by
gauge theories on noncommutative spaces. The study
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of Yang-Mills (and Born-Infeld) theories on noncom-
mutative spaces has proven very fruitful: it allows to
realize string theory T-duality symmetry within the low
energy physics of noncommutative (super) Yang—-Mills
theories [3]. It provides exact low energy D-brane effec-
tive actions, in a given o/ — 0 sector of string theory
where closed strings decouple, see Ref. [4]. In that paper
Seiberg and Witten provided an explicit map (change
of variables) between commutative and noncommuta-
tive gauge theories.

In this paper we study gravity on noncommutative
spacetime as a noncommutative gauge theory of the
above type. The noncommutative geometry is first for-
mulated in a geometric (coordinate independent) lan-
guage, useful for studying diffeomorphism invariant the-
ories. Then the specific gauge theory describing non-
commutative gravity in first order formalism (with
independent vierbein and spin connection fields) is pre-
sented. As we discuss in Sect. 5.2, a generic feature of
noncommutative gauge theories is that they are well
defined for U(N) or GL(N) gauge groups in the fun-
damental or the adjoint representation but not for a
generic representation, or for a generic gauge group
G (like e.g. SU(N)). This general feature implies that
the Lorentz gauge invariance of the first order gravity
action becomes a *x-gauge invariance that enlarges the
classical SO(1, 3) group to GL(2, C).

The enlargement of the gauge group corresponds to
an increase in the number of fundamental fields of the
theory. This increase can be mitigated by imposing
charge conjugation constraints on the noncommutative
gauge action and can be fully avoided by the use of the
Seiberg—Witten map [4], that relates the fields in the
deformed action (the “quantum” fields) to the classical
fields, in such a way that the ordinary gauge variations
of the classical fields induce the x-gauge variations on
the quantum fields. We thus obtain a gravity theory
on noncommutative spacetime with the same degrees
of freedom as classical gravity.

Among other approaches to noncommutative gravity
we mention gravity on fuzzy spaces [5, 6], emerging from
matrix theory in the presence of fuzzy extra dimensions
[7], a metric approach [8, 9] where the noncommutative
Levi-Civita connection is constructed and the braided
gauge symmetry approach of [10].

Finally, a noncommutative hamiltonian formalism for
twisted geometric theories has been developed in [11],
and applied to noncommutative vierbein gravity. It
allows an algorithmic construction of the canonical x-
gauge generators.

The plan of the paper is as follows. Section 2 deals
with the origin of twisted products, i.e. Weyl quantiza-
tion and Groenewold-Moyal product. Section 3 trans-
fers noncommutativity of coordinates to noncommuta-
tivity of functions and of exterior forms (via x-wedge
products), and summarizes the basic results of the cor-
responding noncommutative geometry. Section 4 illus-
trates the procedure in the case of Yang-Mills the-
ory, by deforming its classical action. In Sect. 5 the -
deformation of the gravity action is discussed in detail
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reviewing the results of [12]. Section 6 contains a discus-
sion on the Seiberg—Witten map. In Sect. 7 it is shown
how the Seiberg—Witten map allows to construct non-
commutative gauge theories with any gauge group. The
Seiberg-Witten map for the noncommutative gravity
action is then described in detail, providing a noncom-
mutative action with the same degrees of freedom as
the commutative one [13-15]. Expanding this action
in power series of the noncommutative deformation
parameter we obtain an action on commutative space-
time with interaction terms dictated by noncommuta-
tivity of spacetime. We have thus constructed a mod-
ified gravity action that is expected to capture some
quantum gravity aspects.

2 Noncommutative algebras, Weyl
quantization and x-products

The easiest way to describe a noncommutative space-
time is via the noncommutative algebra of its coordi-
nates, i.e., giving a set of generators and relations. We
list three typical examples of commutation relations:

(2.1)

(2.2)

[x#, 2] = i6"" canonical

[x#, "] = if*” 27 Lie algebra

ata¥ —gz¥z" =0 quantum (hyper)plane (2.3)

where 6#” (a real antisymmetric matrix), f*% (real
structure constants), ¢ (a complex number, e.g. a
phase) are the respective noncommutativity param-
eters. When the noncommutativity parameters are
turned off, the algebra becomes commutative and is the
algebra of polynomial functions on d-dimensional space
R?. We can also impose further constraints, for example
periodicity of the coordinates describing the canonical
noncommutative spacetime (2.1). This leads to a non-
commutative torus rather than to a noncommutative
(hyper)plane. Similarly, constraining the coordinates of
the quantum (hyper)plane relations (2.3) we obtain a
quantum (hyper)sphere.

This algebraic description should then be comple-
mented by a topological approach, leading for example
to the notion of continuous functions. This is achieved
by completing the algebra generated by the noncom-
mutative coordinates to a C*-algebra. Typically C*-
algebras arise as algebras of operators on a Hilbert
space. Connes noncommutative geometry [16] starts
from these notions and enriches the C*-algebra struc-
ture and its representation on a Hilbert space, gener-
alizing to the noncommutative case also the notions of
smooth functions and metric structure.

A complementary approach to noncommutative
space is given by the x-product, retaining the usual
space of functions but deforming the pointwise prod-
uct into a noncommutative one. Historically the x-
product originated as a noncommutative product for
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functions on phase space. The quantization of phase
space coordinates ¢, p with Poisson structure {¢,p} =1
to operators ®(q) = ¢, ®(p) = p on Hilbert space with
[G,p] = ih is extended & la Weyl to functions f(p,q) —
®(f)(p,G). The operator product then induces a *-
product, or Groenewold—Moyal product, on functions
on phase space:

frg=2"1(D(f)B(9))

On polynomial functions Weyl quantization amounts to
replace p, ¢ with the operators p, ¢ and to symmetrize
in p and ¢: pmg"™ — P(p™¢™) = Sym(p™¢"™) where
Sym(p™q@"™) is the symmetrized polynomial in p,§ nor-
malized so that Sym(p™q™) = p™q¢™. It is defined by

(p+ ¢ = D mtn—e (%Trﬁ)!Sym(]ﬁm(j”). For example,

Sym(p™) = p™, Sym(q") = ¢*, Sym(pg) = 3(pq + Gp),
Sym(p®q) = +(p*q + pdp + Gp*). The corresponding *-
product explicitly reads

S -2
(f*9)(p,q) = 2" 337 =327 £(p, ) g0 4y gy

Since the operator product is associative so is the *-
product.

More in general (in formal deformation quantization)
a *-product on a manifold M with Poisson structure
{, } is a noncommutative deformation of the usual
pointwise product. It sends two smooth functions f, g
to a third one f x ¢ and is a differential operator on
both its arguments. It satisfies the associative property

fx(gxh)=(fxg)*h,

the normalization property fx1=1x% f = f and

fxg=fg-+ Shif.g} +O0)

so that in the semiclassical limit lim_o F*(f * g —
g* f) = {f, g}, realizing the correspondence principle
between quantum and classical mechanics. For further
reading on the topics of this section we refer to [17,
Ch. 2, §3], [18, Ch. 6], [19].

3 x-products from twists
and noncommutative differential geometry

The +-product on phase space of the previous section
generalizes to R? with coordinates z* as

(f % 9)(@) = 2 395 f(2)h(y)|,_,. (3.1)

Here the antisymmetric matrix 26"*" has been for short
denoted 0#¥. Correspondingly, the classical limit i — 0
becomes 6§ — 0.
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Notice that if we set
Fl— ege‘”%(@ﬁ
then
frg=nF 1 (f@g) (3.2)

where (1 is the usual product of functions u(f®g) = fg.
The element F = e~ 2% 27 ®57 s an example of a
Drinfeld twist. It is defined by the exponential series in

powers of the noncommutativity parameters 6*",

I
7
=181-20"9,99,

1
_ gglﬂlﬂ 9#21128”1 8”2 ® 8y16’/2 4+ ..

It is easy to see that x# xx¥ —x" xx* = i0*" thus recov-
ering the noncommutative algebra abstractly defined in
(2.1).

The method of constructing x-products using Drin-
feld twists [20] (see e.g. [21] for a quick introduction)
is not the most general method (it does not apply to
an arbitrary Poisson manifold [22]), however it is quite
powerful, and the class of x-products obtained is quite
wide. For example choosing the appropriate twist we
can obtain the noncommutative relations (2.1), (2.3)
and also (depending on the explicit expression of the
structure constants) some of the Lie algebra type (2.2).
It is also well adapted to a coordinate free description
of the x-algebra of functions on a manifold M and to
its differential geometry.

Let M be a smooth manifold. A twist is an invert-
ible element F € UZ ® UZE where UZ is the univer-
sal enveloping algebra of vector fields, (i.e. the alge-
bra generated by vector fields on M, where the element
XY — Y X is identified with the vector field [X, Y]).
The element F must satisfy some further conditions
that we do not write here, but that hold true if we con-
sider abelian twists, i.e., twists of the form

F 267%91'7‘){[@){‘]
:1®1—%91JX[®XJ

1
— §911J1912J"‘X11X12 ® X5, Xy, 4+ (3.3)

where the vector fields X; (I =1,...s with s not nec-
essarily equal to d = dim M) are mutually commuting
[X1,Xs] =0 (hence the name abelian twist).

It is convenient to introduce the following notation

Flo1®14 %e”XI ® X

1
_ §911J1912J2X11X12 ® XJIXJ2 + ...
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=f*®f,

where a sum over the multi-index « is understood.

With a twist F we deform the whole differential
geometry of M. Let A be the algebra of smooth func-
tions on the manifold M. We deform A to a noncom-
mutative algebra A, by defining the new product of
functions

Fxg=1(f)1alg)-

We see that this formula is a generalization of the Groe-
newold-Moyal star product on R¢ defined in (3.1) or
(3.2). Since the vector fields X are mutually commut-
ing, this x-product is associative. Note that only the
algebra structure of A is changed to A, while, as vector
spaces, A and A, are the same. We similarly consider
the algebra of exterior forms °® with the wedge prod-
uct A, and deform it in the noncommutative exterior
algebra Qf that is characterized by the graded non-
commutative exterior product A, given by

T AT = (1) Ao,

where 7 and 7’ are arbitrary exterior forms, and each
vector field X, Xr1,, X,, X7, ... in (3.4) acts on forms
via the Lie derivative. Only the product is deformed and
hence Qf = Q° as (graded) vector spaces, in particular
QF = Q" for any degree n.

It is easy to show that the usual exterior derivative
is compatible with the new A,-product,

d(r Ay ) = d(7) Ay 7'+ (=1)38 7 AL dr
(3.4)

since the exterior derivative commutes with the Lie
derivative.

We also have compatibility with the usual unde-
formed integral (graded cyclicity property):

/7’ AT = (fl)deg(T)deg(T/) /T’ AT (3.5)

with deg(7) + deg(7’) = d =dimM. In fact we have, up
to boundary terms,

/T A 7' :/T AT = (*l)deg(T)deg(T/) /T' AT

_ (_1)deg(r)deg(‘r') /7_/ AT,

For example at first order in 6,

/T/\*T/:/T/\T/—%GIJ/EXI(T/\EXJT/)

:/T/\T/—%QIJ/diXI(TAﬁxJT/)
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where we used the Cartan formula Lx, = dix, +ix,d
and TALx, 7" being a d-form so that its exterior deriva-
tive vanishes.

Finally, provided that the commuting vector fields
{X;} defining an abelian twist are all (anti)hermitian,
we have compatibility with the undeformed complex
conjugation

(1 Ae7')* = (—1)de8dB) i A 72 (3.6)
Indeed, sending 7 into —i in the twist (3.3) amounts to
send 677 into —077 = 071 i.e. to exchange the order of
the factors in the x-product.

4 Noncommutative Yang—Mills actions

It is straightforward to write a U(N) Yang—Mills theory
on noncommutative space given by Groenewold—Moyal
star product,

-1 . .
Snoym = 3% /d4xTr(FM,,*F””) (4.1)

where the noncommutative field strength £ is defined
by

ﬁw = 8#@, — 8V/L - ’L(A\# * ﬁy — El, * Eﬂ)

This action is invariant under the noncommutative
gauge transformations

0A, = 0,6 +i(éxA, — A, % &),

which imply Sﬁuu = i(é&ﬁw —ﬁw*é). Using the differ-
ential geometry developed in the previous section this
action can also be rewritten as

1 . .
SNoYM = @ /TI‘(F Ny *HF)

where A = A, xda*, F=dA—iAA, A and the Hodge
star operator #g is the usual commutative one in flat
Minkowski metric (recall that as vector spaces Q2 =
0?). The noncommutative gauge transformations now
read

bA=dé+i(exA—Axé).

and imply 0F = i(éx F — F%€), §(xg F) = i(éx (xg F) —

In this action the gauge potential and the field
strength are valued in n X n hermitian matrices, that
define the Lie algebra of U(N). Other representations
of U(N) and gauge groups are in general problematic.
Indeed consider an infinitesimal gauge transformation
e = eAT4, where the generators T belong to some
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representation of a Lie group G. The commutator of
two infinitesimal gauge transformations is

1
[6, €]y =exe — xe= 5{5A, e'BYy, T4, TP

1
+§[ Aa E/B}*{TA’TB}a (42)
where {U,V}, = UxV -V U, [UV], =UxV —
V % U. We see that also the anticommutator {74, T8}
appears. We thus have two options:

(i)  Consider gauge groups like U(N) or GL(N) in the
(anti)fundamental or in the adjoint, since in this
case {T4, TP} is again in the Lie algebra.

(ii) Allow for more general representations of U(N)
or GL(N), or more general Lie algebras (including
all simple Lie algebras) with representations that
do not close under the anticommutator. In this
case we have to enlarge the Lie algebra to include
also anticommutators besides commutators, i.e.,
we have to consider all possible (symmetrized)
products TATE ... TC of generators. The gauge
potential will correspondingly have components

A= AATA L AABTAB | JABCPABC

and therefore infinite degrees of freedom. The
Seiberg—Witten map discussed in Sect. 6 allows
to reduce them to the classical degrees of free-
dom, and therefore to construct noncommutative
Yang—Mills theories with any gauge group.

5 Noncommutative vierbein gravity
coupled to fermions

5.1 Classical action and symmetries

Here we apply the twist procedure to first order gravity
in d = 4 coupled to fermions and obtain gravity on
noncommutative spacetime. The usual action of first-
order gravity coupled to a spin % field ¥ reads:

S :eabcd/R“b AVEAVE—ipyVEAVEAVENA DY
—i(DY)YEAVEAVEATV LY (5.1)

where the vierbein V¢ and the spin connection w® are
independent one-forms:

Ve =Vidat, w* = witdat (5.2)

and the two-form (Lorentz) curvature R is defined as

R® = dw™ — w® A w.

(5.3)
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The Dirac conjugate is defined as usual: 1) = 1)f.

This action can be recast in an index-free notation
[12, 24], convenient for generalization to the noncom-
mutative case:

S:/Tr(iRAVAV%)+1/3VAVAV75D¢

+ DY AV AV AVs0 (5.4)
where
R=dQ—-QAQ, Dy =dy —Qy,
Dt = Dtp = dap + 9 (5.5)
with
a 1 ab 1 ab
V=V, Q= 79" Vabs = ZR Yab (5.6)

taking value in Dirac gamma matrices (recalled in
Appendix B). Use of the gamma matrix identities
Yabe = €abedV V5, Tr(Yap¥eVdVs) = —4i€abed in com-
puting the trace leads back to the usual action (5.1).
Reality of the component fields V¢, w? is equivalent
to the hermiticity conditions
’)/()V’)/O = VT, —’}/09’}/0 = QT. (57)
The action (5.4) is real; for the proof compare it to its
complex conjugate, obtained by taking the Hermitian
conjugate of the 4-form inside the trace in the integral.
The action is invariant under local diffeomorphisms
(it is the integral of a 4-form on a 4-manifold, hence the
infinitesimal diffeomorphism Lx = dix + ixd reduces
to diy, a total derivative). It is also invariant under
local Lorentz rotations. These latter read

8V =—1[Vye], 60=de—[Q¢,

Sp =€, O = —1)e (5.8)
with € = ie“b'yab. The local Lorentz invariance of
the index free action follows from §.R = —[R, €] and

6Dy = eD), the cyclicity of the trace Tr and the fact
that the gauge parameter ¢ commutes with ~s.

After substituting (5.6) and € = e, into (5.8),
simple gamma algebra yields the gauge variations of the
component fields:

SV =eL V0 5w =de™ — whe® 4 Wb e = De.
(5.9)

Similarly, the variation of the curvature components is
found to be
6.R%® = ¢ R — ¢ R, (5.10)

while 6.(y*Dy) = €49y*D1p. Thus all quantities
in the action (5.4) transform homogeneously under

@ Springer
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Lorentz local rotations, and since €,pcq is an invariant
tensor of SO(1, 3), the action is likewise invariant. Here
the proof of invariance looks simple both in the index-
free and in the component formulation. Note however
that in general the index-free proof is much simpler.

5.2 Noncommutative gauge theory and Lorentz
group

Before presenting the noncommutative version of the
action (5.4), we discuss the *-deformation of the
Lorentz symmetry variations (5.8). These are generated
by the gamma matrices %%b, and the gauge parame-
ter is € = %eab'yab. The commutator of two Lorentz
transformations is again a Lorentz transformation, cor-
responding to the fact that the commutator of two
Yep Matrices contains only 4, matrices. The situa-
tion changes when considering the x-deformation of this
symmetry: as discussed in Sect. 4, the commutator of
two x-gauge transformations contains also anticommu-
tators of the generators. The anticommutator of two
i’yab matrices yields the identity and the 5 matrices,
so that the gauge parameter must now include them in
its expansion:

1w . -
6—46 Yab + 1€l + €7s.

The extra gauge parameters ¢, € can be chosen to be real
(like €4p). Indeed the reality of €4y, €, € is equivalent to
the hermiticity condition

—oevo = €' (5.11)

and if the gauge parameters ¢, ¢ satisfy this condition
then also [e x €'] is easily seen to satisfy this hermiticity
condition.

Thus we have centrally extended the Lorentz group
to

SO(3,1) — SO(3,1) x U(1) x RT,

or more precisely, (since our manifold M has a spin
structure and we have a gauge theory of the spin group
SL(2, C))

SL(2,C) — GL(2,0).

The Lie algebra generator 1 is the anti-hermitian gen-
erator corresponding to the U (1) extension, while 75 is
the hermitian generator corresponding to the noncom-
pact Rt extension.
Since under noncommutative gauge transformations
we have
0Q=de —Qre+ex (5.12)

also the spin connection and the curvature will be val-
ued in the GL(2, C) Lie algebra representation given
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by all the even gamma matrices,

1 ) -
Q= Zwab*yab 4wl + ws,

1
R = *Rab’)/ab +arl + F’)/g,

; (5.13)

Similarly the gauge transformation of the vierbein,

0V ==Vxet+exV, (5.14)
closes in the vector space of odd gamma matrices (i.e.
the vector space linearly generated by ~%,+%ys) and
not in the subspace of just the v* matrices. Hence the
noncommutative vierbein are valued in the odd gamma
matrices

V = V%, + Voas. (5.15)

Reality of the component fields V¢, V*, w® w, and @
is equivalent to the hermiticity conditions
YV =V, —7Qy =Qf. (5.16)
These hermiticity conditions are consistent with the
gauge variations.
Finally, the infinitesimal gauge transformations of the
fields considered close the Lie algebra of GL(2, C),

[5517552]* = _5[ (517)

€1,€2]4°

5.3 Noncommutative gravity action and its
symmetries

The abelian twist, defining the star products and com-
patible with usual integration on M, leads to the exten-
sion of the Lorentz gauge group to GL(2, C). It allows
to generalize to the noncommutative case the gravity
action (5.4). The noncommutative action reads

S:/Tr(iR AV AV A) + 0 x VAV AV Acys DY

+ DY AL VAV AV %51 (5.18)
with
R=dQ— QA Q, Dyp=dip—Qx1p,
D =dip + 1 x Q. (5.19)

Reality of this noncommutative action follows by com-
paring it to its complex conjugate (obtained by taking
the Hermitian conjugate of the 4-form inside the trace
in the integral).

Gauge invariance of the noncommutative action
(5.18) under the x-variations is proved in the same way
as for the commutative case, noting that all the fields in
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the action transform homogeneously, cf. (5.12), (5.14)
and

St =exp, Sp =—hxe, 0.DY =ex D,
6D =—Dipxe, 6R=—-Rxe+exR.  (5.20)

Using that € commutes with 75, and the cyclicity of the
trace together with the graded cyclicity of the integral,
the invariance of (5.18) follows.

Diffeomorphisms invariance. It is straightforward
to prove that under an infinitesimal diffeomorphism £ x
generated by a vector field X we have LxS = 0. For
this we can use the Cartan identity Lx = ixd + dix
and recall that the action S in (5.18) is the integral
of a 4-form. Under these diffeomorphisms the vector
fields X; defining the x-product transform covariantly:
0xXr = LxX; = [X,X/], hence also the x-product
transforms.

For a fixed *-product (i.e., for fixed background fields
X that do not transform under diffeomorphisms) the
action is no more invariant under diffeomorphisms. The
case of a x-product defined by vector fields X that are
not fixed, but are dynamical thanks to an associated
kinetic term, is discussed e.g. in [25].

Considering noncommutativity as a fixed background
we are led to introduce *-infinitesimal diffeomorphisms
L%, satisfying a deformed Leibniz rule ([21], Sect. 4,
eq. (4.13)). They also satisfy the Cartan identity L% =
i%d + di% where i% is the x-contraction operator [21,
23]. Then as before £%S = 0. These deformed diffeo-
morphisms leave invariant the x-product and the vector
fields X (ie., L% X1 = 0), therefore the action S with
fixed noncommutativity background is invariant under
*-diffeomorphisms, cf. [18], Sect. 8.2.4.

Charge conjugation invariance. Noncommutative
charge conjugation reads:

=99 =CW)T = —Cy", VoVe=0VTc,
0—-0¢=ca%c (5.21)

with x9 — *g = %_g¢ and consequently A,, — /\*C; =
A«_,, (see Appendix B for the properties of the charge
conjugation matrix C). The action (5.18) is invariant
under charge conjugation.

Sfosone=1 [ THRE Ag VE A_g Vo)
=— i/Tr(RT Ao VI A_gVTCHCHT
=— i/Tr((VT Ao VIy)T AL R)
= i/ﬂ(—(vT%T)T AV AL R)

= i/Tr(%V N VAL R)
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:i/TY(R/\*%V/\* V) :i/T&«(R/\*V/\* Vs)

= Sbosonic' (522)

A similar proof holds for the fermionic part of the
action: SE, ionic = Stermionic-

Noncommutative action and gauge variations
for the component fields. Finally, we give the
bosonic noncommutative action in terms of the compo-
nent fields V¢, w®, V® w, and @, and write the gauge
variations of these fields.

Sbosonic = / Rab AW (VC A Vd - Vc Ak Vd)eabcd

— 2 R A, (Va Ay Vi = Vi AL Va)
— 4 A (VEA TV, = VEA VL)

+4i A (VN V= VEA VL) (5.23)

with

1 1
Rab :dwab _ 5wac Ay wa + §wbc Ay wEe

— i(w“b Ay W+ w Ay, w“b)—
) I
- §e“bcd(w“l Ax @+ @ Ay w0
)
r=dw — gw“b As Wap — (W Ay w — O Ay @)

_ .1 ) .
7 =dw + Eeabcdw“b Ay w&h — Hw A @+ O Ay w).

The noncommutative gauge variations read
a 1 a b b a
0.V :§(eb*V + VP xe%)

+ ie“bcd(f/b x el — ecd VY

+i(ex VI —Voike) —ex VO —Voxé
. 1 - -
0V = (e x VO + VP xe)
+ ieabcd(Vb*eCd — 1% VY
+i(ex VI —Voike) —éx VO —Voxé

b b ca
—€,xWw

1
Sew® =de® + g(eac * w*
cb a ca b
+w ke, —whxe’,)

+i(€® xw —wx e®)

+ %eabc (e“d % & — @ % e°d)
+i(exw® — w? %)
+ %e“bcd@*w“l —w @)

1
Ocw =de — g(w“b * €qp — €ap * W)

tilexw—wrxe—ExD+ W *E)
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~ - )
S0 =dé+ Eeabcd(w“b xed — ol w“b)

tilex@—Dre+Exw—wHE).

5.4 Classical limit and charge conjugation
constraints

In the classical limit § — 0 the x-product becomes the
usual pointwise product. The noncommutative gauge
symmetry becomes a usual gauge symmetry with gauge
group GL(2, C) and the noncommutative vierbein in
the classical limit leads to two independent vierbeins:
V® and V* transforming both only under the SL(2, C)
subgroup of GL(2, C). As observed in [24] this is prob-
lematic because we obtain two massless gravitons and
only one local Lorentz symmetry. That is not enough
to kill the unphysical degrees of freedom. Either we
concoct a mechanism such that the second graviton
becomes massive or we further constrain the noncom-
mutative theory so that in the classical limit the extra
vierbein vanishes.

We present two methods of constraining the noncom-
mutative fields. The first one is based on charge conju-
gation conditions. The second one will be presented in
Sect. 7; it has a wider application and is based on the
Seiberg-Witten map.

The fields in the noncommutative gravity action are
in general 6-dependent as is clear by observing that
the x-gauge transformation of a field is § dependent
(because of the € dependence of the *-product). The

vanishing of the Ve components in the classical limit
is achieved by imposing charge conjugation constraints
on the fields [12]:

CVy(x)C = V_g(x)T,
Cep(x)C = e_g(z)"

CQ@ (.’E)C = Q,Q(JJ)T,
(5.24)

where we have explicitly written the #-dependence of
the fields. Conditions (5.24) are consistent with x-gauge
transformations. For example, the field C'Vy(z)TC can
be shown to transform in the same way as V_g(x).
These charge conjugation constraints imply that the
fields and gauge parameter components V%, w®, ¢ are
even in #, while the components V¢, w, @, €, € are odd.
We then conclude that the noncommutative grav-
ity action in (5.18) with fields satisfying the charge
conjugation constraints (5.24) is real, diffeomorphisms
invariant, invariant under GL(2, C) *-gauge transfor-
mations and in the classical limit reduces to the usual
gravity action with usual SL(2, C') gauge invariance.
Indeed, only the fields and gauge parameter compo-
nents V¢, w?_ ¢® differ from zero in the classical limit.
As already observed the action is also charge conjuga-
tion invariant. In the presence of the charge conjugation
constraints (5.24) the bosonic gravity action is further-
more even in . Indeed (5.24) implies VEC = V_4, Q¢ =
Q_y, R = R_y. From the first equality in (5.22) we
see that the bosonic action Shosonic(f) is mapped into
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Shosonic(—f) under charge conjugation, and since it is
also invariant we conclude that it is even in 6.

6 Seiberg—Witten map

We first study the Seiberg—Witten map between com-
mutative and noncommutative gauge theories with non-
commutativity given by the Groenewold-Moyal prod-
uct.

In a gauge theory physical quantities are gauge
invariant: they do not depend on the gauge potential
but on the gauge equivalence class of the potential
given. The Seiberg—Witten map relates the noncommu-
tative gauge fields to the commutative ones by requir-
ing the noncommutative fields to have the same gauge
equivalence classes as the commutative ones [4]. Explic-
itly, the noncommutative gauge potential A= A, dat
and the noncommutative gauge parameters é depend
on the ordinary A and e so to satisfy:

A(A+6.A) = A(A) + 6:A(A) (6.1)

with
0cA, = D6 —iAe+icA,, (6.2)
0eA, = 8,6 —iA, xé+iex A, (6.3)

This equation can be solved order by order in powers

of the noncommutativity parameter 6 yielding Aand e
as power series in 6:

AA) = A+ A" (A) + A2(A) + -+ A"(A) + - --
(6.4)

éle,A)=e+e'(e,A) + (e, A) 4+ (e, A) + ---
(6.5)

where A™(A) and €" (e, A) are of order n in 6. Note that
¢ depends on the ordinary € and also on A. For example,
up to first order it is readily checked that

Ae = Aq + AL(A) + 0(6)

or
=A, — T{Au,aVAK + F,.} +0(0%) (6.6)

"%
S S %{AH, d,€e} +0(6%)
(6.7)

with F,, = 0,4, -0,A, —iA, A, +1A, A, and where
{U,V} =UV +VU is the anticommutator of two oper-
ators.

The Seiberg-Witten condition (6.1) holds for any
value of the noncommutativity parameter 6. If we con-
sider it at # and at 6 we easily obtain that gauge
equivalence classes of the #’-noncommutative theory
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have to correspond to gauge equivalent classes of the
f-noncommutative theory, i.e., we generalize (6.1) to

A(A+6:A) = A (A) -5, A (A), (6.8)
where we denoted by +, 121/, él, 56/, the star product,
the gauge potential, the gauge parameter and the gauge
variation: 5;, A = 8,& —iA '€ +ie ¥ A, at noncommu-
tativity parameter ¢. By considering 6 and 6" infinites-
imally close, so that 8/ = 64860 and A" = A+ §6m 8?913v
(we consider 89%% independent from

% and hence
sum over all p,v indices) a rather straightforward com-
putation, generalizing that for (6.6) and (6.7), shows

that if A and ¢ solve the differential equations

o 1/
WAH - — § ({Apj auAn + FI/H}*
—{A,,0,A, + FM}*) (6.9)
o 1, . o
o= = 5 ({Au,aue}* ~{A, aue}*) (6.10)

where {U,V}, =U %V +V xU and

Fo=0,A,—0,A, —iA,« A, +iA,x A,
(6.11)

then A'(A) and € (¢, A) satisfy also the Seiberg-Witten
condition (6.8) for arbitrary values of ¢’ and 6. In partic-
ular, therefore, they solve the Seiberg—Witten condition
(6.1).

The differential equations (6.9) and (6.10) admit
solutions in terms of formal power series in #. These
are given recursively by

1 ~ ~ ~
n+1 — _ po n
Ar T e O A+ Foul,
(6.12)
1 N
n+1 — _ po A
€ D 1)9 {A4,,0-€}7, (6.13)

where {f, §}" is the n-th order term in {f, g}, so that
for example

{Ap,0:617 = Y (AL Do’ + 0y’ 5° A7),
r+s+t=n
(6.14)

Here x® indicates the s-th order term in the star product
expansion [26]. There is a simple proof of (6.12), (6.13)
[12]: multiplying the differential equations by 6 and
analysing them order by order yields

0
Qv n+1 n+1
0 Q;WAP —(n—l—l)Ap

Lowii o n i s
== 10" A 04, + F)Y
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0
ooy

1 -
O o = (4 et = 20 (A, 0,8

since AZ'H and €"*! are homogeneous functions of 6 of
order n + 1.

Similar considerations hold for matter fields ¢ trans-
forming in the fundamental or in the adjoint representa-
tion of the gauge group. The Seiberg—Witten condition
reads, cf. [27],

(A + A, ¢+ 0cd) = B(A, ) + 6:0(A, ),
(6.15)

or more generally,

and it is satisfied if the matter fields solve the differen-
tial equation

99
oo
fundamental rep.,i.e., 0:0 = ié * é,

ov
oo
adjoint rep.,i.e., 6l =iex U — iU xe.

1 . . R
56V = —1(59’“’14“ *(0y¢ + Dy o)

oo = *?"’”{A,ﬂ (0,9 + D, W)},

(6.17)

The explicit solutions order by order in 6 are

n+1 __ 1 viA n T\ \
ot = *meu (Ay* (0 + Dyo))

(fundamental) (6.18)

1
4(n+1)
(adjoint)

gt = — 0" {A,,0,¥ + D, U}

(6.19)
where

Dqu:aqu_ifiu*(£7 DV\iJ:aV@_i[AW‘i/]*
are the covariant derivative in the fundamental and in
the adjoint, with [S,T], := S+T —T* S.

The Seiberg—Witten differential equations (6.9),
(6.10), (6.17) are not the most general solutions to the
gauge equivalence condition (6.1). For example, from
the differential equation for the gauge potential it is
easy to see that the field strength FW satisfies the dif-
ferential equation

OF,,

po
00 200

1 . R R
=~ 107 ({A, 05 Fyuy + Do Fu ).
— 2{}?1,‘,), Fua}*)

which has an extra addend with respect to the dif-
ferential equation (6.17) for fields transforming in the
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adjoint. The most general Seiberg—Witten differential
equations are presented in Appendix A. The freedom in
the Seiberg—Witten differential equations may be useful
for their integration, see e.g. Appendix A.

6.1 Geometric Seiberg—Witten map

The Seiberg—Witten map considered for Groe-
newold—Moyal noncommutativity can be generalized to
the case of an abelian twist

F = e 307 X10Xy (6.20)

where {X;} is a set of mutually commuting vector
fields globally defined on a manifold M and 6’7 is
a constant antisymmetric matrix. The corresponding
*-product is obtained composing the usual pointwise
multiplication p(f ® g) = fg with the inverse twist
F-1_ ege”xleng’

frg=nF(f®g). (6.21)
This x-product is in general position dependent because
the vector fields X; are in general xz-dependent. Asso-
ciativity of the x-product is guaranteed by mutual com-
mutativity of the vector fields X;. In the special case
that M = R? and X; = %, I =1,...,d we recover
the Groenewold—Moyal x-product (3.1).

The use of vector fields {X;} on a manifold M
suggests a coordinate independent approach to the
Seiberg—Witten map. The resulting NC gauge potential
A is then a 1-form that depends on A, on the mutu-
ally commuting vector fields X; and on the deforma-
tion matrix & = (07/); j—1,. 4. The coordinate inde-
pendent expression of the Seiberg—Witten differential
egs. (6.6),(6.10) reads

. 1. . . . N
714:_Z{ZX[IAwCXJ]A"‘ZXJ]F}* (622)

0
ae[J

. Lo R
€ = 71{2X[1A,£XJ] 6}* (623)

where F' = dA —iA A, A is a two-form, ix, and Ly,
are respectively the contraction and the Lie derivative
along the mutually commuting vector fields X;. When
the abelian twist reduces to the Groenewold—Moyal case
of the preceding section, the curvature becomes F =
%Fﬂydx“ A da¥, where the F;w components are given
in (6.11). Note that in the Groenewold-Moyal case
dat Ay dz¥ = da?* A da” since Lx,dz* = dLx,x* = 0.
Proceeding as in the Groenewold—Moyal case the recur-
sive solutions are given by:

L ; A A . [ n
APt = _me” {ix, A, Lx, A+ix, F}"
(6.24)
1 . g .
et = —mthJ{ZXIA,EXJE}f. (6.25)
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Similarly one proves the generalization of
Egs. (6.18)—(6.19):
g+l = Le”(u Ax(2Lx,—ilix, A) *¢S))
4n+1) ! 7 7
bep =iex (6.26)
n 1 n . A T
gt i) 017 {ix, A, 2Lx b —i(ix, A) x ¥
+ iU« (ix, A

(6.27)

In this subsection we have constructed the geometric
Seiberg-Witten map for noncommutative gauge the-
ories with gauge group U(N) or GL(N) (or prod-
ucts thereof) and with *-product given by a general
abelian twist (6.20). For abelian gauge groups the
Seiberg—Witten map can be constructed for any -
product associated with an arbitrary Poisson tensor.
The map is obtained in [28] using Kontsevich formality
theorem [29]. The study of its global geometric aspects
shows that the Seiberg—Witten map quantizes line bun-
dles with connections on a Poisson manifold to quan-
tum (noncommutative) line bundles with noncommu-
tative connections [30] The Seiberg-Witten map for
nonabelian gauge groups and with arbitrary Poisson
tensors is in general an open problem, we refer to [31]
for interesting insights. The global geometric aspects
of the Seiberg-Witten map are well understood for
nonabelian U (n)-gauge fields on noncommutative tori:
the Seiberg—Witten map defined in (A.9), (A.10), with
v = —3, p = i, quantizes vector bundles on tori with
connections to vector bundles on noncommutative tori
with noncommutative connections and the results are
nonformal in the sense that they do not rely on power
series expansion in the noncommutativity parameter 6.
We also mention that the Seiberg—Witten map for
Chern—Simons gauge theories can be studied to all
orders in the noncommutativity parameter 6 [32, 33].

7 Noncommutative gauge theories
with any gauge group

Up to now we have considered noncommutative gauge
theories with gauge group U(N) or GL(N) in the fun-
damental or adjoint, and more generally representations
of gauge groups such that the generators T4 of the Lie
algebra close also in the usual matrix product. This is
needed for the closure of infinitesimal gauge transfor-
mations, cf. (4.2). If on the other hand we consider an
arbitrary gauge group G, Eq. (4.2) shows that infinites-
imal gauge transformations do not close in the Lie alge-
bra Lie(G), but in the universal enveloping algebra
U(Lie(G)). This latter is the product of all generators
T4 modulo the relations TAT? — TBTA = [T4,T5].
When considering an arbitrary gauge group G the
noncommutative gauge potential is therefore universal

n
)
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enveloping algebra valued
A= AATA L AABPATB | JABCPATBTC | .

and hence with infinitely many (symmetric) compo-
nents AA, AAB, AABC, .... The Seiberg—Witten map is
well defined also in this case. It then constrains these
infinite components to depend on the commutative ones
A4 = Af}d:lc“ in A = AATA. Similarly, the gauge
parameters and the matter fields depend on the com-
mutative gauge parameters and matter fields, besides
the commutative gauge potential.

This Seiberg—Witten map approach to noncommuta-
tive gauge theories is called universal enveloping alge-
bra valued approach [27]. It has been used to propose
noncommutative standard and grand unified particle
physics models [34, 35] having the same degrees of free-
dom as in the commutative models. Renormalizabil-
ity and scattering amplitudes using the Seiberg—Witten
map have been studied e.g. in [36-39], either consider-
ing a power series expansion in 6 or a f-exact approach
(i.e. to all orders in 6) [37, 40], where the power series
is instead in the gauge coupling constant. For recent
literature on scattering amplitudes of noncommutative
particle models using the Seiberg-Witten map see [41,
42] and references therein.

7.1 Expansion of gauge and matter fields to first
order in 6

Up to first order in 6 the solution to the Seiberg—Witten
conditions for the gauge potential, the infinitesimal
gauge transformation parameter, the matter fields and
the field strength reads:

A 1
A=A- ZHU{A” LA+ FE}+00% (7.1)

(e iefJ{A,,cJe} +O(0?) (7.2)

b= 10 ALy + Lo O (73)

Pep_ ie”({AI, (L + L)F} — [Fr, Fy)) + O(62)
(7.4)

where Ay, F; are defined as the contraction along the
tangent vector X of the exterior forms A, F,i.e., A; =
ifA, Fr = i;F, (i; being the contraction along Xj).
We have also introduced the Lie derivative £ along
the vector field X, and the covariant Lie derivative
L; along the vector field X;. Ly acts on F' and 1 as
LiF = L;F —iA;F +iFAr and Ly = ,Cﬂ/) — A[’L/)
The covariant Lie derivative L; has the Cartan form:

Ly =1i;D + Diy

where D is the covariant derivative. We refer to [13] for
higher order in 6 expressions.
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The Seiberg—Witten map (7.1)—(7.4), and its higher
order in 6 terms, allows to expand noncommutative
gauge theory actions in terms of commutative fields.
Noncommutative gauge theories are therefore seen as
commutative ones with specific interaction terms due
to noncommutativity of spacetime.

We exemplify this general procedure by studying the
Seiberg-Witten map for the gravity action (5.18).

7.2 Expansion of noncommutative gravity action
at first order in 6

As usual in this case we use the notation Q = A,
R = F. The Seiberg-Witten solutions (7.1)—(7.4) are
not SO(1, 3) -gauge covariant, due to the presence of
the “naked” connection €2 and the non-covariant Lie
derivative L; = iyd+di;. However, when inserted in the
NC action the resulting action is gauge invariant order
by order in #. Indeed usual gauge variations induce
the *-gauge variations under which the noncommuta-
tive action is invariant. Therefore the NC action, re-
expressed in terms of ordinary fields via the SW map,
is invariant under usual gauge transformations. More-
over the action, once re-expressed in terms of ordinary
fields remains geometric, and hence invariant under dif-
feomorphisms. This is the case because the noncommu-
tative action and the SW map are geometric: indeed
only coordinate independent operations like the con-
traction 7; and the Lie derivatives £; and L appear in
the Seiberg—Witten map.

We replace the noncommutative fields appearing in
the action with their expansions (7.1)—(7.4) in commu-
tative fields, and integrating by parts we obtain the
following gravity action coupled to spinors

S = / Tr(iRVVy5) + V345 Dtp + DYpV3q59)
i _ _
+ 207 (${V?, Risyrs Dy + DV, Risbsv))
+ 20 (2LrPR V50 — 20V Ris Loy
— LipV3s5Ly Dy — LDy V35 L0
+Y({LVLV,V}+ LV VLV)ysDip

+ DU(LYV LY.V} + LV VLV )10 + O(6%)
(7.5)

where we have omitted writing the wedge product, and
V3 = VAV AV. The expression of the gravity action, up
to second order in 6, in terms of the commutative fields
has been given in [14], after a propaedeutical study of
the Seiberg—Witten map for x-products of fields.

In conclusion, we have constructed a gravity action
in noncommutative spacetime—an expected feature of
quantum spacetime—and shown its equivalence to the
usual gravity action (in the first order formalism) on
commutative spacetime with extra interaction terms.
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These are obtained from spacetime noncommutativ-
ity using the Seiberg-Witten map between commuta-
tive and noncommutative gauge theories. This extended
gravity action is invariant under local Lorentz trans-
formations because it is expressed solely in terms of
gauge covariant operators Ly, i7, D, curvature R, vier-
bein V, spinor fields ¢, invariant vector fields {X;}
and noncommutativity parameter 6. It is diffeomorphic
invariant and charge conjugation invariant. This non-
commutative gravity action can also be coupled to non-
commutative scalar and gauge fields [25, 43]. Choos-
ing an appropriate kinetic term, the vector fields {X;}
can become dynamical, the idea being that both space-
time curvature and noncommutativity should depend
on matter distribution. It would be interesting to study
cosmological models as solutions of these extended
gravity actions.
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Appendix A: Ambiguities
in the Seiberg—Witten map

The solution to the Seiberg-Witten conditions (6.1),
(6.15) is not unique. For example if A, is a solu-

tion, any noncommutative gauge transformation of flu
gives another solution. Another source of ambiguities
is that of field redefinitions of the gauge potential
(e.g., if Au is a solution then so is Au + 9PoPI A *

DUFW). We generalize the Seiberg—Witten equations
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(6.6), (6. 10) and (6. 17) allowing for three extra terms
Dyup(A), B (A, €), Cuu(A, ¢) and Cp, (A, U) that are
a priori arbitrary functions of their arguments and
derivatives thereof, that are (formal) power series in
f and that are antisymmetric in the u,v indices. We
consider the equations

X DA

GA _ sppv 2K

8 A =bom

1 uv ) 1 [ - 1
= 169 ({A,ua auAn + FI/H}* + DMUH(A)>7
(A1)
¢
0, __ v
5 =00

—— %59#“ (10,6 A} + Bu(4.9)), (A2)

99

07 _ pv ZV

66 = o0
= - Z(;GHV (A/J.*8U(£+A/L*DV¢S+C\YMU(A)$))7

(A.3)
- o
0 — yn%
o = 0

59*”({14#,3 U+ D, ¥}, + (A, 1) )
(A.

and observe that Euv must be linear in € since all terms
in (A.2) but E uv are linear in €, similarly C;w must be

linear in gb because of the hnearlty in gi) of all other terms

in (A.3), and similarly for C,, (A, ¥) in (A.4). Imposing
the Seiberg—Witten conditions (6.8), (6.16) we obtain
the conditions

Dyn( A+ 0¢A) = Dyye(A) = ilé, Dyu(A)]
= _Dn ;,Ll/( 7A)a
CMV(A + S€A7 (;AS + Séé) - éuu(Aa é) — 1% Cuu(Av é)

In particular we notice that any ﬁwﬁ and CA’W covari-
ant under gauge transformations solve (A.5) with
E,, =0.

In summary, as discussed in [44], the most gen-
eral solution A(A), €(A,e), é(A,@, \if(A,\IJ) of the
Seiberg-Witten conditions (6.1), (6.15) is given by
the differential equations (A.1)-(A.4) where D, E,C
are constrained by (A.5). Further constraints on the
D E C terms are obtained by requiring that the
Selberg Witten map respects hermiticity and charge
conjugation in the sense that the hermiticity and charge
conjugation properties of the commutative fields imply
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those of the noncommutative fields [13, 35]. If we ask
D,E,C to have no explicit dependence on # and to
be covariant under constant GL(d, R) coordinate trans-
formations (the star product f x ¢ is itself invariant
under constant GL(d,R) coordinate transformations:
xt — MFxP, 6 — MF,M",0°7) we recover the
results in [45] and in [46]:

Dy = aDF + BD[A,, A, B, =28[0,¢ A
A

Cup = —210[A, AVls x O+ VFu @
(fundamental)

Crw = =2iB[[A, AL, W)u + Fly x U+ 70 % ),

(adjoint)

with «, 8,7v,7" and 7 arbitrary constants.

An interesting Seiberg—Witten differential equation
is obtained considering (A.1)-(A.4) with D,,. = 0,

E,, =0and

Cow(A, ) = yE,, x 6+ pD,D,é

for p < v, and éw = —C'W (A.9)
éuv(Av \ij) = 'Y[Fm/v \ij]* =+ pD#DV\i/
for u < v, and C,,, := —Cp,. (A.10)

Here p is a constant and GL(d,R) covariance is bro-
ken because D,D,¥ is not antisymmetric in the

u, v indices, i.e., CA’W does not contain also the term
pD,D,¢. This choice, with v = —3 and p = i, allows
to solve the Seiberg—Witten map on noncommutative
tori (obtained from the Groenewold-Moyal noncommu-
tative plane) to all orders in € for topologically nontriv-
ial U(N)-gauge potentials with constant field strengths
[44].

Appendix B: Gamma matrices in D = 4

We summarize in this Appendix our gamma matrix
conventions in D = 4.

MNab = (15 _15 _13 _1)7 {’70«7’711} = Qnaba [’Ya”Yb] = 27{11)7
(B1)

Y5 = iv0v1Y273,  V5Ys =1, eo123 = —"1 B =1,
(B.2)
Y =7, %= (B.3)
Ya =—C1C™ 75 =CyC7,
c?=-1, Cct=Cc"=-cC. (B.4)
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Useful identities

YaYo = Yab + Tab (B.5)

Yab Vs = %Eabcﬂ“l (B.6)

YabYe = MocVa — NacYo — €abea¥sy®  (B.7)

YeYab = NacYo — MbeVa — €abed V5V (B.8)

YaVoYVe = NabVe + MocVa — MacVo — i€abea V5"

(B.9)

Y Yea = —ie® yv5 — 43109"  — 2055 (B.10)

Tr(7a7"va) = 8 655 (B.11)

Tr(v5YaWeVa) = —4i Cabed (B.12)

where 625 = 2(6265—6265) and indices antisymmetriza-

tion in square brackets has total weight 1.
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