Deformed Spaces, Symmetries and Gauge
Theories”

Marija Dimitrijeviéf
Max-Planck-Institut fiir Physik,
Fohringer Ring 6, 80805 Miinchen, Germany and
University of Belgrade, Faculty of Physics,
Studentski trg 12, 11000 Beograd, Serbia and Montenegro

Frank Meyer*

Max-Planck-Institut fiir Physik,
Fohringer Ring 6, 80805 Miinchen, Germany and
Universitat Miinchen, Fakultat fiir Physik
(Arnold-Sommerfeld-Center for Theoretical Physics)
Theresienstr. 37, D-80333 Miinchen, Germany

ABSTRACT

This contribution is based on talks given by Frank Meyer (Section 1) and Mar-
ija Dimitrijevi¢ (Section 2). In the first section we review the basic concepts of
deformed spaces and deformed symmetries. We discuss general features of dif-
ferential calculi, introduce the star-product and star-product representations of
differential operators. As examples we treat the canonically deformed space and
the k-deformed space. In the second section we study gauge theories on deformed
spaces. Special attention is given to gauge theory the on x-deformed space (which
was introduced as an example in the first part). Nevertheless, the analysis is done
in a rather general way such that it could also be applied to the other deformed
spaces.

1. Deformed Spaces and Symmetries

1.1. Deformed Spaces

In gauge theories one usually considers differential space-time manifolds and
fibers that admit a representation of a Lie-group. In the noncommutative
realm, the notion of a point is no longer well-defined and we have to give up

* The two talks given by the authors are based on common work with Larisa Jonke,
Lutz Moller, Efrossini Tsouchnika, Julius Wess and Michael Wohlgenannt [1].
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the concept of differentiable manifolds. However, the space of functions on
a manifold is an algebra. A generalization of this algebra can be considered
in the noncommutative case. We take the algebra freely generated by the
noncommutative coordinates z#, p = 0...n, which respect commutation
relations of the type

(@, 8] = O (&) 0. (1)

Mathematically this means that we take the space of formal power series in
the coordinates z* and divide by the ideal generated by the above relations

[2]:
Az = C((@°, ..., a")/([#*, 2] — C* (%))

This we call a deformed coordinate space.

The function C*¥ (%) is unknown. It should be a function that vanishes at
large distances where we experience the commutative world and may be
determined by experiments. Nevertheless, one can consider a power-series
expansion

CM (&) = i 0" 4 iCH 3 + (qREY — §U01) 3037 + ...,

where 0" C4" and q Rhy are constants, and study cases where the com-
mutation relations are constant, linear or quadratic in the coordinates. At
very short distances those cases provide a reasonable approximation for
CH (&) and lead to the following three structures which are of particular

interest since they satisfy the so-called Poincare-Birkhoff-Witt property !

1. Canonical structure:

[ZH, Y] =i oM. (2)
2. Lie algebra structure:
(2, 37] = iCLV 2P (3)
3. Quantum Space structure:
ia” = q REY 33" (4)

1.2. Symmetries on Deformed Spaces

In general the commutation relations (1) are not covariant with respect to
undeformed symmetries. For example the canonical commutation relations
(2) break Lorentz symmetry.

Then the question naturally arises whether we can deform the symmetry
in such a way that it is consistent with the deformed space and that it

! The PBW-property states that the space of polynomials in noncommutative coor-
dinates of a given degree is isomorphic to the space of polynomials in the commutative
coordinates.
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reduces to the undeformed symmetry in the commutative limit. The answer

is yes: Lie groups can be deformed in the category of Hopf algebras?. The
generated objects are called Quantum Groups. To make this more explicit
we give two examples.

1.2.1. The Canonically Deformed Space
For a long time it was common belief that there does not exist a deformed
symmetry for the canonically deformed space. However, recently a quan-

tum group-symmetry was discovered [3]3. Let us state the result without
deriving it:

[ém él/] =0, [SM éﬁ] = wpuém
0w L) = durr (W x W), = —(w w,” —w,"w,),
Ady = 0, @1 +1® 0y, (5)

Aby = b, 01+1@6, + % (0™w,f — 07w )8, @ D).

Here the deformed generators of Lorentz-transformations are denoted by b
with constant transformation parameters w. Note that the algebra relations
are undeformed and the deformation takes place exclusively in the co-sector
of the Hopf-algebra. The coproduct Ad,* of §,, contains §*”-corrections. It
is interesting that the coproduct of d,, closes only in the Poincare-algebra
and not in the Lorentz-algebra. This may be the reason why this symmetry
remained undiscovered for such a long time. The consequences of this new
symmetry are part of future investigations by various groups.

1.2.2. k-deformed Space-time

As an example for the Lie structure we introduce the k-deformed space-
time

(34, 5] = iCH 3, (6)
where C{" = a(nhn{ — n;n}) and where we use the signature n*” =
diag(1,—1,...,—1). In the following Latin indices always run from 0 to

n — 1 whereas Greek indices run from 0 to n. The commutation relations
(6) are covariant with respect to the k-deformed Poincare algebra [6]. There
is a basis where the Lorentz-algebra remains again undeformed

[MM | MPP) = nho MYP + P MM — P MYT — /% MHP, (7)

2To be more precise the algebra of functions on a Lie group can be deformed. Since
Lie groups themselves form a discrete set, a continuous deformation is not possible.

3 Actually, a deformed symmetry which is just the dual to the one given here was
already introduced some years ago in [4] but was basically unknown to the community
of physicists working in that field.

4 The coproduct is a structure map of a Hopf algebra. It tells us how to act on a
product of functions.

® The k-deformed space appears also naturally in the context of Doubly Special Rel-
ativity [5].
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but the commutators of derivatives with the generators M*¥

(MY, 8] = m, 0" =&,

[Mmaén] = élv (8)
o  e2iadn _ | ia ;oA A
[M™,05) = 0y —5—— = 5 500 +iad'0;,
[éwé'/] =0

and the co-algebra sector are deformed
AMY = M9 @1+10 MY,
AMin _ Mzn ®1 _{_eiaén ® Mm —I—Z(Iék ® Mik,
Ad; = B @140 @, (9)
A0y =0, 01+1®0,.

The generators M* and 3# act as follows on the coordinates:

[Mij,j?u] — n,uji,i _ n“ifcj,
[M™ 31 = gtrat — pie™ +ia M,
05, 8"] = ' —ian™d;,  [On, 3] =nj. (10)

Note that all the commutation relations reduce the classical relations in the
limit a — 0.

1.3. Differential Calculus
Derivatives are maps on the deformed coordinate space [7]

Such a map in particular has to map the ideal generated by the commu-

tation relations (1) into itself. If this is the case we say that the map
respects the commutation relations (1) or is compatible with them.

To find a suitable map it is convenient to make a general ansatz for the
commutator of a derivative and a coordinate:

[0, &) = 05+ Y AP0y, 0, (11)

J

The coefficient functions A,”" " are of the order of the deformation pa-
rameter and vanish in the commutative limit. Requiring consistency of (11)
with the commutation relations of the deformed space leads to conditions
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. 14 Py . oy .
on the coefficients Aup 1P7 In general a solution for those conditions is not
unique.

In the case of a canonically deformed space (1) one immediately verifies
that actually the undeformed differential calculus

[ém'ﬁy] = 5Z (12)

is compatible with the commutation relations (1).

For the x-deformed space-time there exist several sets of differential calculi
which are all equivalent. The derivatives obtained by requiring that the
righthand side of (11) is at most linear in the derivatives are the ones
introduced above in Section 1.2. as part of the generators of the xk-deformed
Poincare algebra. Of special interest is the following set of derivatives which
have a vector-like transformation property with respect to the xk-deformed
Poincare symmetry. They will be used later on to establish a gauge theory
on the k-deformed space-time:

[M*, D] =y D* =y D", (13)
where
3 L. 3 ia Al —iad, 3 A —iad
D,, = p’ sin(ady,) — 5 00 e ", D; = 0;e ", (14)

1.4. Towards a Physical Theory

So far we described how a deformed symmetry acts on a deformed space A;
and how we construct differential calculi. To get a physical theory which
makes predictions that can be checked by experiments we will express the
noncommutative theory in terms of the known commutative variables. This
means that the particle content does not change but the noncommutative
theory predicts new interactions [8]. This can be achieved by the following
two steps:

1. First we represent the abstract deformed space-time algebra A; on the
common algebra of commutative functions A, by a new product called
star-product (x-product) which is a deformation of the commutative
product of functions.

2. Then we express all noncommutative fields in terms of their commu-
tative counterparts by the Seiberg- Witten map (see Section 2.2.).

Using the results from the second step one can express the action of the
noncommutative theory in terms of commutative fields and using the star-
product from the first step we can expand this action in terms of the de-
formation parameter. The zeroth order gives back the commutative theory
and one can study corrections of it in higher orders of the deformation
parameter. Those two steps will be explained in a bit more detail in the
following sections.
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1.5. Star Product Approach

1.5.1. The Star Product

If the noncommutative algebra A\x satisfies the PBW property (see the be-
ginning of this section), the vector space of noncommutative functions is
isomorphic (as a vector space) to the vector space of commutative func-

tions %, Let

- Az
= f(@)
be such an isomorphism of vector spaces.”

To render the vector space of commutative functions isomorphic as algebra

to A; we just have to equip it with a new, noncommutative product. The
isomorphism p tells us how to define this new product which we call star-
product and which we denote with a x:

flx)* g(x) = p~' (f(&) - §(2)). (15)

Again we want to give explicit examples. For the canonically deformed
space we have the well-known Moyal- Weyl product

frg=poe” u (fg)
= fg+ 5 0" (0u1)(0ug) + - . (16)

where u(f ® g) := fg is just the multiplication map. This star-product
corresponds to the symmetric ordering prescription.

For the k-deformed space-time we get the following more complicated ex-
pression from the symmetric ordering prescription:

y . 1 — —iaazn
f*g(:r) = lllr% exp (mjazj ( O e—zaayne— B 1)

8zn 1-— €_w’8”

y—x

an 1 _ efiaayn

+ .%'jayj <@1_€7_de - 1> )f(z)g(y)
— (@) g(a) + 5 CLNOu)(@19) + . a7)

Both star-products start in zeroth order with the usual, commutative prod-
uct and are deformations of it.

5Tt is obvious that they are not isomorphic as algebras since one is a commutative
algebra and the other not.

" This isomorphism is not unique and every isomorphism describes an ordering pre-
scription.
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1.5.2. The Star-Representation of Differential Operators

An operator O acting on .Zx can be represented by a differential operator
O* acting on commutative functions:
Gl a O  A/p/a
@) — O(f(2))
p Lot
O*

flx) — O°(f(z))
The star-representation of the derivatives 5# for the canonically deformed

space defined in (12) is quite easy: The differential calculus in this case is
undeformed and we get
O =0, (18)

In the case of k-deformed spaces things are more complicated. For instance,
the star-representation of the Dirac-derivatives introduced in (14) and their
Leibnitz-rules read:

Dif(@) = (& sinfann) — U =L 0 (),
e—ia(?n -1 "
Dif(z) = a0, 0if(z), (19)
DA(f(@)xo(x) = (DF(@) x (e g(a)
+ (€ £(2) x (Dyg() (20)

—ia (Dje ™ f(2)) + (D7 (),
D3 (f(&) % 9(x)) = (DFf()) % (e g(a)
+ fw)* (Dfg(a)). (21)

We will see in the next section how the above star-representation of the
Dirac-derivatives will be used to establish a gauge theory on x-deformed
space-time.

2. Gauge Theory on Deformed Spaces

Gauge theories are based on a gauge group. This is a compact Lie group
with generators T

[T, T =i fabT1e. (22)
Infinitesimal transformation of the matter field 9" is given by
Sat’(x) = i a(a) ¥° (), (23)

where a(z) = a*(z) T is a Lie algebra-valued gauge parameter. Transfor-
mations (23) close in the algebra

5ol — 0300 = 8_iag)- (24)
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In this section we will generalize this concept to deformed spaces as well. We
choose to work in the x-product representation and define noncommutative
gauge transformations as

5a¢ =1 Ao * ¢($) ’ (25)

where A, is the noncommutative gauge parameter and 1 is the noncom-
mutative matter field. Before proceeding to the standard construction of
a covariant derivative one should check if this transformations close in the
algebra (24). Explicit calculation gives

(50455 — 55504) 1/)(3?) = (Aa *Aﬁ — Ag *Aa) *w
= & (18 MBI T} 4+ (AL 5 ARYTS T+ (26)

If we take A, = AZT?, that is a Lie algebra-valued gauge parameter,
algebra (24) will not close because of the first term in the last line of
(26) (anticommutator of two generators is no longer in the Lie algebra
of generators). There are two ways of solving this problem. One is to
consider only U () gauge theories and that one we will not follow here. The
other one is to go to the enveloping algebra [9] approach and we continue
analysing this one.

2.1. Enveloping Algebra Approach

To start with, we define the basis in the enveloping algebra (we choose
symmetric ordering)

T =1T°
1
. TaTb - §(TaTb —{—TbTa),
1 - -
(T LT = > o (rete) o),
eSS
Gauge parameter A, is said to be enveloping algebra-valued

Ao(z) = ZZO[E“'"“’ (x): T™ ... T™

[=1 basis

=a%z):T:+ o' (x) : T™T*: +.... (27)

In this case algebra (24) will close since we work in the enveloping algebra.
Now one can proceed and define a covariant derivative Dy (z) = 9 (z) —
iV, % () by its transformation law

Sa(Dyuip(x)) =i Ag * Dyth(z) (28)
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The choice of 9, will depend on the choice of a deformed space on which we

want to construct gauge theory. Since we are trying to keep the analysis as
general as possible we do not specify (yet) what is 9. The noncommutative

gauge field V,, has to be enveloping algebra-valued as well

[e.e]
V= ZZVJQL“M ST T

[=1 basis

From all this it looks like we have a theory with infinitely many degrees of
freedom. This is an unphysical situation and the solution of the problem
is given in terms of the Seiberg-Witten map [10].

2.2. Seiberg-Witten Map

The basic idea of this map is to suppose that the noncommutative gauge
parameter (field) can be expressed in terms of the commutative gauge pa-
rameter and field, for example A, = Aq(;a, A)). Then one uses (24) to
calculate explicitly this dependance. Inserting A, = Aqy(z; a,Ag) in (24)

gives®

(Aa * Aﬁ — Ag * Aa) * P 410 ((SaAﬁ — 5gAa) * P = 5—1’ [, 8] Y. (29)

What has been said up to now applies for a general deformed space since
we have not yet specified the x-product or the derivatives J;. But the

equation (29) has to be solved perturbatively, therefore one has to expand
the x-product. Since we are mainly interested in the gauge theories on the
k-deformed space-time we use (17) and expand A, as

Ao =a+alAl +.. 4a"Ak . .

Up to first order in the deformation parameter a the solution of (29) is
1
Ao=a— LV { A, 0,0} . (30)

This solution is not unique, one can always add to it solutions of the ho-
mogeneous equation. Using (25) and solution for gauge parameter (30) one
finds solution for the noncommutative matter field as well

7

1 v

2O [A], A)] 0", (31)
where 9 is the commutative matter field, 5,1° = i v y)V.

If one compares x-products for the canonically deformed space (16) and
for the k-deformed space-time (17) one sees that up to first order in the

8 One should notice that now doAs # 0 because Ag depends on the commutative
gauge field AY, as well and 6, A}, = Juar — i [A), .
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deformation parameter they are of the same form (just replace 0" with
C4”z*). Therefore it is not surprising that the solutions for A, and v in the
canonically deformed space can be obtained from (30) and (31) by replacing
C4”z* with 0" (and the other way around). However this analogy only

applies in first order, in second order new terms will appear in the x-
deformed space-time compared to the canonically deformed space.

In order to solve the Seiberg-Witten map for the gauge field V, one first
has to choose 9y, derivatives. In the canonically deformed space 9, = 0y,

is the most natural choice. In the k-deformed space-time there are more
possibilities (see Section 1.3.). We choose D}, derivatives because of their

vector-like transformation law (13). From D,y = Dj3p — iV, x ) and
da(Dutp) = i Ao % D)
we get

(0aVi) ¥ = Dj(Aa*9) = Aax (D) +i[Aa 3 Vil x4
# (Dpha) % +i[Aa 3 Vi x 9.

The last line follows from the nontrivial Leibnitz rules for D}, derivatives
(20,21). In order to continue we split between n and j indices.
First we have a look at the j index.

(0aVj) %9 = Dj(Aax 1)) — Ao x (Dj9h) +i[Aa Vi % ¥
= (DjAa) *e a4 i[Ay 3 Vo] %0, (32)

where we have used (21). In order to solve this equation we have to allow
for V; to be derivative-valued, that is we make the following ansatz

Vikp=Aj* (e*iaa’lw)

and insert it into (32). After using e~ (f % g) = (e710n f) % (7120 g)
and omitting e %) we have

aAj = (DjAa) + iAo x Aj —i Aj* (e A,) . (33)

This equation can be solved order by order in the deformation parameter.
The solution up to first order in a is

V; = A% —iaA%0, - %%A?—%{A%,A?}

1 v
+ 4 aCh ({ng,Ag} - {Aﬁ,&,A?}). (34)



DEFORMED SPACES, SYMMETRIES AND GAUGE THEORIES 201

For V,, one follows the same steps, using the Leibnitz rule for the D} deriva-
tive (20) this time. The solution up to first order in a is

Vi = A —ia A%, — 22 0;A% — 2 A) A
1 v
£ 0O (1F, A0} — (4), 0,40} (3)

From (34) and (35) we see that besides being enveloping algebra-valued
(consequence of noncommutativity, that is x-product) the gauge field is
also derivative-valued. This is the consequence of special properties of k-
deformed space-time, more concretely of nontrivial Leibnitz rules for Dy,
derivatives.

For completeness we give here also the solution for V), in the canonically
deformed space

1 v
Vp = A5+ 7 0% ({FD, AS} — {A0,0,A0}) . (36)

This solution is not derivative valued since d,, derivatives have undeformed
Leibnitz rule.

Having solutions of the Seiberg-Witten map at hand, one calculates the
field-strength tensor defined as

Fuw =1[DytDy]. (37)

Since the gauge field V,, is derivative-valued? it is not surprising that
the field-strength tensor will also be derivative-valued. With a derivative-
valued field-strength tensor we do not know how to write down the action
for the gauge field. Therefore, we split the tensor ¥, into ”curvature-like”
and ”torsion-like” terms, like one usually does in gravity theories

Fuv = Fu + T0,Dp + ...+ TELP i Dy Dy i+ (38)

For the action we will only use the ”curvature-like” term Fj,,, and ignore
all "torsion-like” terms. With this we have all the ingredients to write
Lagrangian densites up to the first order in a, see [1].

2.3. Integral and the Action

To come from the Lagrangian densities to the action for noncommutative
gauge theory we need an integral. It should have the trace property

[ea=[a=r. (39)

 The following does not apply to the canonically deformed space since V,, in not
derivative valued there.
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This is required by gauge invariance of the action for the gauge field and
can be used to formulate the variational principle. For the canonically
deformed space (39) is automatically fulfilled and the following analysis
is not needed there. Unfortunately, for x-deformed space-time (39) is not
fulfilled. The way to repair this is to introduce so-called measure function
wu(x) such that

[ @t nte) (1x9) = [ @z pa) (g 5). (40)
From this request one gets conditions on u(x)

Opp(x) =0,  IOju(x) = —np(z). (41)

This equation can be solved, however the solution is not unique. But this
is not the only problem. It turns out that the solution for u(z) is a inde-
pendent so it does not vanish in the limit a — 0. This means that it will
spoil the classical limit of the theory (equations of motion for example).
Also, because of its explicit z-dependence '° it will break the x-Poincaré
invariance of the integral.

On the other hand, one can construct an integral which is k-Poincaré in-
variant using quantum trace [11]. The problem with the integral obtained
that way is that it does not have the trace property, therefore it is not
convenient for analysing gauge theories.

So far there has not been a completely satisfactory answer to the question of
proper definition of the integral on k-deformed space-time. It appears that
one has to choose between having a gauge invariant theory or k-Poincaré
invariant theory. In the case of U(1) gauge theory we have been able to
write down the action using the first approach [12], but the analysis is still
far from being complete.
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