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Abstract. An enveloping algebra-valued gauge field is constructed, its components are functions of the
Lie algebra-valued gauge field and can be constructed with the Seiberg-Witten map. This allows the
formulation of a dynamics for a finite number of gauge field components on non-commutative spaces.

1 Introduction

Gauge theories on non-commutative spaces [1-3] cannot
be formulated with Lie algebra-valued infinitesimal trans-
formations and consequently not with Lie algebra-valued
gauge fields. In the composition of the infinitesimal trans-
formations commutators and anticommutators of the gen-
erators of the gauge group will appear, eventually gener-
ating all the higher powers of the generators. Thus the
enveloping algebra of the Lie algebra seems to be a proper
setting for such a gauge theory. This, however, is not
very attractive because the enveloping algebra is infinite-
dimensional, requiring an infinite number of coordinate
dependent transformation parameters and an infinite
number of gauge fields as a consequence.

In this paper we show that enveloping algebra-valued
infinitesimal transformations as well as enveloping
algebra-valued gauge fields can be restricted such that
they depend on the Lie algebra-valued parameters and
the Lie algebra-valued gauge fields and their space-time
derivatives only. This renders the number of independent
parameters and gauge fields to be the same as for the Lie
algebra-valued gauge theories. The coefficient functions of
all the higher powers of the generators of the gauge group
are functions of the coefficients of the first power. The
construction of the dependent coefficients is based on the
Seiberg-Witten map [3]. The existence of this map can be
proven in general [4-6], here we demonstrate this map by
explicitly calculating the expansion to first order in a pa-
rameter that characterizes the deviation from commuting
coordinates.

As a method we use the *-product formulation of the
algebra [7-12]. The objects are functions of commuting
variables, the algebraic non-commutative properties are
encoded in the *-product. In the following chapter we
introduce this formalism, it can be used for all algebras
that have the Poincare-Birkhoff-Witt property. In this pa-

per we restrict the algebra to the algebra of the non-
commuting coordinates and the Lie algebra of the gauge
group.

For non-commuting spaces the concept of a gauge the-
ory can already be introduced by defining covariant coor-
dinates without speaking about derivatives [1]. In general
the algebraic setting of the theory will require an exten-
sion of the algebra by derivatives. This formalism has been
developed for quantum planes [13].

For the canonical structure of the non-commuting co-
ordinates it is shown in this paper that the derivatives
can be obtained from the coordinates. Derivatives do not
have to be introduced separately. For several examples of
quantum planes this is true as well [14].

For the canonical structure integration can be defined
as well. This is shown in chapter 4. This allows us to for-
mulate the dynamics with an action. A gauge invariant
action for the gauge field can be constructed from the
gauge covariant tensors that agrees with the usual gauge
invariant action in the limit of commuting spaces.

The approach generalizes to other non-commutative
spaces and it is in particular possible to choose another
non-commutative internal space instead of the Lie algebra.
For an internal canonical structure this scenario has been
studied in [15].

2 Non-commutative spaces
and the *-product formalism

The coordinates 2%, (i = 1,...N) of a non-commutative
space structure are subject to relations. We have in mind
the relations for a canonical structure

[éi,éj] =ihY, 0" ¢ C, (2.1)
for a Lie structure
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or for a quantum plane structure

21,29 =iCpzksl,  Cp ec. (2.3)
The non-commutative space can be defined as the asso-
ciative algebra over C, which consists of the algebra freely
generated by the coordinates and then divided by the ideal

‘R generated by the relations:

(2.4)

Formal power series are accepted. Among these algebras
we will restrict our attention to those that have a basis
with the Poincare-Birkhoft-Witt property (PBW). This
means that when considered as a graded algebra the sub-
space of polynomials of fixed degree has the same dimen-
sion as the corresponding subspace of the polynomials of
commuting variables. In this case any element of A, is
defined by its coefficient function and vice versa.

F= " finiy 0 805
L=0
f~A{fit

: 1. 3% : denotes an element of the basis defined by
some prescribed ordering, e.g., normal order i1 < i5... <
i, or, e.g., totally symmetric. The product of two elements
will have its own coefficient function, this defines the dia-
mond product

(2.5)

ffi =h ~ {fi} o{gs} = {hs}

The algebraic properties are now all encoded in the ¢ prod-
uct.

Next we associate a function f of commuting variables
with an element of the algebra, say f, by substituting
the commuting variable 2!, ..., 2V for the non-commuting
variables in (2.5)

(2.6)

F= firiy 1450

~ f(z) = Zfil..iz‘LZ“ R (2.7)

The diamond product leads to a bilinear x-product of func-
tions:

{fitodgit ={h} ~ (f*9)(z) =h(2).

This star product has been discussed in [1].
For the canonical structure it is the Moyal-Weyl prod-
uct [7-9]:

(2.8)

d eij

frg= et an f(2)g(2) (2.9)

z'—z
For the Lie structure we have:

frg=edolamiz) f()g(2")| . (210)

2~z
2/ =z
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where g; is defined by group multiplication:

eikzil eipzﬁl _ ei{kz-‘rpz-‘r%gl(km)}ﬁl .

(2.11)

The first terms are easily calculated from the Baker-
Campbell-Hausdorff formula:

edeB — eA‘*‘B‘*‘%[A:B]'i‘f*z([Aa[A:B]]+[Bv[37A]])+-~-
—kip; {7,

1 3
+8k¢pj(17k — k) f ™+

gi(k, p)
(2.12)

For the quantum plane structure we have as an exam-
ple the s-product for the Manin plane:
TY = qyT (2.13)

1(_. 0 B 8 .1 0
3(—2' 37y tT55v Ty/)f(

f*xg=q x7y)g(l",y’)’ s

y' =y

3 Enveloping algebra-valued connection

A non-abelian gauge theory on a non-commutative space
carries two algebraic structures, the algebra A, discussed
above and the non-abelian Lie algebra Ar of the gauge
group with the generators T, ..., T™ and the relations:

[T, T =if®.T°. (3.1)
It is natural to treat both algebras on the same footing
and to denote the generating elements of the big algebra
by 2%

(3.2)

The #*-product formalism as developed in the previous
chapter can now be applied to the algebra A, as well.

We study functions of the commuting variables z,
(v =1,...,N) and t*, (a = 1,...,M) and define the
star product reflecting the algebraic properties of the al-
gebra A, .

In the case of a canonical structure for the space vari-
ables =¥ we have

(F*G)(z) =
e%( o+t ga (i i507))

X F(z' )G ("t (3.3)

! sz,x —sa
t!—t,t! —t

To exemplify the formalism we shall concentrate on this
structure in what follows.

To define gauge theories we first define fields. These
are elements of the algebra A, that form a representa-
tion of the T-algebra. Under a gauge transformation they
transform as follows:

(3.4)
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The action of the generators T of the Lie algebra on 1[} is
defined as 1]) is supposed to form a representation of Ar.
Thus 6121 € A, despite & € A,.

Independent of a representation we have defined & as
an element of the enveloping algebra of the gauge group
and not as Lie algebra-valued, as we would have done it
for commuting spaces. We say & is enveloping algebra-
valued. The same will be true for the connection that we
introduce to define covariant coordinates [1]
AY € A,.

XV ="+ A”, (3.5)

We demand that X“4 transforms covariantly:

6XVih = ia X" (3.6)
and find that this defines the transformation law of the
enveloping algebra-valued connection A”:
SAY = —i[2", 4] +ila, A”],
AV e A, aecA, A" A,. (3.7)
At first sight it seems that an enveloping algebra-valued
connection has infinitely many component fields and thus
is not very useful. We shall show, however, that all the
component fields can be obtained from a Lie algebra-
valued connection by a Seiberg-Witten map [3,4,6]. This
was also observed in [16], where a result in this direction
has been obtained for SO(n) and Sp(n). To show this we
cast the algebraic setting into the *-product formalism.
The transformation of the connection is then
0AY = —i[z" ¥ a] + iJa T AY]. (3.8)
We treat the canonical case in more detail, the x-product
in this case is given in (3.3).
For the first term in the variation of A¥ we obtain
0
*al = 0" —a.
} oxr
The variation of A" itself starts with a linear term in 6,
we therefore assume, as in [1], that A" starts with a linear
term in 6 as well:

iz (3.9)

AV =6""V,
oV, = 0 o %V, 3.10
p—@a%—z[a, p]. (3.10)
As in [1] we expand in 6, but not in g,:
i 0 0
= z vi
f*xg {l—l— anDQ Erm —|—}
xfla,t") ® g(a',t")] oy (3.11)

t/ =ttt

fla,t') ® gla’ ") = e3t"9a G505 f (2, ') g ! 1").

We first treat (3.10) to zeroth order in 6 and show that
it can be solved by assuming V and « to be linear in ¢.
This has to be expected as = 0 corresponds to the usual
gauge theory on commuting spaces where the infinitesimal
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transformation and the connection are Lie algebra-valued.
To zeroth order:

a=alt
V, =a, ,t* (3.12)
From the zeroth order terms of (3.10) we obtain, as ex-
pected [6]:
dal
1 . a
5%,@ = 9pp

This is a classical non-abelian gauge transformation 0,1
with gauge parameters a}z.

We turn to first order in § in the variation of V,, (3.10).
The contributions that come from the zero order terms of
a and V, are at most of second order in ¢. This is the
case because t“ga(i%, i%) reduces the power of ¢ by at
least one. The terms of order zero in g, actually contribute

exactly in order ¢2. Their contribution to 6V, is

— fPaapay . (3.13)

8V, = 0" 0, chda), (1 1" + . ... (3.14)
If we now assume that the terms of o and V|, linear in
0 are all of second order in ¢ we get a consistent set of
equations. We define to first order in 6:

a=att* +al ...

V, = ay  t" 4+ al ,t*"" + ...

2 (3.15)

a' and a' are of order zero in § and a? and a? of first
order. This expansion in ¢ leads to an expansion in g, of
the ®-product, because higher order t-derivatives vanish.

In the calculation that now follows we have to use g, to
the order given in (2.12). The term with three derivatives,
however, vanishes on commutators of x-products because
it is symmetric under the exchange of k and p.

The result of the calculation is:

§a2 yt*t" = dpal,t t’
—9”“6yaiaua/1)7btatb
—2f%, {apa? 4+ algal .} 171" (3.16)
This can be brought closer to the form of [1]. We introduce

the Lie algebra-valued ¢ and the enveloping algebra-valued
G,

e=aT’ G,= ai’CchTd (3.17)
and compute the commutator
ile, Gyl = —agal G f* {T' T + TT"}. (3.18)

This is true because ai cq 18 symmetric in ¢ and d. Now

we remember that we have used a star product that corre-
sponds to a completely symmetrical version of the mono-
mials of the bases. Thus we have to replace

1
5{TleJerTl} ~  the (3.19)
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and obtain from (3.18) the corresponding term in (3.16).
The other term derives from the commutator

ilv,ap), with
v =0y, T°TY, a,=a),,T" (3.20)
This is exactly the structure as in [1]:
5y = Dy — %0*@* (Ore, Oray)
+ile, Go] + iy, ay). (3.21)

It has the solution already found in [1,3].

1
2 tazb 11 b
ot = iewayaaawt%

1
al 't = —§9V“a11z,a(8ua;17,b + F), )t (3.22)
where F) , = d,a,,, — 0 aub—&—fc‘iball,cal -
The procedure can now be generahzed to all the higher
powers of . We always assume that o" and aj are of

power "~ and polynomials in ¢ of degree n. This amounts
to a power series expansion in g, as well and the existence
of the Seiberg-Witten map to all orders follows from the
existence of the Seiberg-Witten map in the general set-
ting of the previous chapter. This is discussed in detail
in [6], where the full non-abelian Seiberg-Witten map is
constructed.

It is straightforward to generalize this formalism to a
x-product, with a coordinate dependent € underlying the
non-commutative, e.g. Lie or quantum plane, structure.
We give the result:

1
a=alt® + 59”“8Va;at’bt“tb
A7 = g70al 10
1 [e} v v a
=507 5,0 (0u(0""app) + 070 F ) t t7(3.23)

For the Lie structure:
vo_ f”uﬁlﬁ.

For the quantum plane:

(3.24)

0" = —ihxy, h=lng. (3.25)
Let us consider once more the gauge transformations
(3.4). We see that « is not an arbitrary element of the al-
gebra A,. There are only M (dimension of the Lie group
to be gauged) free parameters a;j (v H(z), all the higher-order
terms in the enveloping algebra can be expressed in terms
of these parameters and the gauge field al, and their
derivatives. This can be achieved by the Seifoerg—Witten
map.
To summarize, the Lie algebra-valued term o (z)T¢ of
a determines all the other terms in the enveloping algebra:
1pa 1 v 1
a=q, T+ 19 Ho,ay

a), ,(T*T" +T°T*) + ... (3.26)

Enveloping algebra-valued gauge transformations

Thus a gauge transformation is determined by a!(x) and
a},(x): On a' it is a classical non-abelian gauge transfor-
mation J,: that, via the Seiberg-Witten map, induces the
full non-commutative gauge transformation with parame-

ter a(a',ap). For covariant coordinates we have

51 XV =i[a(at,al) ¥ XV] (3.27)
and it is natural to define the action on fields by:
o) = ia(at,a)) * 1. (3.28)

The composition of two transformations is defined for ar-
bitrary enveloping algebra-valued transformations as fol-
lows:

(3.29)

This is also true for the restricted transformation defined
by al:

§a5ﬁ - 6ﬁ5a = (Si(ﬁ*a—a*ﬂ)'

00101 — 031001 = 0i(Bra—ard) (3.30)
with o = a(al,al) and 3 = B(8',a'). This reflects the

composition of standard Lie algebra-valued gauge trans-
formations. We explicitely check this to first order in 6,
using the *-formalism.

1
a=ait" + + 5070, agay, 1’

1
B =Bl + 59%”5;@;,@@# (3.31)

We compute [« ¥ 3] to first order in 6 from (3.11):

[ B] = dag B} f0ct
i
+07{ S0, (4B a)ay.c
i
+§(aiayﬁé - 5;8,,04}1)@;!7]‘“’)6

+i0,040,,8 }tdtC. (3.32)

Now we compute from (3.4)

(851001 — 00101 )0 = 801 0)).
(3.33)
The second term arises because o depends on the gauge

fields a}L that transforms under gauge transformations

—(@f— Ba)yp+i((55 ) — (

Sgafal,ay) = fehyBlal )t (3.34)

500,010, —
We are now ready to compute 31041 — 04101 and obtain
0g1001 — 01051 = i(dg1ax — 841 3) — o % 3]

- (ia;ﬁg Feett + %ewau(m}lﬁg fabd)a}wtd#) :

(3.35)

This is exactly the formula (3.30) that we obtain if we
start from the Lie algebra-valued part of [« ¥ (]

[a % B] = iorg By f*0ct® + (3.36)
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This shows that our restricted enveloping algebra-valued
form of the parameters is indeed respected by the com-
mutator of two transformations.
In [1] we have introduced tensors
T = [XH, XY] — i, (3.37)
that transform
dTH = ila, TH) (3.38)
under the general enveloping algebra-valued gauge trans-
formation. 0" is the respective term for all the three
structures, canonical, Lie and quantum plane. Equation
(3.38) will also be true for our restricted gauge transfor-
mation (3.28).
For the canonical case to exemplify:

THY = 9RO, AV — iV Oy AF + AF % A — A % AP
= 00" {9, Vs — O\Vi — iV, % Vi + iV * Vi, } .
(3.39)

It is natural to introduce the field strength

F.\=0.V)—O\V, — iV, x Vy +iVy % V.. (3.40)
It is easy to compute the first order correction to the clas-
sical field strength F'! defined after (3.22):

Fux = F}y ot

+0°{ FL o Py (3.41)

1 a
_ia’llt,a ((DVF;};)\)Z) + ayF,i)\yb) }t tb.

In this formula we use the covariant derivative of F':
(DyFL)o = 0,F}y  + avcFly 4. This expression can
also be obtained from [3].

Using the transformation law for a (3.34) and a' (3.13)
we find as expected

01 Fiox = i[Oé X F,Q\], (3.42)

with the restricted form of «.

4 Gauge covariant dynamics

The *-formalism can be used to formulate a dynamics on
non-commutative spaces. The coefficient functions f(x)
are the objects for which dynamical laws can be defined.
In general we have to enlarge the algebra by derivatives
for this purpose. For the quantum plane structure such
derivatives have been introduced in [13] in a purely alge-
braic approach. For the algebra extended by derivatives
the formalism developed in the second chapter can be
used.

For the canonical structure we can define derivatives
following the same strategy as for the quantum plane
structure. Derivatives have to be defined in such a way,
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that they do not lead to new relations for the coordinates.
Proceeding this way we can define a Leibniz rule:

0ud” = 84 + dib 0, (4.1)

where the coefficients d}f € C have to be chosen in such
a way that

Op {[8",8") — i} =

= 0p2" — 0,2 +dh 2" — djla"
+i"2” {dpT s — djidyg} Oa
—ig"vd), (4.2)

does not lead to new relations when 9 is brought to the
right hand side. This is the case if we define

db = 6400, (4.3)
or simply R R
0ptt = 6 + 310, (4.4)
If we now compare this with (2.1) we see that
% — 00, (4.5)

commutes with all coordinates. This allows us to divide
the algebra by the ideal generated by the relation (see also
[17,18])

% — i, = 0. (4.6)
The star product, known for the coordinates is now defined
for the derivations as well

Op* [ =—i0, a7« f
= —if,, ([¢7 % f]+ [ *a7)

= %f—kf*ap. (4.7)

We have used (3.9).
For the canonical structure an integral can be defined:

/f:/de Ft . 2.

For the moment it is simpler to consider just functions
of 2" that do not depend on the variables t* as well. The
x-product simply is the one of (2.9):

(4.8)

i 0 gij_9

frg=era:7" 57 f(x)g(a’)

9 _pii

= /de' 5(Z — i )e? 5.7’

' —x

577 f(x)g(a). (4.9)

0(Z — &) is the product of N é-functions:

6@ —a) =0zt —at) 5N — '),

[ia= [

(4.10)

‘We now show that

(4.11)
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We use the *-formalism:

/ fo= / dNeda' 63— &)et 5" 57 f()g(a).
(4.12)
Partial integration:

/ fa= / AN edNa! f(a)g(x)e? o 5T 6(F — ).

(4.13)
The é-function depends on & — #'. Thus
o ... . a .
570 (F =) = —550(F = &). (4.14)
This leads to
/f@ = /dede' fla)g(a')et o 57 6(7 - 7).
(4.15)

Partial integration again:

= / af. (4.16)
We also find Stokes theorem
oA o
Jiouqi= [a¥sion= [a¥e =0 @)

from (4.7) for functions that vanish at the boundary. Par-
tial integration of the x-derivative follows now from (4.17)
and the Leibniz rule

Os (fxg)) =03 f))xg+ fx(0%9]),

which is true, because 6 is x independent.
With this integral we can define an action. A tensor
that transforms as in (3.38):

(4.18)

6L =il&, L) (4.19)
will lead to a gauge invariant action:
W= / dNe TeL, W =0. (4.20)

The trace has to be taken for the group generators. A
proper action would be
1 * TR
L= iFM R (4.21)
where Fj; has been defined in (3.40). The first correction

term in @ to the classical field strength has been computed
in (3.41).
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We have thus formulated dynamics on a non-commu-
tative space entirely within the standard framework of
quantum field theory. The method can be extended to
the treatment of matter fields as well.
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