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Abstract

We develop an internal gauge theory using a covariant star product. The space-
time is a symplectic manifold endowed only with torsion but no curvature. It is
shown that, in order to assure the restrictions imposed by the associativity property
of the star product, the torsion of the space-time has to be covariant constant. An
illustrative example is given and it is concluded that in this case the conditions
necessary to define a covariant star product on a symplectic manifold completely
determine its connection.

1 Introduction

Noncommutative gravity has been intensively studied in the last years. One important
motivation is the hope that such a theory could offer the possibility to develop a quantum
theory of gravity, or at least to give an idea of how this could be achieved [11, 2 3], 4, [5] [6].
There are two major candidates to quantum gravity: string theory [7] and loop quantum
gravity [§]. Noncommutative geometry and in particular gauge theory of gravity are
intimately connected with both these approaches and the overlaps are considerable [2].
String theory is one of the strongest motivations for considering noncommutative space-
time geometries and noncommutative gravitation. It has been shown, for example, that
in the case when the end points of strings in a theory of open strings are constrained to
move on D branes in a constant B-field background and one considers the low-energy limit,
then the full dynamics of the theory is described by a gauge theory on a noncommutative
space-time [9]. Recently, it has been argued that the dynamics of the noncommutative
gravity arising from string theory [10] is much richer than some versions proposed for
noncommutative gravity. It is suspected that the reason for this is the noncovariance
of the Moyal star product under space-time diffeomorphisms. A geometrical approach to
noncommutative gravity, leading to a general theory of noncommutative Riemann surfaces
in which the problem of the frame dependence of the star product is also recognized, has
been proposed in [11] (for further developments, see [12] [13]).

Now, one important problem is to develop a theory of gravity considering curved non-
commutative space-times. The main difficulty is that the noncommutativity parameter
0" is usually taken to be constant, which breaks the Lorentz invariance of the commuta-
tion relations between coordinates (see below), and implicitly of any noncommutative
field theory. One possible way to solve this problem is to consider 6** depending on coor-
dinates and use a covariant star product. In [14] such a product has been defined between



differential forms and the property of associativity was verified up to the second order in
or.

In this paper we will adopt the covariant star product defined in [I4] and extend the
result to case of Lie algebra valued differential forms. We will follow the same procedure as
in our previous paper [15]. But, in order to simplify the expression of the covariant product
and to give an illustrative example, we will consider the case when the noncommutative
space-time is a symplectic manifold M endowed only with torsion (and no curvature).
The restrictions imposed by such a covariant star product requires also that the torsion
is covariant constant. The motivation for adopting such a manifold is that it allows
the construction of noncommutative teleparallel gravity (for the idea of teleparallelism in
gravity see [16]). It has been shown that a very difficult problem like the definition of
a tensorial expression for the gravitational energy-momentum density can be solved in
teleparallel gravity [17, [I8]. This density is conserved in covariant sense. Also, it was
argued that the possibility of decomposing torsion in irreducible pieces under the global
Lorentz group makes of teleparallel gravity a much more convenient theory than general
relativity to deal with the quantization problem [19].

The teleparallel gravity is also a very natural candidate for an effective noncommuta-
tive field theory of gravitation [20]. In addition it posses many features which makes it
particularly well-suited for certain analyses. For instance it enables a pure tensorial proof
of the positivity of the energy in general relativity [21], it yields a natural introduction of
Ashtekar variables [22], and make it possible to study the torsion at quantum level [23],
for example in the gravitational coupling to spinor fields.

On the other hand, we can try to apply the covariant star product to the case when the
space-time is a symplectic manifold which has only curvature, but the torsion vanishes.
Then, the restriction imposed by the Jacobi identity for the Poisson bracket requires also
the vanishing curvature. The corresponding connection is flat symplectic and this reduces
drastically the applicability area of the covariant star product. Of course, it is possible to
have a manifold with both curvature and torsion.

In Section [2| considering a manifold M endowed only with torsion, we give the defi-
nition of the covariant star product between two arbitrary Lie algebra valued differential
forms and some of its properties. Then, the star-bracket between such differential forms
is introduced and some examples are given.

Section [3] is devoted to the noncommutative internal gauge theory formulated with
the new covariant star product. The noncommutative Lie algebra valued gauge potential
and the field strength two-form are defined and their gauge transformation laws are es-
tablished. It is shown that the field strength is gauge covariant and satisfies a deformed
Bianchi identity.

An illustrative example is presented in Section [ It is shown that in our simple
example, the conditions necessary to define a covariant star product on a symplectic
manifold M completely determine its connection.

Section 5] is devoted to the discussion of the results and to the interpretation of non-
commutative gauge theory formulated by using the covariant star product between Lie
algebra valued differential forms on symplectic manifolds. Some other possible applica-
tions of this covariant star product are also analysed.

The Appendix contains a detailed verification of the associativity property of the



covariant star product including only the torsion in its definition.

2 Covariant star product

We consider a noncommutative space-time M endowed with the coordinates z#, u =
0,1,2,3, satisfying the commutation relation

[zH, 2¥], =" (z), (2.1)

where 0"(x) = —6""(x) is a Poisson bivector [14]. The space-time is organized as a
Poisson manifold by introducing the Poisson bracket between two functions f(z) and
g(x) by

{f,9} =0"0.f0ug. (2.2)
In order that the Poisson bracket satisfies the Jacobi identity, the bivector 6#¥(z) has to
obey the condition [24], 25]

070,07 + 670,07 + 0°°0,0" = 0. (2.3)

If a Poisson bracket is defined on M, then M is called a Poisson manifold (see [24] for
mathematical details).
Suppose now that the bivector 6**(z) has an inverse w,,, (), i.e.

0", = 01 (2.4)

If w = fw,dz* A dz” is nondegenerate (detw,, # 0) and closed (dw = 0), then it is
called a symplectic two-form and M — a symplectic manifold. It can be verified that the
condition dw = 0 is equivalent with the equation (2.3)) [14, 24] 26]. In this paper we will
consider only the case when M is symplectic.

Because the gauge theories involve Lie-valued differential forms such as A = A¢(z)T,dz" =
A,dat, A, = Af(2)T,, where T, are the infinitesimal generators of a symmetry group G,
we need to generalize the definition of the Poisson bracket to differential forms and define
then an associative star product for such cases. These problems were solved in [14] 24] 26].
In [15] we generalized these results to the case of Lie algebra valued differential forms.
This generalization has the effect that the commutator of differential forms can be a
commutator or an anticommutator, depending on their degrees.

Assuming that 0" (x) is invertible, we can always write the Poisson bracket {z, dz} in
the form [14) 24 26]

{2, d2"} = —0"T" da”, (2.5)

where I'} - are some functions of z transforming like a connection under general coordinate
transformations. As I'}, is generally not symmetric, one can use the connection one-forms

[4 =14 da?, TW=daT", (2.6)

to define two kinds of covariant derivatives V and V, respectively. The curvatures for
these two connections are

Kpa = aPFKO’ - aO'FKp + F‘ly'p 7):o' - FZO’ ;m (27)
oo = Oplgn — Oy + 1, 10, = T 7y



Because the connection coefficients I'),, are not symmetric (FZV # Fﬁu) the symplectic
manifold M has also a torsion defined as usual [14]

T, =1, =1, (2.9)
The connection V satisfies the identity [14]

V., V]Ja=—R} d2* Niga —THV @, (2.10)

ppv
and an analogous formula applies for V. Here, «a is an arbitrary differential k-form

1
a= Eam...#kdx’“ Ao Ndahr (2.11)

and i,a denotes the interior product which maps the k-form « into a (k — 1)-form

1

m&gu2...“kd$“2 A AdatE, (212)

loQ =

It has been proven that in order for the Poisson bracket to satisfy the Leibniz rule

d{f, g} ={df, g} +{f,dg} (2.13)

the bivector 6" (z) has to obey the property [14]
V01 = 0,0 + T4 07" +T% 0" = 0. (2.14)

Thus 6 is covariant constant under V, and V is an almost symplectic connection. One
can use the Leibniz condition (2.14) together with the Jacobi identity for the Poisson
bivector 6*” to obtain the cyclic relation for torsion

> om0 TE =0, (2.15)

(sv,p)

Note that while this relation shows that a torsion-free connection identically satisfies the
property , the Jacobi identity does not require the connection to be torsionless.
Also note that and the Jacobi identity for the Poisson bivector can be combined to
obtain the following cyclic relation

> 0"7V,07 = 0. (2.16)

(sv5p)

If in addition to @pé”‘” = 0, one imposes V0" = 0, the torsion vanishes, 7%, = 0, and
there is only one covariant derivative V = V. In this paper, we do not require that
V0" = 0.

Using the graded product rule, one arrives at the following general expression of the
Poisson bracket between differential forms [14], 26]

{a, B} = 0"V, a AV,B + (1) R™ A (i,0) A (3,8), (2.17)
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where |a] is the degree of the differential form «, and
DUV 1~ v o DUV 224
R = SRZde? Ada?, R = 0" RY (2.18)
In order that (2.17)) satisfies the graded Jacobi identity
{aa {67 7}} + (_1)|a|(|ﬁ\+|'y|){5’ {7? Oé}} + (_1)‘7‘“0““5'){77 {Oé, B}}? (219)

the connection I'/,, must obey the following additional conditions [14]

{e =0, (2.20)
VaARE = 0. (2.21)

A covariant star product between arbitrary differential forms has been defined recently
in [I4] having the general form

a*ﬁza/\ﬁ—l—ih”C’n(a,ﬁ), (2.22)

n=1
where C,(a, §) are bilinear differential operators satisfying the generalized Moyal sym-
metry [26]
Culr, B) = (1)1 C, (8, ). (2.23)
The operator C coincides with the Poisson bracket, i.e. Cy(«, 5) = {«, 5}. An expression

for Cy(c, 5) has been obtained also in [14] so that the star product (2.22)) satisfies the
property of associativity

(axB)*xy=ax(Bx7). (2.24)
In this paper we consider the case when the symplectic manifold M has only torsion,

i.e. in addition to the necessary constraints (2.14)), (2.20) and (2.21]) we require
R, =0. (2.25)

pvp
Since the cllrvature R7,,, vanishes (2.20)), one obtains the following relation between the
curvature R and the torsion 7" [14]

RS, =V,T7,. (2.26)

wvp

This relat.ion shows that the condition (2.25)) requires that the torsion T, is covariant
constant, 1.e.
v,.1;, =0. (2.27)

Therefore, if the torsion is covariant constant, the symplectic manifold M has only torsion
but not curvature.

For such a symplectic manifold, the bilinear differential operators C («, §) and Cs(a, )
in the star product proposed in [I4] reduce to the simpler forms

Ci(a,B) ={a, B} = 0"V, a AV, , (2.28)
Co(a, ) = %eﬂuepavuvpa ANV, V0B + % (H“UVUGVP + %GVUHPATO‘_‘A) (2.29)
X (V,V,a ANV, -V, a ANV, V,3).



We can verify that the covariant star product with torsion defined in (2.28)(2.29) is
associative [see Appendix . In the next Section we apply this covariant star product in
order to develop a noncommutative internal gauge theory.

3 Noncommutative gauge theory

Let us consider the internal symmetry group G and develop a noncommutative gauge
theory on the symplectic manifold M endowed with the covariant star product (with
torsion) defined above. We proceed as in [15], but considering the star product defined in

(2.28)—(2.29). This product differs from that used in [15] by

e The curvature R}, is supposed here to vanish as well as R, ;

e The ordinary derivative 0,0"" (see (2.17) in [15]) is replaced with the covariant
derivative V,0"7;

o In (2.29)) it appears an additional term %HWHWT;L/\ compared with previous version
(see [14] for details, and also [26] 25] for other aspects).

The results given in [15] apply with the corresponding changes mentioned above. Before
presenting them we make some observations on other possible applications of the covariant
star product.

1. It will be interesting to see if the Seiberg-Witten map can be generalized to the case
when the ordinary derivatives are replaced with the covariant derivatives and the
Moyal star product is replaced by the covariant one.

2. We can consider that the symplectic manifold M is associated to a gauge theory of
gravitation with Poincaré group P as local symmetry (see [27, 28, 29] for notations
and definitions) and using the covariant star product as in [I5]. In this case we
introduce the Poincaré gauge fields e, (tetrads) and w(’ (spin connection) and
then we define the covariant derivative as

1
wabgab, (31)

Vuzau—é 1

It can be shown that by imposing the tetrad postulate [27]

Ve, —1%,e’, =0 (3.2)

14

one introduces the connection I'/, in the Poincaré gauge theory and the strength

tensors F abw,, F*,, determine the curvature and torsion of M

po __ ab S ps o p _a s p
Ry =F",¢ele’, Tn =1F¢, (3.3)
where e,” denote the inverse of e, i.e.

efet, =80, el =0 (3.4)



Now, let us suppose that we develop an internal gauge theory with the symmetry
group G on the symplectic manifold M. It is very important to remark that making
the minimal prescription d, — V,, the strength tensor F),, of the internal gauge
fields A, = A{T, must be written as

Fu = VA, = VA, —i[A, A+ ATE, (3.5)

in order to assure its covariance both under Poincaré group P and internal group
G. The gauge invariance under the gauge transformations of GG becomes quite clear
if we observe that the expression (3.5|) is identical with the usual one. Indeed, using

the definitions of the covariant der1vat1ve V,, and torsion T7,, we obtain

Fu = 0,A, — A,T0, — 0,A, + A0, —i[A,, A]+ A, (%, —T7,)

. (3.6)
= 0,4, — 0,A, —i[A, A)].

Also, because the components of the gauge parameter A = A*T,, are considered as
functions, we can write the gauge transformations as

§A, =V, A—i[AL A, VA=, (3.7)

In what follows, we will use these expressions (3.5)) and (3.7)) in order to show their
invariances explicitly.

Suppose now that we have an internal gauge group G whose infinitesimal generators
T, satisfy the algebra

To, Ty =if5T., a,bc=1,2,....,m, (3.8)
with the structure constants f5, = —f, and that the Lie algebra valued infinitesimal
parameter is o

A= \T,,. (3.9)

We use the hat symbol “*” to denote the noncommutative quantities of our gauge theory.
The parameter Ais a 0- form, i.e. A are functions of the coordinates z# on the symplectic
manifold M.

Now, we define the gauge transformation of parameter A of the noncommutative Lie
valued gauge potential

A= A%2)T,da" = A da?, A, = A%2)T,, (3.10)
by
§A=d\—i [A,X} . (3.11)

Here we consider the following formula for the commutator [a, f], of two arbitrary differ-
ential forms « and

[, B, = ax B — (=1)IFI5 % . (3.12)
Then, using the definition (2.22)) of the star product, we can write (3.11) as
h
SA? = AN 4 fL AP + 2 O (A” )\C> v beCz (Ab )\C) +0 (K, (3.13)
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where we noted {7, 7,} = dS,T.. In fact, this notation is valid if the Lie algebra closes also
for anticommutator, as it happens for example in the case of unitary groups. In general,

the commutators like [/1, 5\} take values in the enveloping algebra [30]. Therefore, the

gauge field A and the parameter ) take values in this algebra. Let us write for instance

A= ATy and A = N'Ty, then
4], =) e L[]

Thus, all products of the generators T will be necessary in order to close the enveloping
algebra. Its structure can be obtained by successively computing the commutators and
anticommutators starting from the generators of Lie algebra, until it closes [30],

17, 7)) = if{5Tx, {T1,Ty} = diTx.

Therefore, in our above notations and in what follows we understand this structure in
general.
The operators C,, of the star product are defined similarly for noncommutative differ-

ential forms like A% as for commutative ones. In particular C4 (flb, 5\°> and Csy (Ab, ;\C>

are given by ([2.28)—(2.29)). Here the covariant derivative concerns the space-time manifold
M, not the gauge group G, so we use the definition

v, AT = <(9#121Z . Aa> da” = <vuAg) da”. (3.14)

wttp

We define also the curvature 2-form F' of the gauge potentials by
~ 1 A ~ T oA A
F=Sda* Ada¥F, = dA - % [A, A] . (3.15)
Then, using the definition ([2.22)) of the star product and the property (2.23) of the oper-
ators C), (oﬂ, ﬁb), we obtain from ((3.15))

1h?

a1 Aa l a Ab Ac EE a Ab  Ac - ra Ab Ac 3
B = A" 4 S AN A4 52 bc(3’1<A,A>+24beOQ<A,A>+O(h) (3.16)

More explicitly, in terms of components we have

Fa Aa Aa a Ab fc 1a h a A Ac h? a A Ac
FMV = VHAV - VVAM +fbcAZAV +AT), + §dbc01 (AZ’ Au) + Zfbcc2 <AZ’ Au) +0 (hg) ’

pt v
(3.17)

where we used the definition C), (Ab , AC> =C, (AZ, A‘,j) dx* A dz” with
el (Az,fl;) - {A‘;,Ag} — 7V, A0V, AC, (3.18)

o1 i 1 1
C, (A’;, A;) = SO0V, VALY, VA o (eﬂfvTW + 59070A¢Tf¢> (3.19)

% (Y, Vo ALVAAL - VALV, 9,45



Under the gauge transformation the curvature 2-form F' transforms as
SF =i [X, F} (3.20)
where we used the Leibniz rule
d(d*ﬁ) —daxf+ (—1)klaxdj (3.21)
which we admit to be valid to all orders in A. In terms of the components gives
§Ee = fafbie ¢ gdgccl (Fb, XC> - h; £y (Fb, &C) +0 (), (3.22)
In the zeroth order, the formula reproduces therefore the result of the commutative

gauge theory
SFS, = fFo N & 6F =i\, F]. (3.23)

Using again the Leibniz rule, we obtain the deformed Bianchi identity
dF —i [A, F] ~0. (3.24)
If we apply the definition of the star commutator, we obtain
dF +i [F,A} — [gdgccl (Fb,AC) - %2 Jixe” (Fb,AC)] T, +0 (h¥), (3.25)
or in terms of components
dfa — fafb n Ae = g xo (Fb, AC) - h; Jixe) (F”, AC) +0 (B (3.26)
We remark that in zeroth order we obtain from the usual Bianchi identity
dF +i[F, A = 0. (3.27)
In addition, if the gauge group is U (1), the Bianchi identity becomes
dF = hC, (A, F> +0 (1. (3.28)

This result is also in accord with that of [24].

4 An illustrative example

As a very simple example we consider the Poincaré gauge theory to construct the manifold
M. Then, suppose that we have the gauge fields e*, and fix the gauge wzb =0 [31]. We
define the connection coefficients

FZV = éapa,ueaw (41)

9



where €,” denotes the inverse of e” . Obviously, the connection I' defined by these coeffi-
cients is not symmetric, i.e. I}, # I') . Define then the torsion by formula

T, =1, =17, (4.2)

In order to simplify the calculation, we consider the case of spherical symmetry and
choose the gauge fields e as

1 1
e?, = diag (A, 1,1, Z) , e, =diag (Z’ 1,1, A) , (4.3)

where A = A(r) is a function depending only on the radial coordinate r. Then, de-
noting the spherical coordinates on M by (z*) = (r,9,,t), p = 1,2,3,0, the non-null
components of the connection coefficients are

Al
A?

A/
I, = T (4.4)

0 _
F10__

It is easy to see that the only non-null components of the torsion are

A/
T(g)l - _TIOO A (4.5)

Also, using the definitions (2.7) and ({2.8]) of the curvatures, we obtain

AA" —2A7

PO po
Rip = =Ry = A2

A
, R,,=0 (4.6)
and all other components of R,’)Vp vanish. In these expressions, we denote the first and
second derivatives of A(r) by A’ and A” respectively. The vanishing curvature R}, agrees

pvp
with the constraint (2.20)).

Introduce then the noncommutativity parameters #*” and suppose that we choose

them so that only the components 6 = —@% are non-null. In addition, if we suppose
that these parameters have the expression 6'° = —0" = & then we have

~ ~ Al

Vi = —v010 =0, V0" =-V,0" = . (4.7)

This agrees with the constraint (2.14)) that 6*” is covariant constant under ?
Finally, if we impose also the condition that the curvature RS” = GMARKW vanishes

(equivalent with (2.25) due to (2.4))), that implies V,\f%gc’,’ vanishes too (2.21)), then from
(4.6) we obtain the following differential equation of the second order for the unknown

function A(r):
AA" =247 = 0. (4.8)

The solutions of this equation is

(4.9)



where C and C5 are two arbitrary constants of integration. Therefore, in our simple
example, the conditions necessary to define a covariant star product on a symplectic
manifold M completely determine its connection. In addition, it is very interesting to see
that the covariant derivative of the torsion, defined as

VT, =0,Th, + 0T — T3 TX, — ), T (4.10)

no = pAr

has the following non-null components

AA" —2A7

Vi Ty = —ViT}, = yE

(4.11)
Then, taking into account the equation (4.8)), we conclude that the torsion is covariant
constant, V, T = 0, a result which is in concordance with the condition ([2.27).

5 Conclusions and discussions

We developed a noncommutative gauge theory by using a star product between differential
forms on symplectic manifolds defined as in [I4]. We followed the same way as in our
recent paper [15], extending the results of the [I4] to the case of Lie valued differential
forms.

To simplify the calculations, we considered a space-time endowed only with torsion.
It has been showed that, in order to satisfy the restrictions imposed by the associativity
property of the covariant star product, the torsion of the space-time has to be covariant
constant, V, 77 = 0. On the other hand, it has been argued that a covariant star
product defined in the case when the space-time is a symplectic manifold endowed only
with curvature is not possible. This is due to the restrictions imposed by the associativity
property of the covariant star product which requires also the vanishing curvature. The
corresponding connection is therefore flat symplectic and this reduces the applicability
area of the covariant star product.

An illustrative example has been presented starting from the Poincaré gauge theory.
Using the gauge fields e? , and fixing the gauge wfjb = 0 [31] we defined the non-symmetric
connection I' = e, 0,€e",. We deduced that, in this case, the conditions necessary to
define a covariant star product on a symplectic manifold M completely determine its
connection.

Some other possible applications of this covariant star product have been also analysed.
First, it will be very important to generalize the Seiberg-Witten map to the case when the
ordinary derivatives are replaced with covariant derivatives and the Moyal star product
is replaced by the covariant one. Second, we can try to develop a noncommutative gauge
theory of gravity considering the symplectic manifold M as the background space-time.
For such a purpose, we have to verify if the non-commutative field equations do not impose
too many restrictive conditions on the connection I', in addition to those required by
the existence of the covariant product. However, the problem of which gauge group we
can choose remains unsolved. The Poincaré group can not be used because it does not
close with respect to the star product. A possibility will be to choose the group GL(2,C),
but in this case we obtain a complex theory of gravitation [32, 33]. Another possibility

11



is to consider the universal enveloping of Poincaré group, but this is infinite dimensional
and we must find criteria to reduce the number of the degrees of freedom to a finite one.
Some possible ideas are given for the case of SU(N) or GUT theories in [34], where it
is argued that the infinite number of parameters can in fact all be expressed in terms of
right number of classical parameters and fields via the Seiberg-Witten maps.
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A Appendix

We verify the associativity property up to the second order in k2. For simplicity we denote
the exterior product by a A f = af.
Introducing ([2.22)) into (2.24]) we obtain successively

[af + hCi(a, B) + B2 Cola, B) + - - | %y = ax[By + hCi(B,7) + F*Ca(B,7) + -] (A1)

or

(aB)y + h[Ci(aB,v) + Ci(a, B)y] + B [Ca(afB, v) + CL(Ci(e, B),7) + Ca(ev, B)7] + - --
= a(By)+h[Ci(e, By) + aCi(B,7)]+k [Ca(a, By) + Ci(a, CL(B,7)) + aCa(B,7)]+

Identifying the terms of different orders in A we obtain

(aB)y = a(Bv), (A.2)
01(04377) +C (avﬁ)’y Cl( 767) ‘1“0401(6,’}/), (A?))
Co(aB,y) + Ci(Ci(a, B),7) + Cala, B)y = Ca(a, By) + Ci(a, C1(B, 7)) + 0402(@?) )
A4
is verified because the exterior product has this property.
Using ([2.29), the (A.3) becomes
0" [Vu(aB)(Voy) + (Vua) (VuB)y = (Vua) Vi (87) + a(V,uB8)(Voy)] = 0
that is satisfied due to the Leibniz rule V,(af) = (V,a)8 + a(V,.0).
In order to verify we write it as
5CZ(Q7 /Ba 7) = 02(a7 B,}/) - CQ(O(’ B)’Y - C’g(()éﬁ, ,7) + aCQ(ﬁa ,}/) (A5)

= {{()é7 6}7 ’Y} - {Oé, {57 7}}
We calculate the right-hand side of ({A.5)) first

{{a. 8},7} = {a. {8,793} = (-1 PHPILB {y,a}}
= (=Dl G (7, )V, (077 (V1) (Vo)) = =0 (V,07)(V,0) (VuB8) (Vo)
+ 6407 [(VuV,) (Vi B) (Vo) = (Vua)(V,pB8)(VoViy)], (A6)

12



where the graded symmetry property (for n = 1) and the graded Jacobi identity
of the Poisson bracket are used in the first equality, the expression for the
Poisson bracket in the second step, and the symmetry properties of 6 and the exterior
product, a8 = (—1)llIfl3a, in the last equality. Then we introduce the decomposition of
the second covariant derivative of an arbitrary differential form as

1
ViVa = {ViVoba— ST,V (A7)

zup

implied by (2.10) and (2.20)), into (A.6). Finally, using the cyclic property (2.15) for the

torsion, we obtain

{{a. 617} = {a {B,7}} = <9’”V 0" + 9””9PAT$&>( a)(VuB)(V,7)
1
5007 (9,9, 0(V8) (Vo) — (V,0)(V,8) (V0. Vo) 2, (A8
Next, we calculate the left-hand side of (A.5)), the Hochschild coboundary of Cy (see

[14] for details). First we calculate Cy(c, 57v) — Ca(, 8)y and Cy(af,v) — aCs(B, ), then
substracting them yields

1
0Cs(a, B,7) = 50"6" [(ViV ) 2(VwBVoy) = 2AVuaV ) 8) (Vo Vo))
+ % (ewvaew + %ewepkm) (V,0)2(VuBY07) — 2V 0V 8)(V,7)) s (A)

where we denote V(,aV ) = 3 [(V,a)(V,6) + (V,«)(V,.0)]. By using the symmetries
of the factor #7677 and the cyclic relation implied by (2.16]) and (2.15)),

1
> <9Wvgew’ + 59”9/%;3) =0, (A.10)

(1sv,p)

we find
502(057 57 '7) = %Huy‘gpg [{V,LH vp} O‘(vuﬁ> (V07> - (v#a> (Vpﬁ) {V,,, VU} ’Y]
- <ewvaew + %eweMT;;) (V,a)(V,8)(V,7), (A.11)

This is the same result as in (A.8) and therefore we have verified the associativity of our
star product to the second order in A2,
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