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Zusammenfassung

Aus vielen voneinander unabhéngigen Uberlegungen wird klar, daB die Raum-Zeit im
Kleinen, oder mit sehr groflien Energien betrachtet, in irgendeiner Form nichtkommutativ
oder quantisiert sein muss. Diese Arbeit beschéftigt sich mit zwei verschiedenen Arten
der Nichtkommutativitat der Raum-Zeit und mit eichtheoretischen Modellen auf solchen
Raumen. Wir werden die nichtkommutativen Konzepte via eines Isomorphismus auf
kommutative Raume iibertragen. Die Information iiber die nichtkommutative Struktur
versteckt sich in einem neuen nichtabelschen Produkt, dem sogenannten x-Produkt.
Das Sternprodukt ist gegeben durch eine storungstheoretische Formel. Daher ist der
kommutative Limes, in dem die Nichtkommutativitat verschwindet, und die gewohnten
Strukturen zurtickkehren, sehr gut erkennbar.

Wir betrachten also die Konstruktion des Sternproduktes als ersten Schritt in Rich-
tung feldtheoretischer Modelle auf einem nichtkommutativen Raum. So werden im
ersten Teil die Sternprodukte fiir den 4-dimensionalen g-deformierten Euklidischen und
Minkowski Raum in Normalordnung berechnet. Hierfiir konnen wir geschlossene Aus-
driicke angeben. Allerdings werden g-deformierte Raume in dieser Arbeit nicht weiter
verfolgt. Stattdessen werden wir uns mit kanonisch deformierten und k-deformierten
Raumen befassen. Kanonisch deformierte Radume haben den Nachteil, dass die klassis-
chen Symmetrien gebrochen sind. Dagegen erlauben sowohl ¢- als auch x-deformierte
Raume verallgemeinerte Symmetriestrukturen. Die Symmetrien werden durch Quan-
tengruppen beschrieben.

Rechnerisch sind kanonische Strukturen leichter handzuhaben. Wir werden das Stan-
dardmodell der Elemetarteilchenphysik auf kanonischer Raum-Zeit formulieren. Dabei
legen wir grolen Wert darauf, zu zeigen, dass sowohl der Higgs Mechanismus als auch der
Yukawa Sektor im nichtkommutativen Modell implementiert werden konnen. Wir ent-
wickeln die Wirkung storungstheoretisch bis zur ersten Ordnung in der Nichtkommuta-
tivitat. Die zusatzlichen Terme in erster Ordnung entsprechen neuen Wechselwirkungen.
Diese neuen Wechselwirkungen haben weitreichende phanomenologische Bedeutung und
erlauben eine experimentelle Suche nach Anzeichen, die auf die Nichtkommutativitéat der
Raum-Zeit hindeuten.

Dariiber hinaus sind wir bemiiht, auch Modelle auf k-deformierten Rdumen zu be-
trachten, die sowohl eine verallgemeinerte Poincaré Symmetry besitzen, als auch sym-
metrisch unter einer beliebigen Eichgruppe sind. Dabei legen wir der Eichtheorie die
gleichen Konzepte zugrunde wie im Falle der kanonischen Raum-Zeit. Da die Struk-
turen vielfaltiger sind, werden wir auf interessante Unterschiede stoflen. So ist das
Eichfeld nicht nur ein Element der einhiillenden Algebra der Eichgruppe, sondern auch
der Poincaré Gruppe. Fiir die Formulierung von Lagrange-Modellen fehlt allerdings
im Moment noch ein invariantes Integral. Feldgleichungen konnen allerdings hergeleitet
werden. Wir werden, auf eindeutige Weise, eine x-Poincaré kovariante Klein-Gordon und
Dirac Gleichung aufstellen. Weiters werden wir alle Ergebnisse in den *-Formalismus
und auf kommutative Raume iibersetzen.
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Chapter 1

Introduction

Non-commutative spaces have a long history. Even in the early days of quantum me-
chanics and quantum field theory, continuous space-time and Lorentz symmetry was
considered inappropriate to describe the small scale structure of the universe [1]. It was
also argued that one should introduce a fundamental length scale limiting the precision of
position measurements. In 23] the introduction of a fundamental length is suggested
to cure the ultraviolet divergencies occuring in quantum field theory. H. Snyder was
the first to formulate these ideas mathematically [4]. He introduced non-commutative
coordinates. Therefore a position uncertainty arises naturally. The success of the renor-
malisation programme made people forget about these ideas for some time. But when
the quantisation of gravity was considered thoroughly, it became clear that the usual
concepts of space-time are inadequate and that space-time has to be quantised or non-
commutative, in some way.

In order to combine quantum theory and gravitation (geometry), one has to describe
both in the same language, this is the language of algebras [5]. Geometry can be
formulated algebraically in terms of abelian C* algebras and can be generalised to non-
abelian C* algebras (non-commutative geometry). Quantised gravity may even act as a
regulator of quantum field theories. This is encouraged by the fact that non-commutative
geometry introduces a lower limit for the precision of position measurements. There is
also a very nice argument showing that, on a classical level, the selfenergy of a point
particle is regularised by the presence of gravity [6]. Let us consider an electron and a
shell of radius € around the electron. The selfenergy of the electron is the selfenergy of
the shell m(e), in the limit € — 0. m(e) is given by
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m(e) = My + ?,



where my is the restmass and e the charge of the electron. In the limit € — 0, m(e) will
diverge. Including Newtonian gravity we have to modify this equation,
e Gm}

m(e) =my+ — — ,
€ €

G denotes Newton’s gravitational constant. m(e) will still diverge for e — 0, unless the
mass and the charge are fine tuned. Considering general relativity, we know that energy,
therefore also the energy of the electron’s electric field, is the source of a gravitational
field. Again, we have to modify the above equation,

2 Gmfe)?

= my+ — —
m(e) = my ; ;

The solution of this quadratic equation is straight forward,

€ € 4G e?

We are interested in the positive root. Miraculously, the limit € — 0 is finite,

e
—~0) = —
m(e — 0) Nek
This is a non-perturbative result, since m(e — 0) cannot be expanded around G = 0.
m(e — 0) does not depend on my, therefore there is no fine tuning present. Classical
gravity regularises the selfenergy of the electron, on a classical level. However, this does
not make the quantisation of space-time unnecessary, since quantum corrections to the
above picture will again introduce divergencies. But it provides an example for the
regularisation of physical quantities by introducing gravity. So hope is raised that the
introduction of gravity formulated in terms of non-commutative geometry will regularise
physical quantities even on the quantum level.

The world of our daily perceptions is continuous. The idea behind non-commutative
space-time is that at some critical energy (or distance) there is a phase transition from
a continuous to a non-commutative space-time. At which energies this phase transition
might take place, or at which energies non-commutative effects occur is a point much
debated on. From various theories generalised to non-commutative coordinates, limits
on the non-commutative scale have been derived. These generalisations have mainly
considered the socalled canonical non-commutativity,

(2", 27] = 6",
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0¥ = —¢’" ¢ C. For more details on this and other kinds of non-commutative coor-
dinates, see Chapter [2 Let us name a few estimates of the non-commutativity scale.
A very weak limit on the non-commutative scale Ay is obtained from an additional
energy loss in stars due to a coupling of the neutral neutrinos to the photon, v — vv [7].
They get

A Ne > 81 GeV.

The estimate is based on the argument that any new energy loss mechanism must not
exceed the standard neutrino losses from the Standard Model by much. A similar limit
is obtained in [8] from the calculation of the energy levels of the hydrogen atom and the
Lamb shift within non-commutative quantum electrodynamics ,

ANC z 104 GeV.

If Ane = O(TeV), measurable effects may occur for the anomalous magnetic moment
of the muon which may account for the reported discrepancy between the Standard
Model prediction and the measured value [9]. Also in cosmology and astrophysics non-
commutative effects might be observable. One suggestion is that the modification of the
dispersion relation due to (k—)non-commutativity may explain the time delay of high
energy 7y rays, e.g., from the active galaxy Makarian 142 [104|11].

As we already mentioned, we will provide an introduction to non-commutative geom-
etry in Chapter 2] We will mainly develop the quantum group point of view. This ap-
proach has the advantage to deform not only the space, but also its symmetry structure.
The canonical deformation breaks Lorentz symmetry, only a translational symmetry is
left unbroken. In the quantum group case, the symmetry is deformed to a quantum
group, but still present. Quantum groups depend on the deformation parameter ¢. In
the limit ¢ — 1, we have to regain all the concepts of the undeformed world. We will
use the term ”classical theory” to denote ordinary theories on commutative space-time,
and the term ”classical fields” to denote fields (abelian or non-abelian) on commutative
space-time.

In Chapter 3], we will discuss a powerful perturbative approach to non-commutativity,
x-products. The algebra of non-commutative functions A,

the free algebra generated by non-commutative coordinates divided by an Ideal gener-
ated by the relations o B
[, 49] = i6(2),



is mapped to the commutative algebra of functions A. The non-commutativity is now
hidden in a new non-abelian multiplication

[ee]

fxg=>Y_h"Bu(f.9),

n=0

where h is a formal deformation parameter (e" = ¢, for quantum groups). By(f,g) =
fg is the commutative limit, h — 0. The *-products for the 4-dimensional quantum
Fuclidean and Minkowski space will be presented. These results were obtained together
with Hartmut Wachter |12].

In Chapter [d]and[5] we will concern ourselves with the canonical space-time structure.
The construction of gauge theories on non-commutative spaces [13}/14] will be revised in
Chapter[d] These ideas will be crucial in Chapter [5] where we will formulate the Standard
Model of theoretical particle physics on canonical space-time. Some phenomenological
and experimental implications will also be discussed. These results were obtained in
collaboration with Xavier Calmet, Branislav Jurco, Peter Schupp and Julius Wess [15].

A special quantum deformation will be under scrutiny in Chapter [6] x-deformation
[16,/17]. First of all, we will study the algebra of k-Euclidean space and s-deformed
rotation algebra very carefully, construct invariants and wave equations. The most
important result is the generalisation of the ideas developed in Chapter [4] to spaces
symmetric under a quantum group. So we will develop a model symmetric under both,
k-Poincaré (rotation) symmetry and (arbitrary) gauge symmetry. So far, only scalar
field theory has been considered, and no gauge theory has been tackled on x-deformed
spaces. The work is still in progress and is conducted in collaboration with Marija
Dimitrijevi¢, Lutz Moller, Efrossini Tschouchnika and Julius Wess [18].

Essentially, this work consists of two parts, The first part is concerned with the
calculation of *-products of the ¢g—deformed Euclidean and Minkowski space. This is
considered as a first step towards field theoretical models on ¢-deformed spaces, for-
mulated within the x-product approach. Further steps have been conducted in [19.20].
Gauge theoretical models are at the heart of the second part. Models symmetric under
gauge transformations are constructed on canonical and k-deformed space-time.

It is the aim to understand non-commutative spaces, especially spaces that allow for a
deformed symmetry, such that we are enabled to construct realistic particle models and
to predict some observable effects.



Chapter 2

Non-Commutative Geometry

Let us try to present some handwaving idea what picture we have in mind when we talk
about non-commutative geometry. Some examples will show, where non-commutativity
has already shown up in physics, and how these ideas might be useful. After all these
motivations, we will formulate some aspects of non-commutative geometry mathemati-
cally. We will mainly be concerned with quantum groups and quantum spaces.
Non-commutative geometry is based on non-commuting coordinates

[, &%) # 0, (2.1)

i.e., coordinates are non-commutative operators and we have to think in quantum me-
chanical terms. The #%’s cannot all be diagonalised simultaneously. Space-time is the
collection of the eigenvalues (spectrum) of the operators #°. If the spectrum is discrete,
space-time will be discrete. Commutative coordinates induce a continuous spectrum.
Therefore, also space-time will be continuous.

The theory of non-commutative geometry is based on the simple idea of replacing or-
dinary coordinates with non-commuting operators. We will see how this idea can be
formulated mathematically.

2.1 Physical Motivation for Non-Commuting Coor-
dinates

But before we do so, let us consider some examples.



2.1.1 Divergencies in QFT

In quantum field theories, loop contributions to the transition amplitudes diverge. Con-
sider a real scalar particle ¢ which is described by the Lagrangian
1 1 A
_ py o290 Ay

£_2M¢>a¢ ngb —|—4!¢. (2.2)

The contribution of the diagram shown in Fig. reads

d* 1
/ Bk T — (2.3)
(2m)* @2 — m?

The result is divergent. There may be other divergencies as well, and the renormalisation
procedure may remove some of these infinities. The theory is called renormalisable, if all

Figure 2.1: Loop contribution

divergencies can be removed with a finite number of counter terms. The theory defined
by is renormalisable, in four dimensions. However, no renormalisable quantum field
theory of gravity is known so far. Discretising space-time may introduce a momentum
cut-off in a canonical way and render a theory finite or at least renormalisable. The
hope is that this can be accomplished by making space-time non-commutative.

2.1.2 Quantum Gravity

All kind of models for and approaches to quantum gravity seem to lead to a fundamental
length scale, i.e., to a lower bound to any position measurement [21]. This seems to
be a model independent feature. The uncertainty in space-time measurements can be
explained by replacing coordinates by non-commutative operators.

2.1.3 String Theory

In open string theory with a constant background B-field, the endpoints of the strings
are confined to submanifolds (D-branes) and become non-commutative [22]. This is true
even on an operator level,

(X7, X7] =i0", (2.4)
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where 0% = —6’* € R, and X' are the coordinates of the 2-dimensional world sheet
embedded in the target space (e.g., R'Y), i.e., operator valued bosonic fields. Therefore,
we also have for the propagator

([XT, X7]) = 6% (2.5)

2.1.4 Classical Non-Commuting Coordinates

Consider a particle with charge e moving in a homogeneous and constant magnetic field.
The action is given by

1
S = / dt (ima’cudﬁ“ - Zwa%”> , (2.6)

where B, is an antisymmetric tensor defining the vector potential A,, B,, = —B,,
and A, = B,,z". The classical commutation relations are

{7 a¥} = 8, 2.7)
where {, } is the classical Poisson structure. Writing it out explicitly, we get

o eB o 1
{xmx }+ﬁ{x L }: E(Szljv (28>

where 7, = % = ma,+<B,,x". Let us assume strong magnetic field B and small mass

m - i.e., we restrict the particle to the lowest Landau level |23]. In this approximation,
eqn. (12.8) simplifies, and we get [24]

c(B_l)"’/'

{27,2"} = . (2.9)

The coordinates perpendicular to the magnetic field do not commute, on a classical
level.

2.2 Systematic Approach

Let us examine the classical situation depicted in Fig. 2.2l We start with a smooth
and compact manifold M. The topology of M is uniquely determined by the algebra
of continuous complex (real) valued functions on M, C'(M) with the usual involution



compact Urysobn's Gel'fand abelian, semisimple
— M)
manifold M C* algebra
Lemma Naimark

Figure 2.2: Classical algebraic geometry

(Urysohn’s Lemma [25]). The Gel'fand-Naimark theorem [26] relates the function al-
gebra to an abelian C*-algebra. The algebra of continuous functions over a compact
manifold M is isomorphic to an abelian unital C*-algebra. The algebra of continu-
ous functions vanishing at infinity over a locally compact Hausdorff space C°(M) is
isomorphic to an abelian C*-algebra (not necessarily unital).

Coordinates on the manifold are replaced by coordinate functions in C'(M), vector fields
by derivations of the algebra. Points are replaced by maximal ideals, cf. Fig. [2.3

points — maximal ideals

reM — ideal J = {f|f(x) =0} C C(M)

coordinates — coordinate functions
vector field — derivations of the
algebra
geometry  — algebraic geometry

Figure 2.3: Algebraic geometry

The trick in non-commutative geometry is to replace the abelian C* algebra by a non-
abelian one and to reformulate as much of the concepts of algebraic geometry as possible
in terms of non-abelian C* algebras [27}28].

In the following, this non-commutative algebra A will be given by the algebra of formal
power series generated by the non-commutative coordinate functions #°, divided by an
ideal Z of relations generated by the commutator of the coordinate functions,

A= (2.10)

where [2%,27] # 0. Most commonly, the commutation relations are chosen to be either
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constant or linear or quadratic in the generators. In the canonical case the relations are
constant,

[2",27] = i6", (2.11)
where #% € C is an antisymmetric matrix, 0¥ = —#7*. The linear or Lie algebra case
[0, 29) = i\ a", (2.12)

where )\Zj € C are the structure constants, basically has been discussed in two different
approaches, fuzzy spheres [29] and k-deformation |16}/17,/18]. Last but not least, we have
quadratic commutation relations

#,3/] = (_Rij — oja])ie" (2.13)

where }A%}le € C is the so-called R-matrix which will be discussed in some detail in
Subsection , corresponding to quantum groups. For a reference, see e.g., [30,131].

In Chapter [f], we will deal with the Standard Model on canonical space-time, and
Chapter [6] will discuss wave equations and gauge theory in the framework of
r~-deformation. We will consider canonical spaces as an approximation in some sense, to
quantum spaces with a quantum group as its underlying symmetry. The advantage of
quantum spaces is that the concept of symmetry can be generalised to quantum groups.
Whereas canonical space-time does not allow for a generalised Lorentz symmetry. Let
us now discuss one specific approach to non-commutative geometry in some more detail,
namely quantum groups.

2.2.1 g-Deformed Case

Classically, symmetries are described by Lie algebras or Lie groups. Physical spaces are
representation spaces of its symmetry algebra - or respectively co-representations of the
function algebra over its symmetry group. Therefore, we will introduce non-commutative
spaces as representation spaces of some quantum algebra. The interpretation has already
been discussed in Chapter |1} Space-time is a continuum in the low energy domain, at
high energies - Planck energy or below - space-time undergoes a phase transition and
becomes a ”fuzzy” non-commutative space. Therefore the symmetries are not broken,
but deformed to a quantum group.

What is a quantum group? Let us start with the function algebra over a classical
Lie group F(G). F(G) is a Hopf algebra whose structure will be defined later in this
Section. Then there is a well defined transition from the classical function algebra



to the respective quantum group, F(G) — F(G),, introducing the non-commutativity
parameter g € C. In the classical limit, ¢ — 1, we have to regain the classical situation.
This is the basic property of a deformation.

As we mentioned before, the enveloping algebra of a Lie algebra and the function
algebra over a Lie group are in a natural way Hopf algebras. Most importantly, g-
deformation does not lead out of the category of Hopf algebras.

Hopf algebra

A Hopfalgebra A (see e.g., [32]) consists of an algebra and a co-algebra structure which
are compatible with each other. Additionally, there is a map called antipode, which
corresponds to the inverse of a group. A is an algebra, i.e., there is a multiplication m
and a unit element 7,

m:ARA— A,
a® b ab,

n:C— A
cr—cly,

such that the multiplication satisfies the associativity axiom (Fig. [2.4]) and 7 satisfies

m® id
ARA®A A® A
id®m m = (ab)c = a(be)
m
A®A A

Figure 2.4: Associativity

the axiom depicted in Fig. [2.5

Reversing all the arrows in Figs. and and replacing m by the co-product A
and 71 by the co-unit € gives us the axioms for the structure maps of a co-algebra. The
co-product and the co-unit,

A:A— AR A,
e:A—C

10



CxA

1%
3
\
I
[y
S
S
I
IS
—
b
I
S

Figure 2.5: Unity axiom

are the dual to m and 7, respectively. Compatibility between algebra and co-algebra
structure means that the co-product A and the co-unit € are algebra homomorphisms,

A(ab) = A(a)A(b), (2.14)
€(ab) = €(a)e(b), (2.15)

where a,b € A. The antipode S : A — A satisfies the axiom shown in Fig. below.
It is an anti-algebra homomorphism.

ARA A = A®A
mo (S ®id)oA
id® S noe ideoS = =noe
=mo (id® S)o A
m m
AR A A A® A

Figure 2.6: Antipode axiom
If A is the algebra of functions over some matrix group, the antipode S is the inverse,
S(ty) = ()5, (2.16)

where té- are the coordinate functions and generate the algebra of functions.

Let me quote the structure maps for the function algebra and its dual. Let G be an
arbitrary, (for simplicity) finite group and F(G) the Hopf algebra of all complex-valued
functions on G. Then the algebra structure of F(G) is given by

m: F(G) ® F(G) — F(G), (2.17)
m(f1 ® fa)(g) = f1(g)f2(9),

11



n:C— F(G), (2.18)

n(k) =k 1lrg).
And we have the following co-algebra structure
A:F(G)— F(G) @ F(G), (2.19)
A(f)(91 ® g2) = f(g192),
e: F(G) — C, (2.20)
e(f) = f(e),
where e is the unit element of G. Eventually, the antipode is given by
(S(H)g) = flg™). (2.21)

F(G) is a commutative Hopf algebra.

Let us consider its dual. Let g be a Lie algebra. The universal enveloping algebra is

defined as
T(g)

Z/{ - )
€) Ty —y®z— [z,
where T'(g) is the universal tensor algebra. Its algebra structure is given by the commu-

tator and its unit element by the unit in 7'(g). The other structure maps are consistently
defined as

(2.22)

Alz) =2®1+1®ux, (2.23)
e(z) =0, (2.24)
S(z) = —=x. (2.25)

U(g) is a co-commutative Hopf algebra, i.e., the co-product is symmetric.

Quantum group

A quantum group is a Hopf algebra with one additional structure. Let us concentrate on
the function algebra F(G) over some Lie group G rather than on its dual, the universal
enveloping algebra of the Lie algebra. The additional structure is the R-form,

R:A® A—C.

F(G) is a commutative algebra, the R-form describes the almost commutativity of the
product in the deformed algebra. Let us denote this quantum group by F(G),, since

12



R depends on the non-commutativity parameter q. Let té- be the coordinate functions
generating F(G),. The generators satisfy the so-called RTT-relations expressing the
almost commutativity

R th 4l =]t RM (2.26)
where R(t, ® t}) = R}}. In the commutative limit, R — 1, we have commutative

generators,

thtl =tk (2.27)
R is a solution of the Quantum-Yang-Baxter-Equation (QYBE)
RisR13Ra3 = RasRi3Rao, (2.28)
where (R;3) szn = 6) Rk Ryy and Ry are defined accordingly.

Quantum Spaces, M,

A quantum space for a quantum group F(G), has two basic properties. M, is a
F(G)s—co-module algebra and in the commutative limit, ¢ — 1, M is the proper
F(G)—co-module space.

M, =C{z", ..., a")/T, (2.29)
where 7 is the ideal generated by the commutation relations of the generators #¢. But
how can the commutation relations be chosen consistently? The product in M, has to
be compatible with the co-action of F(G),.

First let us introduce R = Ror. In the classical limit, R is just the permutation T,
T(a®b) =b® a. R can be decomposed into projectors,

R =M\ Ps+ APy, (2.30)

where ]3,4 is the g-deformed generalisation of the antisymmetriser, 165 of the symmetriser,
respectively. The relations R

PA i "2i37 =0 (2.31)
on M, satisfy both of the above requirements. In the commutative limit, means
that the commutator of two coordinates vanishes. It is also covariant under the co-action
p of the quantum group

p: Mg — F(G)g @ Mg, (2.32)
p(2") = t; ® 1, (2.33)

since o , ;
P (t ® %) (] @ 2') —tmtn®PAkl it =0. (2.34)

P,is a polynomial in ]fZ, and the RTT relations can be applied (R?l = ﬁ?fz)
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Differentials, da
94 satisfy the same commutation relations as the coordinates [33],
Py ézéj = 0. (2.35)

This follows from the assumptions on the exterior derivative d. The exterior derivative
d = €40, shall have the same properties as in the classical case,

d* =0, (2.36)
dit = ¢ + 2, (2.37)

where the coordinate differentials €4 are supposed to anticommute, i.e.,
Ps oy, €960 = 0. (2.38)
Consequently, the differentials satisfy a modified Leibniz rule
04(£9) = (0af)g + O4"(f) Or4, (2:39)
where the operator 047 is a homomorphism O4%(f§) = O (f) O (9).

We finish this Section on quantum groups and quantum spaces with a popular two
dimensional example, the Manin plane.

Example: Manin Plane

See e.g., [34]. The Manin plane is generated by the two coordinates &, 7. The underlying
symmetry is given by the quantum algebra U, (sls).

e The coordinates satisfy
Ty = qyz. (2.40)
e The differentials fulfill the same relation, except for some scaling factor,
a1
0.0y = —0,0,. (2.41)
q

14



e The crossrelations compatible with the above structures are given by

e = 1+ ¢*20, + qAjo,, (2.42)
Dol] = qi0s, (2.43)
éyj: = qi‘é?ﬁ ( )
Ay = 1+ ¢*40,, 2.45

where A = ¢ — %.

e The symmetry algebra U, (sls) is generated by T+, T, T?, which satisfy the fol-
lowing defining relations

1
—TTT~ —qT™ T = T3,
q
1 1
¢T°TY — STHT° = (¢ + )T, (2.46)
q q
YRS S [ Lo
T T° = 5T°T" = (q+-)T".
q q
e The action of the generators on coordinates is given by

T°% = ¢*2T° — qi,

1
T = T+ 3.
q
+ 5 L
Tz = qiTT + -7, (2.47)
q
N v
Ty = —yT™,
q
T & = qxT",
1
T_y = 5@T_+QZE

In the classical limit, the symmetry algebra fulfills the usual sly relations

[T+, 7] = T?,
(T3, T*] =2T, (2.48)
[T, 7% =2T".
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Eqns. (2.47)) reduce to the usual action of the generators of angular momentum on a
spin-1/2 state.

2.2.2 Lie Algebra Case

A special example of Lie algebra valued coordinates,
(2", 2] = iad", (2.49)

where @ € R, i = 1,...,n — 1, will be discussed in detail in Chapter [ This structure
also allows for a quantum group as symmetry group. This case is called k-deformation
in the literature, cf. [16}[17][18] and references given in Chapter [6]

2.2.3 Canonical Case

As discussed before, Minkowski space with canonical commutation relations does not
allow for a Lorentz symmetry. Only a translational symmetry is present. Compared
to the quantum group case or other more sophisticated examples, calculations can be
done more easily and more interesting models can be studied. The commutator of two
coordinates is a constant

[z, 7] = 0", (2.50)
where 0* = —0"* € C. The derivatives act on coordinates as in the classical case,
(8, 3] = " (2.51)

However, there are two consistent ways to define commutation relations of derivatives.
By observing that A
H —16"0, (2.52)

commutes with all coordinates # and all derivatives d, one may assume that this
expression equals some constant, 0 say. Thus, we can define a derivative in terms of the
coordinates (for invertible ),

~

Oy = —if,, 1" (2.53)
The commutator of derivatives is given by
(O D) = 107" ) - (2.54)

The other possibility compatible with the coordinate algebra relations and with ([2.51])
is

0,,0,] = 0. (2.55)
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The integral is given by the usual four dimensional integral over commutative functions
[ o= [atoreg@ = [t s gla) (2.56)

In the next Chapter, we will discuss what we mean by the map f — f, mapping
functions f depending on commutative coordinates x* onto non-commutative functions
f , and by the product x.

All the necessary prerequisites for field theory with action integral are met. But
before we are going to turn to physics, to gauge theory, we will talk about the *-product
approach. In this approach the commutative limit is very transparent.
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Chapter 3

Star Products

Let us consider the non-commutative algebra of functions A on a non-commutative
space
C{(zt, ..., 2™))
- 7
where Z is the ideal generated by the commutation relations of the coordinate functions,
and the commutative algebra of functions
1 n
A= S ) o), (3.2)

[, 2]

A= (3.1)

i.e., [#%,27] = 0. Our aim in this Section is to relate these algebras by an isomorphism.

Let us first consider the vector space structure of the algebras, only. In order to construct

a vector space isomorphism, we have to choose a basis (ordering) in A - satisfying the

Poincaré-Birkhoff-Witt property - e.g., the basis of symmetrically ordered polynomials,
. 1 . . o

1, ', §(£’i3+i3£’), (3.3)

Now we map the basis monomials in 4 onto the according symmetrically ordered basis
elements of A

W:A— A,
a3 (3.4)
z'r) v (273 + 377 = 23
The ordering is indicated by ::. W is an isomorphism of vector spaces. In order to

extend W to an algebra isomorphism, we have to introduce a new non-commutative
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multiplication * in A. This *-product is defined by

W(fx*g):=W(f)-W(g)=f-g, (3.5)

where f,g € A, f,§ € A. X

(A, %) = (A,-), (3.6)
i.e., W is an algebra isomorphism. The information on the non-commutativity of A is
encoded in the *-product.

3.1 Construction of a *-Product of Functions

Let us choose symmetrically ordered monomials as basis in A. The commutation rela-
tions of the coordinates are

&, = i09(3), (3.7)
where 0(Z) is an arbitrary expression in the coordinates #, for now. In just a moment

we will discuss the special cases (2.11]-[2.13). The Weyl quantisation procedure [35}36]
is given by the Fourier transformation,

F=WU) = s [ e b (358)
(k) = @W—lw / e f(z), (3.9)

where we have replaced the commutative coordinates by non-commutative ones (%) in
the inverse Fourier transformation (3.8). The exponential takes care of the symmetrical
ordering. Using eqn. ((3.5)), we get

W(fxg) =

<z7lr>n / Al d'p ™ e [ (k)G (p). (3.10)

Because of the non-commutativity of the coordinates #?, we need the Campbell-Baker-
Hausdorff (CBH) formula

eAeB — €A+B+%[A,B]+% [4,B],B]—{5[[4,B], Al +-... (3.11)

Clearly, we need to specify 6% (%) in order to evaluate the CBH formula.
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Canonical Case

Due to the constant commutation relations, the CBH formula will terminate, terms with
more than one commutator will vanish,

exp(ik;2") exp(ip;3’) = exp (z(kl + p;)2" — %kﬁ”pj) : (3.12)
Eqn. (3.10) now reads

frg(x)=

1 (ki) — i @0 Ty ~
o [ e )0 (313

and we get for the x-product the Moyal-Weyl product [37]

v 0 .. 0
_ ° ij 2
fxg(x)=exp(y 5 0 8yj) f(x)g(y) . (3.14)
Lie Algebra Case
The coordinates build a Lie algebra
[, 29) = i\ a", (3.15)

with structure constants /\2,] In this case the CBH sum will not terminate and we get
exp(ik;z") exp(ip;#’) = exp <z(/’<:z +pi)E’ + §gi(l€,p)iz> : (3.16)

where all the terms containing more than one commutator are collected in g;(k, p). (3.10)

becomes .

f*g(x) = @)

The symmetrically ordered x-product takes the form

/ dkd’p ¢ KT R0 0 £ (1) g (p). (3.17)

y—x
z—x

[rg (@) = ed 0 CETE fy)g(z)] (3.18)

In general, it will not be possible to write down a closed expression for the x-product,
since the CBH formula can be summed up only for very few examples.
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g-Deformed Case

The CBH formula cannot be used explicitly, we have to use eqns. (3.4, instead. Let us
first write functions as a power series in 2,

fle)=> ey (@) (2", (3.19)

where J = (ji,...,Jn) is a multi-index. In the same way, non-commutative functions
are given by power series in ordered monomials

F@) => ey (@) - (@) (3.20)

In a next step, we have to express the product of two ordered monomials in the non-
commutative coordinates again in terms of ordered monomials, i.e., we have to find
coefficients ax such that

@@ @@ =Y ager ()R (@) (3.21)

K

Knowing the ay, we know the x-product for monimials. It is simply given by

(@)@ @)@ =) a (@R (@) (3.22)

K

using the same coefficients ax as in (3.21). The whole procedure makes use of the
isomorphism W defined in eqns. and . In a last step we have to generalise the
above expression to functions f and g, and express the s-product in terms of ordinary
derivatives on the functions f and g, respectively. This merely amounts to replacing
q" - where i, refers to the power ot the kB coordinate in - by the differential
operator quak, where no summation over k is implied. We will work out in detail the
x-product for physically relevant quantum spaces in the next Sections. But for a better
illustration, let us consider some examples first.

Examples

e In Quantum mechanics, cf. [38], we have Heisenberg commutation relations be-
tween momenta and position operators,

@', P}] = ih}, (3.23)

21



7,7 = 1,...,n. In normal ordering, where all the momenta are on the right and
all coordinates on the left, Q'P*, we get for the *-product

fx g(Q, P) = moexp(—ihdp, @ 0g:) f(Q, P) © g(Q, P), (3.24)

where m is the multiplication map, m(a ® b) = ab. For symmetrical ordering the
x-product reads

f*sg(P,Q)=moexp (%_L (8@- ® Op, — Op, ® 0@)) f(Q,P)®g(Q,P). (3.25)

The Manin plane is always an eligible candidate,

=

79 =qj

LS

First, we consider normal ordering, i.e., a normal ordered monomial has the form
CA3 A2 2 54
Yty =27y

Following the above prescription, we end up with the following *-product [13]

Fan g (a,y) =moq V™% f(a,y) ® g(x, y). (3.26)

Let us now consider a symmetric ordering, where the factor k! in the denominator
is replaced by [k],1/2!, e.g.,

Wlzy] = M’ (3.27)
2] /2!
where [a]p = :Z:g::b. The only difference to symmetrically ordered polynomials

is the normalisation.

fxs g (e,y) =moq 2V EmE) (1 y) @ g(z,y). (3.28)

The GL(n), quantum plane is a generalisation of the Manin plane. We have n
generators, 21, ..., 2" satisfying the relations

'@ = qil 3, i< j. (3.29)

In the same symmetric ordering as above, the x-product is given by [34]

f*sg(x) =moexp (%h Z (270; ® 2'0; — 2'0; @ xj(?j)> f(x)®g(x). (3.30)

1<j
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e In the case of the g-deformed 3 dimensional Euclidean space, the algebra of func-
tions is generated by the coordinates 27, 23, 2~. Again, we consider normal order-
ing,

(@) (@) (27)" o= (@) (@) (@)

For the #-product we obtain [12]

< i 3 636" +6_6! -\ g
Frg=>_A —[[z']i4! 2030 +0-50) (Dq4> f(z) - (D;;) o (3.31)
=0
where Df (x) = % is the discrete Jackson derivative, [[i]],; = 11__‘1;? and

9
o) TAA/— . . . .
q°4 = ¢ *9a  where no summation is implied.

In Section [3.5] we will examine the connection between *-products corresponding to
different oderings in more detail. Deformations using the CBH formula, such as (3.14])
or (3.18), are sometimes called CBH-quantisations.

3.2 q-Deformed 4-Dimensional Euclidean Space

The procedure to get the x-product for the 4-dimensional Euclidean space is very much
the same as described in the previous Section. The quantum space algebra is freely
generated by the coordinates X;, Xo, X3 and X4, divided by the ideal generated by the
following relations 30439

X1X2 = QXQXla X1X3 = qX:aXb

X3 Xy = qXu X3, XoXy = qXy4Xo, (3.32)

XQXg == X3X2, X4X1 - X1X4 - )\X2X3.

As a basis we use the ordered monomials X il)A(;QXé?’Xi“, and

W (e aizaliait) = X X2 XX, (3.33)

The *-product on monomials is then defined by the condition

W agayalt) « (o ag ey al))

= W e W (e g ).

(3.34)

The right hand side of (3.34) has to be rewritten in normal ordering, using the relations
|D For this aim, we need to calculate the commutation relations for XJ2X{",
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N1 VM3 VN4 VM3 V4 vime  Wn3 vms 14 YL
X7PXGW X XEW X XS XGR XS and X X"
These commutation relations read
X;QX{M — q—n2m1X’1’n1X;2 Xg3X{n1 — q—ngle?’legm
) )
N4 YWM3 __ —nam3 YM3 Y4 Y4 YMm2 . —ngme Y M2 VN4
X' X370 =q X3 Xyt X1 Xy? =q¢q X9 Xyt
X3P Xy? = X2 X5, (3.35)
N4 VMl _ min{n4,ml} i PN4,M1 VM1 —1% Vi Vi vna—i
XX = Zz’:(} A'B; XX X Xyt

where
o _ L [nallg! ]l .
' [[]]g=2! [[na — 2l]g-2! [[ma — i]] !
Therefore the x-product of two monomials has the form
(]t xp?xyiay?) * (2" wy 2 xy P ay') =
min{'fl4,m1}
— Z )\iq—(nz-i-ng)(ml —i)—(ma+m3)(na—1) BZM,ml % (337)
=0
% x;t1+m1*ix32+m2+ix§3+m3+ixz4+m4*i‘
Using the substitution
. o
¢"* — ¢ =g (3.38)
we obtain for f,g € A
_ - A\ (5U2$3)i —(62+63)61—(65+6%)65 (D4 Y DY Nl 3.39
f*g—z WG ( q—2)f($)'( q—Z)Q(x)x,_):C» (3.39)
i=0 "
where D f(z) = are Jackson derivatives, and [[n]], = 11__‘1;:. Let us expand
expressions (3.37) and (3.39)) in terms of h = Ing. We find
('T?IISQ'T;)LSIZM) % ($T1$?2$?3$T4) — $?1+m1x;2+m2x7§3+m3x24+m4 +
+ h(a(()l) m?1+m1x§2+m2x§3+m3xff4+m4 +
0 0 (1) _ni+mi—1_no+ma+l,_ns+ms+1_natma—1 3.40
+0(na)0(m1) a;” zy ) T3 Ty (3.40)

2
+ B2 (aé ) x?f1+m1 x32+m2$g3+m3 xz4+m4

2 _— m _
+0(n4)0(my) ag) gt lghatmatl s tms g natma =l
2 —2 2 2 -2
+0(ny — 1)0(my — 1) al?) gitmi-2gnetmat2 natmat2 ngtma )

+ O(h?),
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()

where a;” = agj) (n,m),
ag? (n,m) = —(na + ng)my — (my + ma)na,
agl) (B? M) = 277’4:7%17
1
af (n,m) = 5 ((n2 4 ng)ma + (ms + mg)na)®, (3.41)
o (n,m) = —2nsma(((na +ns) + 1) (ma — 1) + ((mg + ms) + 1)(ng — 1)),
a§2) (n,m) = 2n4(ng — 1)my(my — 1).

And in terms of derivatives we find

frg=fx)g(z)

o AN A A Al A €ToT3 . .
4 (= (Gt 53)64 — (64 + 63)+ 225,51

6461 ) f(x)g(x’)

(3.42)

' —x

T1T4
XTol3

1, .. . ) i
+ h2<—((02 + 63)6 + (645 + 65)64)% + 2 (
2 1Ty

) 64(64 — 1) (61 — 1)
iiii&mi (3> + 83) + 1)(6] = 1) + (85 + 85) + 1)1 — 1)) ) F(2)g ()

+ O(h%).

-2

' —x

The symmetry in all these expressions between x; and x4, respectively ny and m; is
remarkable. In eqn. the exponents of the variables x; and z, are always di-
minished by the same number. These powers are distributed symmetrically among the
coordinates zo and 3. This stems from the fact that U, (so(4)) can be decomposed into
2 independent copies of U, (su(2)), as in the classical case. In case of the Lorentz group
its decomposition also leads to the tensor product of 2 copies of U, (sl2(C)), which are
related to each other via complex conjugation. Thus we will not be able to observe this
symmetry between the corresponding Minkowski coordinates, xo and 3. Additional
terms in will occur where the powers taken away from x_ and z, are not sym-
metrically distributed among xy and z3. But still some remnants of the symmetry are

present, cf. (3.51)).

3.3 qg-Deformed Minkowski Space

The maybe most important case we want to discuss here is a ¢-deformed version of the
Minkowski space, the co-module algebra of the g-deformed Lorentz group [31},33,40,41,
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42]. g-Minkowski space is generated by the four coordinates Xo, X+, X; and X_, they
satisfy the following relations

X_Xo=XoX_, X,Xo=2XX,, X3X,=X,Xs,
XKy XX = (1= @)%k, XX, — X, Ky = (1— ) XoX,, (343)
X X, — X, X_=)\ (ng(g - X0X3> :
In order to make the calculations easier, we introduce a new set of coordinates Xo, X+,
)%3, X_, where
Xy =Xy — X, (3.44)
Thus, the relevant relations of become

X,j?g = q2)?3)/(\r,, )’E;:J’XJ’, = q2X+jZ3, (345)
X,)Eii, — X+X7 — )\ <)?3§53 + XO}E?,) .

We again introduce the isomorphism W from the commutative coordinate algebra into
the g-deformed Minkowski space algebra

W(amoa™ #5™) = X1oX™ X, X"~ (3.46)

the right hand side is defined as our normal ordering. Using relations (3.45)), we get

An3 Ansg
X, XT 2"3””)("“)(?) , (3.47)
N Ams3
X" X, qQ”*mSX:,) Xﬁ—,
R R min{n_,m+}
XX =S NXTE (K, Xg) X
=0

where the coefficients Fl-”’m(f(o, )A~( 3) satisfy the recursion relation
PP (S0, X) = B (o, X) + P (0, X)
" (q“’””un — (= Dl Xy + 2l = 6= e %o X ) |
Fr™ (Ko, Xy) = 1. (3.48)
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We could not deduce a closed expression for Fi”’m()z'o, X 3) solving the recursion relations
(13.48)). However, we can write down what we have so far for the x-product of ordered
monomials,

(gl T 253a” ) x (xgalytayta) =
mm{n_,m+}
_ Z )\ti(ng(m+—i)+m3(n7_i)) X (349)
=0

N4 +M4y—1 ~ne n_+m_—i
no+mo M+ M4 xgs+m3x_ + ]

X FU "2, &3) 2p0 02

We can rewrite the recursion formula for F,'~"™* (xq, Z3)

m—j

U g 1 7 i . n,i 1
FPm =" (" — (j — D]lp@3 + ¢%[ln — ( — 1)]]gewods) 2507
=0
m—j g ij—2 j—1mn—

— Z Z Z H Z 4(l+zk x +q 2(I+ir) 5. x3) (3.50)

10=0141=0 i;-1=0 k=0 =

and expand this expression in powers of i = In g. The expansion of F;'~""" enables us to
write down the x-product up to order h%. In order to deduce a closed expression we will
use the identification of the generators of g-deformed Minkowski space with combinations
of the generators of the Drinfeld-Jimbo algebra U, (sls) [4344))32]. Expanding expression

(3.49) in powers of h reads

(aiPa Bt ) (o B ) = afo et g -
+ h(ao o, m) ot s tm - (3.51)
+0(n-)0(m.) Z akz‘,lﬂ‘(& m) x

i=0,1

+mo+(1—i +my—1 ~ngtmg+(14i) n_+m_—1
% xgo mo—+( 7,):L‘i+ m4 :Egg ma—+( z)xn m >

+0(n_)0(my) Y i) (n.m) x
i=0,1

% xgo+mo+(1—i)xi++m+flj;3+m3+(1+i)xﬁ_+m_fl

2 (2) no+mg .N++mM4 ~nz+ms _n—+m—
+ h (a070<ﬂ, m) x T Ty x

2
+9(n, — 1)9(m+ — 1) Z agz_)i,g_;,_i(ﬂa m) X
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% xgo+mo+(2—i)xi++m+—2‘%g3+m3+(2+i)xﬁf+m7—2>
+ O(r°),
where
a&é(@, m) = 2(nzmy +mzn_),
at)(n,m) = af)(n,m) = 2n_m.,
@%(ﬂ, m) = 2(ngmy + mgn,)2,
aﬁ(@, m) =2n_my((2ng + 1)(my — 1)+ (2mz + 1)(n_ — 1)), (3.52)
o) (n,m) = 4n_m ((ns + 1) (my — 1) + (ms+ D(n_ — 1)),
o (n,m) = 2a(n,m) = o (n,m) = 2n_(n_ — Lm.(m., — 1).

And in terms of derivatives we find

frg= [lz)g(z)

~2 ~
+ h(2(656%, +635) + zw&jg) F(x)g(z)
A o' —x
~2
+ R (2(5—3&; Lol + 4;; 56 (65 +1)(6, — 1)+ (6, + 1) (6 — 1)
Jr —
x0j3 NN ~ Al At ~
+ 2x - 66" (205 +1)(6, — 1)+ (265 +1)(6- — 1)) (3.53)
+ —
-9 N
r2(BEDRDY) 5 (6 - 16(0) - 1) fe)g(e)
M ' —x
+ O(h%).

Finally, we want to deduce a closed expression for the x-product (3.49). To this aim we
have a look at the algebra U, (sls) [32]. The algebra is generated by the four generators
E, F, K, K~!, satisfying the relations

KE = @EK, KF=¢?FK, KK'=K'K=1,

EF — FE = K=K (3.54)
q9—q
Further we have [32]

F"E™ = E™F" (3.55)

min{’n,m} [n] | m] | 1—1
)\ ¢ : : n—m+j -1 _—n+m—j m—i n—i
Y N R (HOKq - ]>E il

= j=
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where [a] = q;_qq:la. The operators L4, W defined in eqn. (3.56|)) can be interpreted as

g—angular momentum operators [31]. They span a proper subalgebra of U, (suz)

Ly =q°2]"'°E,
= —q °[2] '*KF,

L_
Ly = ¢ %2 Y(qFE — ¢ 'EF), (3.56)
W =K+ ¢ \Ls.

Because of (3.54)), these generators satisfy the following relations
w

LiLy — q2L+L3 = —?LJM
w
L_Ls—q¢*Lsl_ = ——L_,
q
W
L.Ly—LyL_=——Ls+ AL3Ls, (3.57)
q

1=W?—¢"\2(LsLs — gLy L_ —q 'L_L,).

With the substitution W — ¢3IAXy, Ly — X4, A € {+,3,—}, 1 — ¢*12\%/? we regain
the relations of ¢g-Minkowski coordinates (3.43) [45]. [ has the dimension of an inverse
length and is introduced only for dimensional reasons. Now we return to the third

equation of (3.47)). Using eqn. (3.55)), one gets

min{n,m} | ] A 7
XnX*m _ 2nmeXn [n] : [m] : A= 2nm-+i2—2im 3.58
X =gXEX D s g ) (3.58)

i=1

i—1

22 NI

% <| | qn—m+kX3 o q—n+m—k7q2> XT_IXZ_Z,
k=0

a2 N PN
where 72 = —¢ 72X, — (1 + ¢ ?)XoX3+ (¢+ ¢ )X, X _, and Ay = g+ ¢ '. The right
hand side of eqn. (3.58) still has to be ordered according to the normal ordering. Note
~2

that X, and 7? commute, therefore we find

A2

g 2im Hz;lo (qn—mﬂe)}g _ gnmek 7x2> f(j’r?—if(f—i = (3.59)
_i2 i k (1/2i—k)(i-1) | ik Y\ E ok (ke \
=q " > h=o(—1)"q k (q X+> X3 r (Q X—> )
q
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; ) 2 2(i—k)
where {H = % One can also calculate WX,  72¥) the last missing link to
write down the *-product for g-deformed Minkowski space, and after a lengthy calcula-
tion one gets

~2(i— k) k
WX, ) =23 (@Y N x e )P Sy (w0, T5), (3.60)

p=0
where

1, ifp==k
]kpl

~0\ — P J1
Shalto.T9) = 55 S S T el g d), O < p <k

J1=0 j2=0 Jk—p=0

a(wg, ¥3) = —q 275 — (1 + ¢ ) wois. (3.61)

Eqns. (3.58)), (3.60) and (3.61)) enable us to order any two monomials in the ¢g-Minkowski
generators and to write down the x-product for g-deformed Minkowski space in a closed
expression,

5 )

i=0 +

Rij () (oavo_tie!,+@o4+6, +i)o
T T At P (3.62)
2 [[K]lg2! [l5]]g!

kt+j=i

< (D) |(wo, w4 s, ) - (D), a0l

' —x

where x = (zg, 74, x3,2_) and with the polynomials

k
Ry j(wo, 24, 85,2 ) = (—q)"(¢'T5) Z Skp(0, T3) N (¢Vax )P =

— W ((qj)é;;(oq fz)’“) : (3.63)

So finally, we have found both, the expansion of the x-product in powers of A (3.53)) and
a closed expression (3.62]).

3.4 Remarks

Let us end these Sections with a few comments on equs. (3.31)), (3.39) and (3.62)). First
of all, we can see that the formulas for the sx-product have a similiar structure in all
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three cases. The commutative product is modified by an infinite sum of corrections,
frg="rg+ ) ICi(f,q),
i=1

where C; are local differential operators, see Section . The i term is of order O(\') =
O(ht).

Additionally, there are some kind of mixed scaling operators of the form ¢%*'?, which
lead to a displacement effect. The derivatives in the exponent will shift the argument of
the function, such that the value of the *-product at a given point will also depend on
the values of the functions at neighbouring points. The displacement effect is present
in all dimensions and shows that non-commutativity induced by g—deformation implies
some kind of non-locality. Especially in Minkowski space, one is forced to reinterpret
the concept of causality, as the x—product, which can be considered as some kind of
interaction (cf. Chapter , does not only depend on the nearby past but also on the
nearby future.

The remaining operators and factors are responsible for an effect we have already
mentioned at the end of Section [3.2l This substitution effect is absent in less than 3
dimensions. It transforms the (plane) coordinates X, and X_ (X; and Xy, respectively)
into the transverse coordinate X3 and the time coordinate X, (Xs and X3, respectively).
It also shows that physical quantities like charge densities initially restricted to a plane
may disperse in transverse directions or undergo an evolution in time.

3.5 Mathematical Approach to x-Products

Definition 1 (Poisson Bracket)
Let M be a smooth manifold, a Poisson bracket is a bi-linear map {,} : C®°(M) X
C>®(M) — C>®(M) satisfying

f,9,h € C®(M)
(1) {f,9y = —{g. [}, antisymmetry
(i) {{f, g}, 1}y +{{g,h}, f} + {{h, [}, 9} = O, Jacobi identity
(iii) {f,gh} = {f, g h + g{f,h}, Leibniz rule

Locally, we can always write the Poisson bracket with the help of an antisymmetric
tensor

{f.q} =07 0: 059, (3.64)
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where 0% = —07%. Because of the Jacobi identity 6% has to satisfy
00,0 + 6%10,0" + 00,6 = 0. (3.65)

Definition 2 (*-Product)
Let f,g € C*(M) and C; : C®°(M) x C®(M) — C®(M) be local bi-differential opera-
tors. Then we define the x-product x : C*°(M) x C*®°(M) — C>*(M)[[h]], by

[e.e]

frg=>> h"Cu(f9), (3.66)

n=0
such that the following axioms are satisfied:
(i) * is an associative product.
(11) Co(f,q) = fg, classical limit.

(111) %[f*g] = —i{f, g}, in the limit h — 0, semiclassical limit.

The rhs. of definition (3.66)) is an element of C*°(M)[[h]], the algebra of formal power
series in the formal parameter h with coefficients in C>°(M). Therefore we can generalise
the given definition of the s«-product to a C[[h]]-linear product in B = C*>°(M)[[h]] by

O b 5 (O gmh™) =Y frgh™
n m k,l

+ D Culfr g, (3.67)

k,I>0,m>1

Theorem 3 (Theorem by M. Kontsevich [46])
x-products exist for any given Poisson bi-vector field o in a domain of R™. It is given
by the formula

frrg=>_h"Y wrBra(f.9). (3.68)
n=0

= reGn,

Let us explain the symbols occuring in only very briefly. In order to compute the
Kontsevich x-product, one has to consider the upper half complex plain and to draw n
points in that plane, corresponding to the A™ term. Every point is the starting point of
two arrows pointing to another point or to points 0 and 1. Every such graph is associated
a multi-vectorfield, B in assigns a differential operator to these multi-vectorfields.
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The arrows correspond to the derivatives, the points to the Poisson structure. If an
arrow ends on another point in the plane, the derivative acts on the Poisson structure of
that point. If it ends on 0 or 1, respectively the derivative acts on the function f or g,
respectively. I',, denotes the set of admissable graphs, which is a proper subset of the set
of all graphs. The weight wr of a graph I is given by a complicated complex integration.
For details see [46], for the explicit calculations of some weights, see e.g., [47,/4§].
Changing the ordering in the non-commutative algebra leads to gauge equivalent *-
products. The x-products are related by a transformation D,

Df*Dg=D(f ¥ g), (3.69)

where

Df=f+Y (ih)" Du(f). (3.70)

n>1

D,, is a differential operator of order n.

Let us reconsider the examples at the end of Section (3.1, There *y and *g are
gauge equivalent x-products. For simplicity, let us consider 1-dimensional Quantum
Mechanics. The generalisation to n dimensions is straight forward. In this case, the

s-products (3.24) and (3.25] read
fxn g(a,p) = moexp(—=ihd, ® ;) f(g:p) @ 9(q,p), (3.71)
ih
fxsg(a.p) =moexp (5(% R0 =0 ® 0q)) flap)®glep).  (3.72)

Using matrices in the exponent, these formulae can be written very succinctly as
fngla,p)=moerp|5aY0;®0;) fla.p) ®9(q,p).

[*sg(q,p) =moexp (504”&- ® Gj) f(a,p) ®g(q,p),

00 01
(87), g = (—2 o) T O (—1 0> : (3.73)

(a) is the antisymmetric part of (&). These x-products are connected by the transfor-
mation D,

where

D = exp <%egjaiaj) = exp (—gaqa,,) : (3.74)
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where (65) is the symmetric part of (@), i.c., @7 = a¥ + 6. We have
f*sg=D"(Df xy Dg). (3.75)
The same is true in case of the Manin plane. There we have

iy B 0 0 y B 0 z®y
(Oé])id:q’p - (_2y ® T 0) ? (Ck])i,j:qvp - (—y ® xXr 0 ) ’

ij 0 —I®y
J
(es )i,j:q,p ( _y ® T 0 > . (376)

The transformation D = exp (%9?&@) connects the normal ordered *-product
and the symmetrical ordered *-product (with g-numbers as normalisation factors).
Again, we have f x5 g =D ' (Df *yx Dg).

In Chapter [0 we will consider a quantum space covariant under x-deformed Poincaré
symmetry. Therefore, it is very important to briefly consider the covariance properties
of x-products, see [49] and references therein. Covariance of a space M under the
symmetry algebra Ux(g) means that M is a Ux(g)—module,

gem(z ®@y) =m(Ax(g) > [z @ y]) = m(g9a) > 7 @ g >Yy), (3.77)

where g € Up(g), ,y € M. Drinfel’d’s theorem [50] establishes an isomorphism Up(g) =
(u(g)[[h”a Aha €hy Sﬁ); where
An(g) = FA(g)F 1.

A is the classical co-product of U(g). F is the socalled Drinfel’d twist. Covariant
«-products are defined in [49] using some appropriate Drinfel’d twist by

rxy=m(F 'vrey]). (3.78)

The twist is defined uniquely by the requirement of covariance up to a central 2-
coboundary. The covariance ot the s-product (6.110) in Section has been checked
explicitly.
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Chapter 4

Gauge Theory on
Non-Commutative Space-Time

We will now concentrate on physics. We will discuss the Standard Model on a canonically
deformed space-time in Chapter [5] Before we can do so, we have to think about gauge
theory on canonically deformed spaces, in general. Let us first briefly recall classical
gauge theory. We will discuss in some detail the features that are essential for the
non-commutative generalisation.

4.1 Gauge Theory on Classical Space-Time

Internal symmetries are described by Lie groups or Lie algebras, respectively. The
elements 7

T, 1) = feb7e (4.1
are generators of the Lie algebra, where fo are its structure constants. Fields are given
by n-dimensional vectors carrying an irreducible representation of the gauge group.
Elements of the symmetry algebra are represented by n x n matrices. The free action
of the field v is given by

S = / dL = / d'z 0,1 OM1). (4.2)

Requiring the gauge invariance of the action S, one has to introduce additional fields,
gauge fields and to replace the usual derivatives by covariant derivatives D,,.

Let us start with the field ¢ building an irreducible representation of the gauge group,
i.e.,

0p(x) = i)y (x), (4.3)
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where « is Lie algebra valued,
a(x) = aq(x)T°.

Observe that the derivative of a field 1) does not transform covariantly,
00, # io(w) 0,1 (). (4.4)

Replacing the usual derivatives d,, by covariant derivatives D, and demanding that D,
transforms covariantly, one has to introduce a gauge potential A,,(z),

D, = 0, —igAu(z),
Ay(2) = AT,
Au(x) = <Byla) + [ao). A

As it is well known, the interaction fields are a consequence of the gauge invariance of
the action. Interactions are gauge interactions. The modified action reads

S = / d*c D,y D", (4.5)

including gauge Fields A,. Forgetting about mass terms, we still need a kinetic term
for the gauge fields in our action. The only requirement is the gauge invariance of the
kinetic term, and the theory must be renormalisable at the end. That fixes the kinetic
term uniquely. This is a crucial point, and the situation will be different in the case of
the Non-Commutative Standard Model. The action reads

S = / d*t (D, D"y + Tr F,, F*™), (4.6)

where F),, = 0,A, — 0,A,, —ig[A,, A,] is the field strength. Considering abelian gauge
symmetry, commutators in £, and in 04, will vanish. Let us make one more im-
portant remark: there is a sharp distinction between internal and external symmetry
transformations. As we will see, that is not true in the case of non-commutative gauge
theory.

4.2 Non-Commutative Gauge Theory

Non-commutative gauge theory, as presented in [13,/14], is based on essentially three
principles,
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e Covariant coordinates,
e Locality and classical limit,

e Gauge equivalence conditions.

Let us first briefly recall our starting point. We have non-commutative coordinates

@+, 2] = i6",

~  C{(!,...,a")
A=——7
the product of function f, g € A is given by the Weyl-Moyal product
i 0 .. 0
[ g(x) = exp( 0" ——) f(x)g(y)

20z dy yor

4.2.1 Covariant Coordinates

Let 1) be a non-commutative field, i.e., 1? € @?:1.2(,

0 (7) = iay(7) (4.7)
SY(x) = i x (), (4.8)

in the * formalism, where W («a) = @. Now, a similar situation arises as in eqn. (4.4)),
only the derivatives are replaced by coordinates. The product of a field and a coordinate
does not transform covariantly, since the *-product is not commutative,

~

Sz x(x)) =1x*xalx)*(x) #ialz)*z*x(x). (4.9)
The arguments are the same as before, and we introduce covariant coordinates
Xt =t 4 AF, (4.10)

such that

S(XM %)) = dov % (XP % 1h). (4.11)
The coovariant coordinates and the gauge potential transform under a non-commutative
gauge transformation in the following way

SXH = ilat XM, (4.12)

SAM =il o] +ifa t AM). (4.13)
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Other covariant objects can be constructed from covariant coordinates, such as a gen-
eralisation of the field strength,

PP o= [XF XY =0, P =ifat PP, (4.14)

For non degenerate ¢, we can define another gauge potential V,,

oV, = dua+ifat V), (4.15)
Fu = 0V, =0, V, —i[V, 1 Vi, (4.16)
0F, = ilas Fu), (4.17)
using
AR = g, F — ighogUTF,, (4.18)

0o, f = [z * f].
And we get for the covariant derivatives

D = (0, — iV,) * 1), (4.19)
8(D, * ) = io % Dy,

Even for abelian gauge groups, the *—commutators in eqns. and do not
vanish, and the theory has similarities to a non-abelian gauge theory on a commutative
space-time.

Let us have a closer look at the gauge parameters and the gauge fields. In classical
theory, the gauge parameters and the gauge field are Lie algebra valued, as we have
mentioned before. Two subsequent gauge transformations are again a gauge transfor-
mation,

0005 — 0500 = 0_iag), (4.20)

where —i[a, 8] = a%B,f®T°. However, there is a remarkable difference to the non-
commutative case. Let M® be some matrix basis of the enveloping algebra of the
internal symmetry algebra. We can expand the gauge parameters in terms of this basis,
a=a,M* (= 3M" Two subsequent non-commutative gauge transformations again
take the form o

0008 — 0800 = 0_ja,g), (4.21)

but the commutator of two gauge transformations involves the s-commutator of the
gauge parameters, and

03 8) = e s GHM®, MY+ S s AHME M, (4.22)
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where {M® M®} = MeM® + M®M® is the anti-commutator. The difference to is
the anti-commutator {M®, M®}, respectively the x—commutator of the gauge parame-
ters, [a, ¥ Op]. This term causes some problems. Let us assume that M* are the Lie
algebra generators. Does the relation close? Or does rule out Lie algebra
valued gauge parameters? Clearly, the only crucial term is the anti-commutator. The
anti-commutator of two hermitian matrices is again hermitian. But the anti-commutator
of traceless matrices is in general not traceless. Relation (4.22)) will be satisfied for
the generators of the fundamental representation of U(n). Therefore it has been ar-
gued [51},52,53] that U(n) - and with some difficulty SO(n) and Sp(n) [54,55] - is the
only gauge group that can be generalised to non-commutative spaces. But in fact ar-
bitrary gauge groups can be tackled. But the gauge parameters «, and the gauge
fields A, have to be enveloping algebra valued [13,)56], in general. Gauge fields and
parameters now depend on infinitely many parameters, since the enveloping algebra is
infinite dimensional. Luckily, the infinitely many degrees of freedom can be reduced to
a finite number, namely the classical parameters, by the so-called Seiberg-Witten maps
we will discuss in the next paragraph.

4.2.2 Locality and Classical Limit

The non-commutative *-product can be written as an expansion in a formal parameter

h,
frg=rf-g+> h'Culf.g).

n=1
In the commutative limit h — 0, the x-product reduces to the pointwise product of
functions. One may ask, if there is a similiar commutative limit for the fields? The
solution to this question was given by [22],

~ 1
AlA] = Ayt 507 (ArDp Ay + FryAr) + O(0°), (4.23)
~ 1
Y, Al =¥ + S0 ALY+ O(6°), (4.24)
a=a+ %9‘“’14,,0“04 + 0(6?), (4.25)

where A, is the commutative gauge field and o the commutative gauge parameter. The
gauge field and gauge parameter defined above is not hermitian. The solutions are not
unique and we can use this freedom to define a unique hermitian solution, cf. [4.2.3
First of all, let me introduce an important convention to which we will stick from
now on. Quantities with "hat” (¢, A, a... € (A, *)) refer to non-commutative fields
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and gauge parameters, respectively which can be expanded (cf. above) in terms of the
ordinary commutative fields and gauge parameters, respectively (¢, A, «).

The Seiberg-Witten maps - reduce the infinitely many parameters of the
enveloping algebra to the classical gauge parameters.

The origins of this map are in string theory. It is there that gauge invariance depends
on the regularisation scheme applied [22]. Pauli-Villars regularisation provides us with
classical gauge invariance

where a; is the gauge field and A the gauge paramter, whence point-splitting regularisa-
tion comes up with non-commutative gauge invariance

0A; = ;N +i[A* A (4.27)

Seiberg and Witten argued that consequently there must be a local map from ordinary
gauge theory to non-commutative gauge theory

Ala), AA,al, (4.28)
satisfying R R R
Ala + 0)a] = Ala] + 5\ Alal. (4.29)

The Seiberg-Witten maps are solutions of (4.29)). By locality we mean that in each order
in the non-commutativity parameter there is only a finite number of derivatives.

4.2.3 Gauge Equivalence Conditions

Let us remember that we consider arbitrary gauge groups. Non-commutative gauge fields
A and gauge parameters A are enveloping algebra valued. Let us choose a symmetric
basis in the algebra, T°, 3(T°T" + T°T*), ...

Az) = A(2)T® + Aby(z) :TTY: +. .. (4.30)
A(z) = Auo(2)T + Ayp(z) - TOT" : + ... . (4.31)

Eqn. defines the Seiberg-Witten maps for the gauge field and the gauge param-
eter. However, it is more practical to find equations for the gauge parameter and the
gauge field alone [14]. First we will concentrate on the gauge parameters A. We already
encountered the consistency condition

)

o)

0ud — 0300 = 0 ifar -

40



More explicitly, it reads

i0aB[A] = 0501 A] + [[A] 1 BIA]] = ([, B])[A]. (4.32)

Keeping in mind the results from Subsection [4.2.2] we can expand & in terms of the
non-commutativity 6,

alA] = a+a'[A] +?[A] + ..., (4.33)
where o is O(0"). The consistency relation (4.32)) can be solved order by order in 6.
0t order : o = a, (4.34)
1
15 order : o' = ZQMV{GMa,AV} (4.35)
1

— 59“”8#04“14“;, 7T ;.

For fields QZ, the condition

~

Su[A] = S,0]A] = iG] A] * ¥[A] (4.36)

has to be satisfied. That means that the ordinary gauge transformation induces a
non-commutative gauge transformation. We expand the fields in terms of the non-
commutativity

& =90+ A+ A + . (4.37)
and solve eqn. order by order in #. In first order, we have to find a solution to
5utb [A] = it [A] + i [A] v — %ewaﬂaaﬂ/}. (4.38)
It is given by
0th order - Y0 =1, (4.39)
15% order : ' = —%QWA#@W + EQ“VA#Al,z/J. (4.40)

The gauge fields 1@ have to satisfy

Suu[A] = 0,81A) +ila1A] ¢ A,[A] (4.41)
Using the expansion
A A] = Ag + A;[A] + Ai[A] + (4.42)



and solving (4.41]) order by order, we end up with

0t order ; Ag =A (4.43)

1y

1
18% order : A; = —ZQT”{AT,@AM + F,.}, (4.44)

where F,,, = 0,4, — 0,A, —i[A,, A,]. Similarly, we have for the field strength ﬁuv

~

0oF,, = i[a, F,] and (4.45)
- 1 oT 1 oT
Fuy = Fut 507 {Fuo, Fur} = 767 {A¢, (0- + Dr)Fiu}, (4.46)

where D, F;, = 0,F,, —i[A,, F..].

4.2.4 Remarks

Let us conclude this section with some remarks and observations.
e Seiberg-Witten maps provide solutions to the gauge equivalence relations.

e Gauge equivalence relations are not the only possibile approach to Seiberg-Witten
maps. Another approach is via non-commutative Wilson lines, see e.g., [57].

e However, a certain ambiguity in the Seiberg-Witten map remains. They are unique
modulo classical field redefinition and non-commutative gauge transformation. We
used these ambiguities in order to choose A, A, hermitian. The freedom in Seiberg-
Witten map may also be essential for renormalisation issues. There, parameters
characterising the freedom in the Seiberg-Witten maps become running coupling
constants [58]. Discussing tensor products of gauge groups, this freedom will also
be of crucial importance, in Section [5.2}

e Gauge groups in non-commutative spaces contain space-time translations. Since

of = —if; ', ), (4.47)

we can express the infinitesimal translation of the field A; as
§A; = v10;A; = i[e ¥ Al (4.48)
where € = —vjﬁj_klxk. The gauge transformation of A; with gauge parameter e

gives

S\eAz = Z[E f AZ] — Ujej_il.
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This agrees with (4.48]), ignoring the overall constant, which has no physical effect
[59].

Non-commutative gauge theory allows the construction of realistic particle models
on a non-commutative space-time with an arbitrary gauge group as internal sym-
metry group. Non-commutative gauge parameters and gauge fields are enveloping
algebra valued, in general (e.g., for SU(n)), but via Seiberg-Witten maps the in-
finite number of degrees of freedom is reduced to the classical gauge parameters.
Therefore these models will have the proper number of degrees of freedom.
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Chapter 5

The Non-Commutative Standard
Model

5.1 Particle Content

The symmetry group of the Standard Model is Ggyr = SU(3)¢ x SU(2) x U(1). This
is also the gauge group we want to generalise to a non-commutative space-time. Let
me stress that we will therefore not introduce any new degrees of freedom or any new
parameters we would have to get rid off in the end. Naively spoken, the method we use
is very simple. We just write down the Standard Model Lagrangian, replace - by * and
the fields ¥, A by the Seiberg-Witten transformed fields W[¥, A], A[A]. Of course, it is
not as easy as that. We have written down the non-commutative Lagrangian in .
In the rest of this Chapter we are going to explain what all these terms mean. Let us
remind ourselves of the convention that fields with a hat are non-commutative whereas
those without a hat are ordinary fields.

First of all, we have to address some restrictions on non-commutative gauge theories
proposed in [51,5253]. In Section , we have already discussed the problem of gener-
alising other gauge groups than U(n) to non-commutative spaces. Further it is argued
in [53] that a non-commutative field may be charged under at most two gauge groups
only. This is a problem since we have three gauge groups in the Standard Model. It
will be resolved in Section combining all the gauge fields of the Standard Model
into a single "master gauge field” und applying the Seiberg-Witten map. We have the
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SUB)e SU@), U()y  Ullg

en 1 1 | |
. vy, . 0
Ly = (€L> 1 2 2 (2
U 3 1 2/3 2/3
dp 3 1 —1/3  —1/3
[ ug 2/3
QL_(dL) 3 2 1/6 (_1/3)
_ (" 1
(5] 0 e ()
B 1 3 0 (£1,0)
A 1 1 0 0
G* 8 1 0 0

Table 5.1: The Standard Model fields. The electric charge is given by the Gell-Mann-
Nishijima relation @ = (T3 +Y). The fields B" with i € {+, —,3} denote the three
electroweak gauge bosons. The gluons G’ are in the octet representation of SU(3)¢.

following particle spectrum, see Table [5.1],
(%)

i LY i eRi o
m?:( @), v =Wl |, @:(w), (5.1)
L d(i)
R

where U, denotes the left handed fermions - the leptons Ly and the quarks Q); - , ¥g
the right handed fermions. (i) € {1,2,3} is the generation index, and ¢+ and ¢° are
the complex scalar fields of the scalar Higgs doublet. ¢'A,(z)Y is the gauge field of
the hypercharge symmetry U(1)y, B, (z) = §B,,(x)0c® the field of the weak interaction
SU(2)r and Gu(z) = LG ua(2) A of the strong interaction SU(3)c¢, respectively. The
coupling constants of the gauge groups U(1)y, SU(2); and SU(3)¢c are respectively
denoted by ¢, g and gg. o® are the usual Pauli matrices and A\* the Gell-Mann matrices.

We have to discuss four serious problems, namely
the tensor product of gauge groups,
the so-called charge quantisation problem in non-commutative QED,
the gauge invariance of the Yukawa couplings and
ambiguities in the choice of the kinetic terms for the gauge fields in the Lagrangian

(G.44).

45



5.2 Tensor Product of Gauge Groups

There are several possibilities to deal with the tensor product of gauge groups which cor-
respond to the freedom in the choice of the Seiberg-Witten maps. The most symmetric
and natural choice is to take the classical tensor product

3 8
. ! g a gs a
V,u, =g Au(ZE)Y + 5 321 Bua(f + ? aE:1 Gua/\ , (52)

defining one overall "master” gauge field V},. The corresponding gauge paramter A is
given by

A =gax)Y + g 3 ak(x)o" + %5 3 af(@)n. (5.3)

The non-commutative gauge field V[V] and gauge parameter A[A, V] are given by the

Seiberg-Witten maps (4.44) and (4.35)
D 1 1
VelV] = Ve + 10°{V2, 0V} + 10" {Fre, Vo} + O(62), (5.4)
~ 1
A=A+ Z(9#“{%, 9N} + O(6%), (5.5)

with the ordinary field strength F,, = 9,V, —0,V,,—i[V,, V,]. Note that this is not equal
to a naive sum of non-commutative gauge parameters and fields corresponding to the
three factors in Ggps. This is due to the nonlinearity of the Seiberg-Witten maps and ul-
timately a consequence of the nonlinear consistency condition . As a consequence,
the gauge groups mix in higher order in # and cannot be viewed independently.

Let me also say a few words on the general tensor product of two gauge groups [60]. The
most general solution of the gauge consistency condition - for one gauge group -
is given by

RA] = A+ %G“V{A,,, DA} + O(6), (5.6)

where
{A,B}.:= %{A, B} + (¢ —1/2)[A, B], (5.7)

¢ is a complex function of space-time. We have {A, B}y = 1{A4, B}. The according
gauge field is of the form

~ 1 1
AuJA) = A+ 507 { A0, 0, Au}e + 507 { Foyy As}e + O(6%). (5.8)
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The gauge parameter /A\( aan[A, Al of the tensor product of two gauge groups G and G’
consists of two parts

Aaan[A, A = Ap[A, A+ Ny [A, A, (5.9)

because of the linearity in the classical case. A ()[4, A’ has to fulfill the consistency

relation ‘D Therefore both, An [A, A’] and Aj\, [A, A’] have to satisfy (4.32)) separately,
and there is an additional cross relation

[Aa t N+ i0pNy, — 6y Ay = 0. (5.10)
The solution is given by [60]

- 1
R[4, A] = A+ A+ 56" ({Al,, 9,AY. + {A., 8”A/}d> (5.11)
+(1 - 7<2 >)0’“’A’8 Ay 2 >9“”A gl + O(6?).

v(z) is a real function, c—1/2 and d—1/2 are purely imaginary. Solving eqns. (4.36)) and
(4.41) using (5.11]) will provide us with the Seiberg-Witten maps for matter and gauge
fields. The symmetric choice in ([5.5)) is recovered by choosing v =1 and ¢ =d = 1/2.

5.3 Charge Quantisation in Non-Commutative QED

It seems that in non-commutative QED only charges +¢,0 can be accounted for, once
q is fixed [61,/62]. The minimal coupling is given by

D) = 0,00 —iqA, » . (5.12)

The only other couplings of the field A\H to a matter field consistent with the non-
commutative gauge transformation 6,4, = d,a + i[a ¥ A,] are

Dy~ = 00 +iqh™ = A, (5.13)
Dy = 9,0", (5.14)
DYYY = 9,4 —iglA, 59", (5.15)

corresponding to charge —q and 0, respectively. Other charges ¢™ cannot be absorbed
into the respective field A,, because of the commutator in

ﬁ,ul/ = 8;1,;{1/ - auA\,u + ZeQ[A\,u f A\Z/L (516>
ou A, = d,a+ifax A, (5.17)
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Classically, we can have two particles ¢ and ¢’ with charges ¢ and ¢’ coupling to the
same gauge field. The gauge transformation of these fields has the form

0 = ige,
o) = ig'eN,

with covariant derivatives

D;ﬂﬁ = ;ﬂ/} - ieqa;ﬂﬂ,
D' = 0" —ieq'a), ),

where

da, = O\,
5% = N

Now, let us assume that A’ = A\. We can consistently define

p

The x-commutators spoil this simple picture. The solution to this quantisation problem
is agam provided by the Selberg—Wltten maps. We have to introduce a different gauge
field @ au ) for each distinct charge ¢ that appears in the theory. It seems that we have
introduced too many degrees of freedom, but the Seiberg-Witten map for aL) is an

expansion in the (single) commutative gauge field a,, and 6 only,

am

a7}+ eq GUT{fUu,aT}—l—O(@z) (5.18)

:a,u

The degrees of freedom are reduced to the classical ones.

5.4 Yukawa Couplings
Let us now consider the Yukawa coupling terms in (5.44) and their behaviour under
gauge transformation. They involve products of three fields, e.g.,
3 =(3) . .
=3 (WL 5 (@) 8D+ WITE (o (@) 1Y) (5.19)
ij=1
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Only in the case of commutative space-time, ® commutes with the generators of U(1)
and SU(3)¢. Therefore, the Higgs field needs to transform from both sides in order to

=(3) .
”cancel charges” from fields on either side (e.g., L; and ’é(]%) in (5.19))). The expansion

of ® transforming on the left and on the right under arbitrary gauge groups is called
hybrid Seiberg-Witten map,

DD, A, A) =+ Loma, (am — (A + ¢A;)) (5.20)
L <8ﬂ¢ — (A + qﬁAL))A; +O0?),
with 0® = iA + ® — i® * A’. In the above Yukawa term (15.19), we have
with
1 / a a
V# = —§g A'LL + gB“TL7
Vi =g'Au

We further need a different representation in each of the Yukawa couplings. The missing
representations of the gauge potentials appearing in ((5.44)) are

pa(®) = Blo, ~g' A+ 9 BT + gsGLTS. 59 A, — 95 CIT) (5.22)
= = 1 a a a a 2 a a
po(®@) = @[9, gg’Au +9BiTT + 9sG,Ts, —gg’Au — gsGoTd]. (5.23)

The respective sum of the gauge fields on both sides gives the proper quantum numbers
of the Higgs shown in Table [5.1] The representation py of these gauge potentials in the
kinetic term of the Higgs and in the Higgs potential is the simplest one possible,

= / = 1 / arpa
pO((I)[gby Vua Vy]) = q)[¢v 59 Au + gBMTLv 0] (524)

Of course, there is an ambiguity in the choice of the gauge fields. One can add an
abritrary U(1)y or SU(3)¢ gauge field on the right side, as long as it is subtracted again
on the left side. Eventually, physical criteria should single out the right choice. These
criteria may include, e.g., renormalisation, C'PT invariance, anomaly freedom, or any
kind of symmetry one might want to impose on the action.
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5.5 Kinetic Terms for the Gauge Bosons

As we have mentioned earlier in Section [4.1] the kinetic terms for the gauge field in the
classical theory are determined uniquely by the requirements of gauge invariance and
renormalisability. In the non-commutative case, we do not have a principle like renor-
malisability at hand. Gauge invariance alone does not fix these terms in the Lagrangian.
The non-commutative Standard Model as defined here, has rather to be considered as
an effective theory, where renormalisability is not applicable. Otherwise, the role of
the non-commutativity 6 has to be considered very carefully. # may become a space-
time field with a kinetic term of its own. Therefore, the representations used in the
trace of the kinetic terms for the gauge bosons are not uniquely determined. We will
take the simpliest choice, since we are interested in a version of the Standard Model
on non-commutative space-time with minimal modifications. This choice is discussed in
Subsection In Subsection we will consider a maybe more physical and natu-
ral choice of representation. Considering a Standard Model originating from a SO(10)
GUT theory [60], these terms have a unique non-commutative generalisation.

5.5.1 Minimal Non-Commutative Standard Model

The simplest choice for the gauge kinetic terms is named Minimal Non-Commutative
Standard Model. The gauge kinetic terms have the form displayed in eqn. (}5.44]),

1, & = 1, & 4 1.~ -
— / d4x2—gltr1FW * P — / d4x%tr2FW * P — / d4x%tr3FW x P

It is the sum of traces over the U(1)y, SU(2), and SU(3)¢ sectors. trp and trs are the
usual SU(2);, and SU(3)¢ traces, respectively. try is the trace over the U(1)y sector

with .
10
=3 (0 —1)

as representation of the charge generator.

5.5.2 Non-Minimal Non-Commutative Standard Model

A perhaps more physical version of the Non-Commutative Standard Modell is obtained,
if we consider a charge matrix Y containing all the fields of the Standard Model with
covariant derivatives acting on them. For the simplicity of presentation we will only
consider one family of fermions and quarks. The situation taking account of all the
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families can be recovered by a redefinition of the coupling constants given in (|5.40)).
Then the charge matrix has the form

—1
~1/2
~1/2
2/3
Yy — / 2/3 , (5.25)
2/3
—1/3

according to Table It acts on fields given by column vectors containing all the
particles of the theory,

€R
Ly
UR
dr
Qr
¢

The kinetic term for the gauge field is given by

(5.26)

1 ~ ~
S e = — / d*r Tr 5z b * F, (5.27)

where ]*AL,, = 6’H‘71, — 8,,‘7# — z[‘/}# * ‘71,] The classical gauge field V), is the sum

3 8
g a gs a
Vi=gAu@)Y + 3 > B+ 5 ;GW)\ :

a=1

where Y is defined by 1' and ‘A/u = ‘A/M[V]. G takes the role of the coupling constant

for the "master” gauge field V,,. It is an operator commuting with all the generators of
(Y, T¢, T?). It can be expressed in terms of Y and the six constants gy, ..., g, referring

to the six multiplets (cf. Table [p.1)),

Ger = gier,
GLy = ¢g:Ly,
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In the classical limit only three combinations of these six constants are relevant. They
correspond to the usual coupling constants, ¢, g, gs,

1 1
Tr@ y? 29,2, (5.28)
1 a a
Tr o3 TeTE =6 b2g2, (5.29)
1
Tr— 7975 (5ab 5.30
G2 S+Ss — 295 ( )
The above equations read, taking the charge matrix ([5.25)) into account
1 1 4 1 1 1 1
Ststogtostagtss=5 5.31
2 g T o T2 2 o3
1 3 1 1
9 95 95 9
1 1 2 1

g 91 g g¥

These three equations define for fixed ¢', g, gs a three-dimensional simplex in the six-
dimensional moduli space spanned by 1/¢%, ..., 1/g2. The remaining three degrees of
freedom become relevant at order # in the expansion of the non-commutative action.
Interesting are in particular the following traces corresponding to triple gauge boson

vertices:

1 1 1 8 1 1 1

Tr— Y3 = -t —=-——St——+— 5.34
G? @ 4¢3 993 9g7 ' 36¢2 ' Ag (5:34)

1 1 1 1 1
Tr—YTeT? = —§% (—— +— + —> , 5.35
G* 2 295 2¢3 295 >:3)

1 2 1 1
Tr—YTSTE = —5cd ( — 4+ —) . 5.36
G* 5% 393 3g7 3¢ (5.36)

We may choose, e.g., to maximise the traces over Y2 and YT#T?. This will give 1/¢? =
1/(29”%) —4/(3g8) — 1/(2¢%), 1/95 = 1/g%, 1/g5 = 1/¢%, 1/g5 = 1/g§ = 1/g5 = 0 and

TrGQY3: —mt & (5.37)
Tr o YTET] = 750, (5.38)
Tr o VTETY = 0. (5.39)
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In the scheme that we have presented in Section the three traces above are all
zero. One consequence is that while non-commutativity does not require a triple photon
vertex, such a vertex is nevertheless consistent with non-commutativity. It is important
to note that the values of all three traces are bounded for any choice of constants. By
rescaling of the coupling constants ¢y, ..., gs,

91,393,994, 96 — 91,93, 94, g6,

g2

— ==, 5.40

g2 \/g ( )
5

- )
gs \/§

we recover the case where we sum over all three families of fermions.

5.6 The Model

Let us work out the Lagrangian of the Non-Commutative Standard Model expanded in
the non-commutativity 6 up to first order. The non-commutative fermion fields ¥
corresponding to particles labelled by (n) are

~ 1 ]
v = o + Eeuyp(n)(vu)aqu(n) + %euy[p(n)(vu)v p(")a/l’)]\lj(n) + 0(92)' <5'41)

The expansion of the gauge field has been given in eqn. ([5.4) and of the gauge parameter
in (5.5). The non-commutative field strength is

Fo =0V, —0,V, —ilV,:V,). (5.42)

The non-commutative Higgs field d is given by the hybrid Seiberg-Witten map 1}

d=¢+ %ewvy (00 - %(m +ov,)) (5.43)
X |
50" (0u6 = S (Va6 + OV ) VL + O(62).

The non-commutative Standard Model Lagrangian can now be written in a very compact
way,

3 . 3 .
7(7’) N A T(l) o~ o~
Sxesm = /d433' E v, *’llD\I’(LI) + /d433' E LS *’LlD\Ifg)
i=1 =1
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1 ~ ~ 1 = =~
_\/d4xftr1FMV x [V — /d4x2—tr2FW x M
g g

1 ~ ~ ~ ~ ~
- / d4x%tr3FW * M+ / d'z (po(Dud))T % po(D'®) (5.44)

~12p0(®)" 5 po(®) = Apo(®)1 5 po(®) 5 po(®)' = po(®) )
3 = (i A i L ~ .
4 / da( =3 (W T s pu(@)) 89 + W29 4 (o (D)1 L))

1,7=1

3
=3 (GE(Qr * pol®) +11) + G T+ (@) + Q)

i,j=1
’ =() 5 =40
o SRR o
=3 (G2 @1 #pa(®) + ) + GL” dy * (po(®)+ Q).
ij=1

with ® = ir®*. The matrices W%, G% and G are the Yukawa couplings. The
gauge fields in the Seiberg-Witten maps and covariant derivatives of the fermions are

summarised in Table

™) Py (V)
€Rr —g' A, (z)
L= () AL BTy
U 39 A (%) + gsGo(2) TS
dr _%9/-/41/(1') + 95Gup(2)T§

L= (32) £ Ay(x) + gBua(x)TE + gsGup(x) TS

Table 5.2: The gauge fields in the Seiberg-Witten maps of the fermions and in the
covariant derivatives of the fermions in the non-commutative Standard Model. (The
symbols T¢ and T% are here the Pauli and Gell-Mann matrices, respectively.)

5.6.1 The Non-Commutative Electroweak Sector

We shall apply the Seiberg-Witten map to the electroweak non-commutative Standard
Model. For the lepton field L(LZ) of the ith generation which is in the fundamental
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representation of SU(2),, and in the Y representation of U(1)y, we have the following
expansion

LWA, B = LY + L' [A, B] + 0(6?), (5.45)
with

A 1 ) 1 ;
LA, B] = —5g'0" A,0,L) — 299" B0, L} (5.46)

7 i
+§9W g A, + 9B, ¢ A, + gB,] L(L).

For a right handed lepton field of the ith generation,

A = e + el [A] + 00), (5.47)
we have
A = g0 A0, (5.48)
The expansion reads
VA B, G = QY + QWA B,G] + 0(6?) (5.49)

for a left-handed quark doublet @%) of the ith generation, where

7 1 v 7 1 v 7 1 v 7
WA B,G) = —59'9“ A,0,Q% — 596" B,0,Q%) — 5956" G,0,QV  (5.50)

i %
+_9MV[g’AM+gBM+gSGH’ g/AV+gBV +gSGu] (L)

8
For a right-handed quark, e.g., u( d , we have
Uy [A,G] = ) + ul) [A,G] + O(?), (5.51)
D14 = — g0 A0 — Lo, 0u0) 2
Upg [ ) ]_ _59 nOUp _595 nOlip (55 )

l
+§9W[g/¢4ﬂ + gsG,“ g/AV + gSGV] U( )

The same expansion is obtained for a right-handed down type quark dg). The field
strength £, = 0,V, — 0,V,, —i[V,, 1 V,] has the expansion

F,, = F,, + F., +O(6?), (5.53)
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where
F;w = g,f;w + gF/f,/ + gSF;fy'

(5.54)

fuv is the field strength corresponding to the group U(1)y, F, ;f,, refers to SU(2), and

F 51, to SU(3)¢, respectively. The leading order correction in 6 is given by

1 . 1.
Fu =30 HFpuas Fup} — 20 Ve (85 + D) Fu},

with
DgF,, = 0gF,, —i[Vs, Flu).

The leading order expansion for the mathematical field V' is given by
V, =V, +il, + O(6?),
with
T, = ieaﬁ {g'Aa + gBa + 95Ga, §'0sA, + 03B, + 950G,
+9 fou+ 9F, + 9sF5,}
The action of the non-commutative electroweak Standard Model reads
Sncsmt = Oveptons T Oquarks T Ocauge T Ottiges T Svukawa-

Let us first consider the fermions, i.e., leptons and quarks.

Fermionic Part of the Electroweak Standard Model

The fermionic matter part is

SFcrmions = Schtons + SQuarks

=1 =
- /d4x (Z\IIL < iPUY +3 "W, mzpwﬁ?),
! !

(5.55)

(5.56)

(5.57)

(5.58)

(5.59)

(5.60)

where \Tlif ) denotes the left-handed SU (2) doublets, \Tlg) the right-handed SU(2), sin-

glets and the index f runs over the three flavours. We thus have

1%

eL ‘R

L r

ur uR

L drR

.
1 _ dy, W _ |
vy = ) Ve =1 ug |,

u
()
dfz

56

(5.61)



for the first generation. Expanding the fermion part of the action (5.60) yields

SchtOHSZ/d“ (Z<L<>+L<z>1)*z(1pw+y) ( )+L(>>
+Z< + &g ) i (P +7) = ( et )) +0(6?)
_ / sz (EQip 1) + edipse) (5.62)
~ 0“” / d%Z {L“ (2 P +7“F§Z¢D5M) LY
+2 (§g’fmlﬁs Mt gy foni Dy M) 63?} +0(67),
where we have used the definition

wo_ L
F,ul/ = g/f/“j +9F;w
The kinetic terms involving the right and left handed quarks reads

S = [ (3 (@0 + QL")+ 1 (P ) (0 + @17)
+Z <uR +al ) si (P + ) + (uR +u§$1> )
+ Z (0 + ") =0 (P + 1) (df) + di") + 0(6?)
- / d'v Z (QVip™QY + aips¥uf) + dQipVa))  (5.63)
-5 / o3 {@0 (3Ruip™ + 2 Fin2) o
+afy (; FRipS™ +4~FEiD5M ) uly

/1 .
+d (2 RipSM vaFiinM> dg)} +O(6?),
where we have used the substitutions

Fw/ = g/f;w +gFuLu +QSF£,,
F/ﬁ = g,f;w +95F51,-
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We recover the commutative Standard Model, but some new interactions appear. The
most striking feature are point-like interactions between gluons, electroweak bosons and
quarks.

Gauge Kinetic Part of the Electroweak Standard Model

For the gauge part of the action, one finds, cf. [14],

1 -~ Sy 1 e Suv 1 - Sy
Stauge = —/d4x2—g,tr1Fw, x [PV — /d%%trzﬂw x [PV — /d%@trgﬂw x [H
1

1
=3 / d'x (5 S '+ Te ELFM + Ty F,fVFSW) (5.64)

up~ vo pp vo

— 0" Tr / d*z (gFL Fl F'7 4 goF2 FY F5°7)

1 v S S Spo
—i—ZgS 0" Tr/d4xFWFpaF P74+ O6?).
The coefficients of the triple vertex in the U(1) sector are also different from plain
non-commutative QED with a single electron. These coefficients depend on the rep-
resentation we are choosing for Y (cf. Section . For the simple choice that we
have taken tr;Y? = 0, and this coefficient is zero. So there is no triple vertex for the
U(1)y-photon. Note that the term
Lo L pL pLpo

+ 19 O" Tr / d'z Fl F F** (5.65)
vanishes, the trace over the three Pauli matrices yields 2ie** and the sum e FoL Fbeo
vanishes. The trace over 737373 is zero. Therefore, there is also no cubic self-interaction
term for the electromagnetic photon coming from the SU(2); sector. Limits on non-
commutative QED found from triple photon self-interactions do therefore not apply to
the Minimal Non-Commutative Standard Model.

Higgs Branch

As in the usual commutative Standard Model, the Higgs mechanism can be applied
to break the SU(2), x U(1l)y gauge symmetry and thus to generate masses for the
electroweak gauge bosons. The non-commutative action for a scalar field ¢ in the fun-
damental representation of SU(2), and with the hypercharge Y = 1/2 reads

Srrnees = / d%(;)o (D,@)T % o <D“<T>> (5.66)
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— 12p0(®)" % po(®) = Alpo(®)" + po(®)) * (po(®) * po(®))).

In the leading order of the expansion in 6, we obtain
Suse = [ (DD — ol ~ Aol (6'0)) (5.67)
1
+ / d'z ((D§M¢)T (DSM“po(¢1) - §0aﬂaawaﬁ¢ - r%)
1 T
+ (DﬁMPO(Cbl) + §9aﬁaavuaﬁ¢ + Fu¢) DMug
1 -
F PO o+ GFL )0~ i8S (DF0)) + O,
where
DM =9, —ig A, —igB,, (5.68)
4 (2P
Dy = =iV} = 20 {g' A+ 9B 05+ 9055, + 9 fou +9FL}. (5.69)
We have also used the representation pg ([5.24]),

Po(®) = ¢ + po(e') + O(6?), (5.70)

where
1 ! Il 169 / !
po(0") = ~507(9' A + 9Ba) 036 + <07 [g'Au + gBas 6 As + gBsl 6 (5.7)

For p* < 0 the SU(2), x U(1)y gauge symmetry is spontaneously broken to U(1)g,
which is the gauge group describing the electromagnetic interaction. We have gauge
invariance and may choose the so-called unitarity gauge,

¢ = (niv)%, (5.72)

where v is the vacuum expectation value. Since the zeroth order of the expansion of the
non-commutative action corresponds to the Standard Model action, the Higgs mecha-
nism generates the same masses for electroweak gauge bosons as in the commutative

Standard Model,
Mys = 92—“ and My = v, (5.73)
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where the physical mass eigenstates W+, Z and A are as usual defined by

1 s 2 3 3
VI/i = —BM il ZBM Z = —_g/Au + gBM and A = —gAM + g/BM

There are no corrections to the masses of order # at tree level, since these terms involve

derivatives and therefore do not resemble mass terms. The Higgs mass is given by

2

m, = —24%. Rewriting the term I, in terms of the mass eigenstates, using

(5.74)

—gZ“+glA“ and A, = 94 — 92

/g% + g~ me T
one finds that besides the usual Standard Model couplings, numerous new couplings
between the Higgs boson and the electroweak gauge bosons appear. We note that the

non-commutative version of the Standard Model is also compatible with the alternative
to the Higgs mechanism proposed in [63].

3 _
B} = (5.75)

Yukawa Branch

The Yukawa terms generate masses for the fermions, they have the form
Sys = / d‘*m( =3 (WL« pr(®) <8 + WIVEE < (o (@) + L))

3 . :\(z) =~ Z]A = ~
=Y (GE @ * pa(@) + ) + GV + (00(@) QYY) (5:76)

]:

i( QL *PQ(CD)) d GT]dR *(PQ( ) Q(] )))

]:

=
—_

-
—

where C/I\)[q), V,V']’s are given in |D‘D The sum is over the generation index.
The leading order expansion yields

SY . _ SSM
3
- fan( (e e - 05
_904,8 o E(Z ) ) WT’U TL () 1 TL(j)
+2 (OaLy 6¢)€R + (¢ Y+ el (pr(0")LY)
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i ; (P ;
e (o'Ly)) + 56 f’e;kaawa@%)))} (5.77)

= 3 {e(@Pd) ud" + (@ (6" uf) + (@) 6) uf)

2,7=1
+50°7(0aQ5950) uf]) ) + G (a7 (61QE) + ) (g () Q)
FI'(G1QP) + 00l (2.610:0)) )}
-5 {G (1050 " + @l 4 + (@50

i,7=1
+2090,Q809,0 dF ) + G (@605 + @ a(6)1QP)
+d§; @100) + 30 d10.60:01) } ) + 00"
where L%) stands for a left-handed leptonic doublet of the ;th generation, eg) for a
leptonic singlet of the jth generation, Q(Ll) for a left-handed quark doublet of the ;th

generation, ug) for a right-handed up-type quark singlet of the it and dg) stands for a
right-handed down-type quark singlet of the ith generation. We used

p(®) = ¢+ p(¢") +O6?), (5.78)

where p stands for pr,, po and pg, respectively. p(¢') is given by (5.20)),

p(6) = 507 p(V,) (0,0 — Sp(Vi) 6 — Lop(V})) (579
0 (30— 0V, 6 — 2600V ) (V7).

Once again we recover the Standard Model, but some new interactions arise. The
Yukawa coupling matrices can be diagonalised using bi-unitary transformations. We
thus obtain a Cabibo-Kobayashi-Maskawa matrix in the charged currents, as in the
Standard Model and as long as right-handed neutrinos are absent, we do not predict
lepton flavour changing currents. We will present the Lagrangian for the charged and
neutral currents in Section 5.7, We will also extract the currents which have their origin

in (5.77).
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5.7 Currents in the Non-Commutaive Standard Model

5.7.1 Currents in the Commutative Standard Model

Let us calculate charged and neutral currents of the quarks in the Standard Model on
commutative space-time. The kinetic term for the left handed quark fields is given by

3
SQuarks - /d4x Z Q(Z)ZpSMQg) (580)
=1

But let us also forget about the three different families of the quarks, let us consider
only one of them. Explicitly, we obtain

Qrip™MQL = Q" (z'au —ig'Y A, — %Bwoa) QL. (5.81)

We only consider electroweak currents, therefore the strong interaction does not con-
tribute. We get

(ad)ip (Z) +(ad) <9’Yé‘;‘/§$3 g/yffi‘@%) (3) _ (5.82)

The currents are defined by the matrix in ({5.82)),

Souas = | d*z [ Qi v Lapdy + Ldy Jyuy + ap Ny, +d d), 5.83
= [ (QL@@L S dy + Sl 4 N+ ey ) (589

where J; and J; are the charged currents, N; and V5 the neutral currents, respectively.
They are given by
Jl = W+, JQ = W_, (584)
Ny=gsinby (Y +1/2)A+ (g/2cos by — ¢'Y sinby ) Z, (5.85)
No=gsinfy (Y —1/2)A — (g/2cosby + ¢'Y sinby ) Z.

We may now identify gsinfy in (5.85) and (5.84) with the electromagnetic coupling
(electron charge) e, and Y 4+ 1/2 with the electromagnetic charge @ of the quark. The
second identification is just the Gell-Mann - Nishijima relation,

Q=Ty+Y.

62



5.7.2 Charged Currents

In this Section, we give the explicit formulas for the electroweak charged currents in the
non-commutative Standard Model up to leading order of the expansion in 6.

d U
L=(a ¢ t) Vogkmuh | s | +(d 5 0) Vieyl| c| - (5.86)
b t
L L

For the current J; we obtain

1 Lo o V2 -

J1 = %g[/)fr + (59“ ~+ 0 'y”)(( — TYg’g(cosGWAW —sm@WZW)W;)
V2 (e Oy Z,, + sin Oy AW — W (cos Oy Z,, + sin Oy A

+g?< W—zg((cos w2y +sinbw AW, — M(cos w2, + sin Oy ,,)))

X (—2i0, + (2Y ¢’ sin Oy + g cos Oy ) Z,, + ¢  cos Oy (1 — 2Y) A,) (5.87)

2
_%g2<cos Ow 2, +sinbw A, — @gWﬁ) WJ) + 0(92%

where

+ — _
W = W:Wl, —W:“WM,
Ay = 0,A, —0,A,,

Zy = 02, — 0,7,
Wi = 0,W; — 0,

W, is defined accordingly. For the current J we obtain

L T V2 . -

Jy = EgI/)’/ + (59“ 7+ 07AH) (( — TYg'g(cos Ow A — sinbw 2, )W, )
V2o : . _

—1—9? (Wuv —ig (W, (cos Ow Z, + sin Oy A,) — (cos by Z,, + sin Oy A, )W) )

X (=210, + (2Y ¢ sin Oy — gcos Oy ) Zo — ¢ cos Oy (2Y + 1)A,) (5.88)

V2 . . _
—i-?gQ(cos Ow 2, +sinbw A, — 1gW$j> W > + 0(92).

Note that as previously we have not included the interactions with the gluons in the
"electroweak” charged currents. We have used the identity ¢’ cos 0y = g sin fy, in order
to simplify above formulae.
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5.7.3 Neutral Currents

The explicit formula for the neutral current in the leading order of the expansion in
0 is derived similarly. Let )N be the current connecting left handed up-type quarks,
urNyup. Ny connects left handed down-type quarks, dyNody, and the right handed
quarks are connected by N3 and 4, respectively, i.e., urNsug, dglN4dgr. As a result
we obtain

N1 =gsinby (Y +1/2)A+ (g/2cosby — Y sinby)Z (5.89)
1 'Y
+ <§9‘“”yo‘ + 0”“7“) (ng;w (—22’(% —-2¢4'Y A, — ng)

+9(B3, —igW*) (=2i0, — 29'Y A, — gB?)

8
2
g . _
<O (W~ ia(B - WEB) W),
Ny = gsinby (Y —1/2)A — (g/2cos Oy + Y sinby)Z (5.90)
1 'Y
+ (59“”7“ + 6”“7“) (g o fuw (22000 = 29'Y Ao + gB)
—%(Bﬁu —igWE) (=200 — 29'Y Au + gB2)
2
g — . _ 3rrr—
O (W~ (W, B~ BV W)
N3 = g'Y(cosOwA—sinby7) (5.91)
1 Y
—+ (50/%/7@ + HVQ'YM) (92 fm/ (_Z-aa . g'Y.Aa) )7
])(74 = g,Y<COS QwA — sin GWZ) (592)
1 'Y
+ <§9“”fya + 0”%“) (g 5 Juv (102 = 'Y Ad) )

where f,, = 0,4, —0,A, is the field strength of the U(1)y photon, Bzy =0,B3— 6VBi.
For simplicity or presentation, we have used the unphysical U(1)y photon A, and SU(2)
boson B, in the above formulae. They have to be replaced by the physical eigenstates,
the electromagnetic photon A, and the neutral Z boson,

A, = cosbwA, —sinbyZ,,

Bi = cosOw Z, + sinbfy A, and

fuw = cosOwA,, —sinbwZ,,

Bzy = cosbwZ, +sinbywA,,.
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Note that we have not included the interactions with the gluons in the ”electroweak”
neutral currents.

5.7.4 Currents from the Yukawa Terms

Let us expand the Yukawa terms (5.77) to first order in 6. We will include strong
interaction. In terms of currents the Yukawa terms read

S _ QSM
Yukawa T Myukawa

Ly (5.93)

pv

3
+ Y (W” L“ ewc;,, e 4wt gl 0#”(0 )i

ij=1

ng QL 29;wc2 _|_ GTU 7(1 euu(c2) Q (4)

+ G QY 29“”03 )+ Gl 56“%03);@5)) +0(6°),

where
C}w =g A.00, + (—gg'fly + gBV) ( % gA, + gBM)) o (5.94)

~ 9, (—lg'AM 4 gB, +id ) ! ——A 1 ¢B,, —%,AV + 4B, 6,
Gl = 20 Aubdy — 95Gu 60— O, (Vi + 0,9 (5.95)

2
+ [ggv‘l +9s5G, glAngSG]QH' [V V]

) —
4 Au - EQBM) QS)

:
4
5
+ ( g A, + 9B, +295G) <6M+—g'
1 A < .
( gA gsGu) ¢ 0y,— 0, (V0 +10,0) (5.96)
7

]'/
4[—§gA + 95G ., ggAu+gsG]¢+ [V V.o

+ (gg’Au +9B, + QQSGV) (%cﬁ — 5(5954# + gB;J) ;
(5.97)
We have used the definition

1
V, = 69’,,4” + 9B, + gsG,,. (5.98)
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A, and Bg still have to be replaced by the physical photon A, and the neutral Z-boson
Z,,, which we have not done for the sake of brevity.

5.8 Discussion and Remarks

We have shown in Section [5.6] that the commutative Standard Model is the zeroth order
approximation in an expansion in € of the action of the Non-Commuative Standard
Model. Although we have considered a minimal version of the Non-Commutative Stan-
dard Model (Section [5.5.1)), there is a basic difference between the commutative and
the non-commutative version. In the non-commutative model, the different interactions
cannot be considered separately as the master field V,,, which is a superposition of the
different gauge fields has to be introduced. In zeroth order of the expansion in 6, the
gauge bosons of the different gauge groups decouple, but mix in higher orders due to the
Seiberg-Witten map. Therefore, some new vertices appear where the gauge bosons of
different gauge groups are connected to the quarks. A kind of mixing or unification be-
tween all the interactions appears as we have vertices where e.g., SU(3)c gauge bosons
couple to the U(1)y gauge boson and to quarks. This type of unification implies that
parity is broken in non-commutative QCD.

Up to the first order, we do not find couplings of neutral particles like the Higgs
boson to the electromagnetic photon in the minimal version of the Non-Commutative
Standard Model. We find new vertices in the pure gauge sector. One might expect
to find a self-interacting vertex of the U(1)y gauge boson which is not the case in the
minimal version.But one does find vertices with five and six gauge bosons for the gauge
group SU(3)c and SU(2).. Neutral decays of heavy particle, e.g., of the b and t-quarks
might also reveal the non-commutative nature of space-time. New vertices appear in
QCD. We find a point-like interaction between two quarks a gluon and a photon, thus
opening new decay modes for hadrons.

A main result is that all the important features of the ordinary Standard Model can
be implemented in this non-commutative version, in particular the Higgs mechanism
and the Yukawa sector. Bi-unitary transformations can be applied to diagonalise the
matrices of Yukawa couplings.

Recently a model based on the gauge group U(3) x U(2) x U(1) was proposed [64].
This model involves a clever extra Higgs mechanism to deal with the problems of charge
quantisation and tensor products, but it contains two gauge bosons which are not present
in the usual Standard Model. What we are doing is fundamentally different as we are
considering the Standard Model gauge group SU(3) x SU(2) x U(1), directly. We thus
have proposed a minimal non-commutative extension of the Standard Model.
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We have presented the first order expansion in 8#” of the non-commutative Standard
Model, which only represents a low energy effective theory. The limits that can be
found in the literature on the combination Af are based on the assumption that 6*” is
constant [65,66], clearly the limits are much weaker if the assumption is relaxed. The
effects are expected to be small for light particles. But, they could be sizable for heavy
particles. In particular it is conceivable that a phase transition occurs at high energy,
nature could be non-commutative above that scale but commutative under the scale of
this phase transition, as discussed in Chapter [1}

The Non-Commutative Standard Model predicts a lot of new physics beyond the
Standard Model. In particular as we have seen, we expect the charged and neutral
currents to be considerably affected by non-commutative physics. The extraction of the
CKM matrix elements and in particular of the phase at the origin of C' P-violation would
be strongly influenced by that type of new physics. One expects that the effects should
become larger with the mass of the decaying particle, especially if a phase transition
exists. The expansion of the Higgs part of the action still has to be calculated explicitly,
and the currents have to be extracted, as done in Sections - One-loop correc-
tions to the Non-Commutative Standard Model may also reveal additional substantial
insight to the understanding of this model.

There are attempts to search for processes that are sensitive to the non-commutativity
of space-time in both, the minimal and non-minimal Non-Commutative Standard Model
[67./68]. For this aim, the expansion of the non-commutative Lagrangian in terms of cur-
rents is crucial.

One is tempted to think that our model is renormalisable to all orders in the coupling
constants and in #. A study in the framework of non-commutative quantum electrody-
namics [58] has shown that the photon self-energy is renormalizable to all order. But,
it occured that non-commutative QED might not be power-counting renormalisable
in perturbation theory [69]. Additional symmetries may still render non-commutative
QED and the Standard Model renormalisable. A proof of the renormalisability of our
model is also still to be furnished. This is may be related to the still open question
of anomaly freedom of the model [70]. Arguing as above that this model represents a
low energy effective theory, ideas of renormalisation are not applicable. The problem of
ultra-violet and infra-red mixing which plagues non-commutative quantum field theo-
ries [71], should be reconsidered in the framework of the Seiberg-Witten expansion used
in our approach [72].
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Chapter 6

Towards Gauge Theory on
r—Deformed Space-Time

6.1 Introduction

r—deformed Euclidean space and a gauge theoretical model on this deformed space will
be of scrutiny in this Chapter. So far, we have discussed models on canonical space-
time. In |16] the k—deformed Poincaré algebra has been constructed via a contraction
of the anti-de-Sitter algebra U, (o(3,2)). Analogously, the contraction of o(3,2) leads
to the classical Poincaré algebra. The k—deformed Poincaré algebra P, is a quantum
group. In [17] a k—deformed Minkowski space M, has been introduced. M, is a P,—
module algebra. This enables us to construct fields and knowing an invariant integral
Lagrangian models.

The algebra relations of the Lorentz generators are undeformed. The difference lies
in the co-product structure of the boost generators . I.e., the rotational sector is
completely undeformed. The derivatives 9, do not only generate a sub-algebra of P,,
but also a sub-Hopf algebra. This is the key fact for the construction of the xk—Poincaré
algebra as a bicrossed product algebra [17]. The advantage of this deformation is its
mildness. In Section [6.9] we will comment on different choices of generators of P,.

The algebra relations of the generators of M, are [17]

20, 4'] = iad’, (6.1)
where i = 1,2,3 and a € R. Clearly, the non-commutativity parameter a has the
dimension of length. In order to compare with [17], we have to make the substitution

a= 1 (6.2)

ik
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The most general linear quantum space structure compatible with a deformed version
of Poincaré symmetry is given by [73]

&4, 3] = i (a*SY, — a”6") i, (6.3)

where a* is a constant 4—vector ”pointing into the direction of non-commutativity”. Its
components also play the role of Lie algebra structure constants. Choosing

a" = as (6.4)

we get relation and P, as symmetry algebra. In order to be able to consider any
4—vector a* or the non-commutativity pointing in any direction, we will formulate the
Euclidean version of the k—deformed Poincaré algebra (algebra of rotations) and the
corresponding k—deformed Euclidean space. In the Euclidean case, all directions are
equivalent. We will construct wave equations and will also formulate all results using
the x-product formalism. Last but not least, a gauge theoretical model on k—deformed
Euclidean space will be discussed. These results will be translated to x—Minkowski
space and the k—deformed Poincaré algebra in Section

Some field theoretical aspects on k—Minkowski space have already been discussed
in |74}75,76,[77,/78,[79]. Nevertheless, gauge theory has not been tackled. The gauge
theory discussed here will be based on Seiberg-Witten maps introduced in Chapter [4]
These methods will have new implications on the nature of the gauge fields.

6.2 Quantum Space and Symmetry Algebra - The
Setting

Let us consider a n dimensional Euclidean space with coordinates z!,...,2". In the
following, Latin indices range from 1 to n — 1, greek indices from 1 to n. In Euclidean
spaces all directions are equivalent. For convenience, the non-commutativity will point

into the n—direction, i.e.,
a =ad™. (6.5)

The n dimensional k—Euclidean space algebra &, is generated by the coordinates

z! ..., 2" They satisfy the relations

all other commutators vanish,



The symmetry group of the k-Euclidean space is a deformed version of the n-dimensional
rotation group. It is generated by the rotations M*. Since the n-direction is special,
we will denote the generators M™ by N' and will call them boosts, in analogy to the
Lorentz algebra. The relations between symmetry generators and coordinates are have
to be compatible with the algebra structure on £, and are supposed to be linear. We
get as a result

Mrsahk — grkgs _ gskar —i—ika, ( )
M7™3™ = g"M™, (6.9)
N'at = =53 + "N — jaM", (6.10)
N'G™ = 3" + (2" + ia) N (6.11)

In the commutative limit, a — 0, the relations are the usual relations for a 4-dimensional
Euclidean space. The consistent choice of algebra relations is given by

[NYNF] = M™, (6.12)
(M7, N'| = §"'N* — 6*'N*, (6.13)
[Mrs7 Mkl] — 51”le5 o 6sler o 57‘le3 + 5sler' (614)

These are just the undeformed algebra relations. The difference arises in the co-
algebra structure. The commutation relations - can be generalised to
non-commutative functions, which are given as power series in the non-commutative
coordinates. For these relations we obtain

N'f(z)
M f ()

We can read off the co-product structure of the rotation generators from the above
formulae, using the crossed product

f(:%)Jrf( 22" + ia)N' —ia(0y > (7)) M™, (6.15)
M™e f(2)+ f(2) M"™. (6.16)

Tz" = (T(l) > i’y)T(g). (617)

We obtain
AN' = N' @ 1 + exp(iad,) ® N — iad, @ M™®, (6.18)
AM™ = M7 ®1+1Q M"™. (6.19)

Now let us define derivatives on the this x-Euclidean space. We introduce them by
finding a deformed Leibniz rule compatible with the algebra relations . Since the
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coordinate algebra is the freely generated algebra divided by the ideal generated by
relations and (6.7), the derivatives have to map cosets on cosets. Consistent
Leibniz rules are given by

it = ',
i =1+ &"0,, (6.20)
dsid = 61 + 79,

>

A

However, these relations are not unique. Additionally, the derivatives have to form a
module algebra of the deformed rotation algebra, i.e., they have to constitute a vector
under rotations. This singles out the above choice of Leibniz rules. For the action of
the symmetry generator on the derivatives we obtain

[M™,8,] = 670, — 6°0,, (6.21)
[M™,8,] = 0, (6.22)
A 1 A 1A .~ A A
L 91 — sli_— _ ,2a0n \ _ T gl : )
IN', 8] 52m<1 e ) 0B +iadd, (6.23)
[N',0,] = i, (6.24)

~

where A, =", (9132 The commutator of derivatives compatible with is given by
[0,,0,] = 0. (6.25)

The Leibniz rule for non-commutative functions reads
Aif (&) = ;> f(&) + f(2!, 2" + ia) D). (6.26)

d,, satisfies the ordinary Leibniz rule. Since we have calculated the action of the sym-
metry generators on the derivatives, we can also include the derivatives as generators in
the symmetry algebra. As a result we obtain the k—deformed Poincaré algebra P, on
k—deformed Euclidean space. It is generated by rotations M, boosts N! and transla-
tions @. The algebra relations are given by - and - . Note the
difference in some minus signs compared to the algebra relations of the Poincaré algebra
on k—Minkowski space, given in [17]. The co-product of the translation generators reads

AD, =08,01+1®0,, (6.27)
Ad; = 9; @ 1 + exp(iad,) ® d;. (6.28)
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6.3 Invariants and Wave Equations

First of all, let me construct an invariant I under x—Poincaré transformations of the
coordinate algebra. Invariant means h> I = €(h)I, where h € P,. This is a kind of
radius square, PRasc However, in the case of &, there is a linear correction term

and we get

I=> &"#"—ia(n —1)3", (6.29)

p=1

of. [17]. However, [N',T] # 0, but
n—1
[NU 1] = ia (22" +ia —ia(n — 1)) N' = 2ia Y a"M", (6.30)
b=1

in accordance with (6.18)). These terms vanish, if we let them act on 1. The substitution

)

it 1 =3 (6.31)
an o AT g ia(n —1)
2 Y
simplifies the expression for I,
R 2 -1 2
="+ %. (6.32)
o

A rescaling leaves us with a quadratic expression and with the usual Euclidean metric

Guvs

Guv = 5uua
I=g,2t. (6.33)

6.3.1 Klein-Gordon Operator

The Klein-Gordon operator [ is the Casimir operator of the momentum algebra, i.e.,
it is an invariant of the algebra generated by derivatives under the adjoint action of the
Poincaré algebra, [N!,0J] = [M",00] = 0. This is the deformed mass square operator.
A general ansatz leads to

O = e tan A, 4 2 <1 — Cos(aﬁn)>. (6.34)

a?
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6.3.2 Dirac Operator

Dirac operators for k-Minkowski space have already been constructed in [77,80]. In [77],
the Dirac operator is defined as the square root of the Klein-Gordon operator (6.34)),
whereas the construction in [80] is similiar to the construction shown here. The Dirac
operator D is required to be invariant under x-Poincaré transformations,

[T,D] =0, (6.35)

where T € {N'!, M"s, én} act on functions of coordinates as well as on spinor indices.
This approach differs in the way the orbital and spinorial operators add up. In our
case, it is just the sum of the operators, cf. , relying on the fact that the adjoint
action of the deformed Lorentz generators on derivatives 3“, and therefore on the Dirac
operator which is a function of éﬂ, does not involve any Lorentz generators acting on
the right. Remarkably, the square of the Dirac operator in [30] agrees with (6.55)).

In the classical Minkowski space, we have the following transformations of coordi-
nates x/ and derivatives 0, under a Lorentz transformation

o't = A' 2, (6.36)
9, = (A1) ,0,. (6.37)

I

A spinor 9 transforms accordingly

Y(af) = S (), (6.38)

where the matrices S build a finite dimensional representation of the Lorentz group.
The Dirac operator D is uniquely determined by demanding that D is linear in the
derivatives and a scalar under Lorentz transformations, i.e.,

D'y = S Di. (6.39)
Consequently, D is given by
D =~"9,, (6.40)

where v# are the Dirac matrices with
Ay = SIS, (6.41)
Let us express eqn. infinitesimally. Using
AV, = 00, + M, (6.42)
S~1+s (6.43)
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we get
s, D] — [\, D] =0, (6.44)

where [\, D] = A> D = ~#(A7")" 9,. The matrices s are given by the usual y matrices,

1

4

st

v 771 (6.45)
It can be shown easily that s* satisfy the algebra of the Lorentz generators,
[JH2 JP7) =0 (g"PJHT — gMP IV — g7 JHP + gH7 JvP) . (6.46)
Generalising eqn. to k-Fuclidean space we get the defining equation
[T, D] + [t, D] =0, (6.47)

where D is the deformed Dirac operator and 7' some generator of the x-Poincaré algebra.
The spin or internal degree of freedom is undeformed. The operators ¢ generate this
representation. Asin the classical case the generators are given in terms of the v matrices
in n-dimensional Euclidean space, 7%, ..., y"7 1,42,

{7 "} =26 (6.48)

If we denote these classical generators with small letters (¢t € {m"*,n"}), we have

1
m' = L—l['ys,’ﬂ, (6.49)
ro__ 1 r 01 __ 1 r_. 0
n" =0 = 37" (6.50)
— mnr"

The action of the generators on v matrices is given by the adjoint action,

n oA = [n", 4] = -, (6.51)
n >4 =" (6.52)

The most general ansatz for the Dirac operator can be written as

B = ,YO Z bkés + ’7035% Z Ckéfi + vrér Z dkéfi, (653)
k k k
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where by, ¢y, dy are coefficients proportional to a*. Eqn. (6.47) allows for a unique

solution,
0

0
~ ’7 . ~ Zafy ~
D=— On) + ——
" sin(ad,) + 5
The square of the Dirac operator D does not give the Klein-Gordon operator lb
It involves an additional factor which introduces a regularisation mass in the spirit of
Pauli-Villars regularisation, c.f. [74],

w exp(—iad,) + "9, exp(—iad,). (6.54)

: N2
D* =0 (%D + 1) . (6.55)
In the limit @ — 0, the regulator mass goes to infinity.

6.4 Derivatives and Vector Fields

We have introduced derivatives 0, as translation generators. Their Lorentz transfor-
mation property is given by eqns. - . The action of the derivatives on
non-commutative coordinates were obtained in eqn. (6.20). However, we find a second
differential structure compatible with the algebra relations of the coordinates, using the
Dirac operator D. Similarly, A. Connes introduces derivatives as the commutator with
the Dirac operator. He has a different approach to non-commutative geometry. It is
based on the spectral triple, (A, H, D), see e.g., |[81]. The spectral triple consists of the
non-commutative algebra of coordinates, A represented on the Hilbert space H and the
Dirac operator D. In the commutative case, A is an abelian C*-algebra of operators on
the Hilbert space H and corresponds to a compact manifold, as shown in Fig. 2.2] D is
a selfadjoint operator on H.

Using
ﬁ = Voﬁn + ’Yrﬁrv
.ﬁi = éz e_ma", (656)
~ 1 A )~ A
D, = —sin(ad,) + %AH e~i0n, (6.57)
a

we can calculate the action of the new derivatives on non-commutative coordinates,

[D,,, #'] = iad; exp(—iad,), (6.58)
[D;, '] = 6% exp(—iad,), (6.59)
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A~ A~ ) 2/\ ~
[Dy,, "] = cos(ad,) + (i) A exp(—iad,), (6.60)

~

[D;, &"] = 0. (6.61)

In order to obtain a proper Leibniz rule, we have to express the rhs. in terms of lA)
i.e., we have to invert (| and - The first step of the inversion is to calculate

ewa" and its inverse e‘wa Note that replacing a by —a will not lead from eiadn to its
inverse, because D, depend on a as well. Inserting
A = e 0 — 52 iadn (1 - Cos(aén)>
into eqn. yields
e — 1 —iaD, + <i;)2ﬁ. (6.62)

l} can be considered as a quadratic equation in 0. The solution is easily obtained,
taking into account the proper limit a — 0,

N2
(“2‘) O=-1+ \/ 1+ (ia)2D,D, (6.63)
and hence
e~ — _jaD, + \/ 1+ (ia)2D,D,. (6.64)
We 1mply summation over repeated indices unless stated differently. Multiplying (6
with eiadn yields the quadratic equation for e’ iadn
¢iadn (1 + (ia) f)uﬁu) — %iaD,eidn 1 =0 (6.65)
with the solution
g, 1 _ =
e — —— (iaDn + \/1 + (ia)QDMDM> . (6.66)
1 + (ia)QDij

The root is selected by demanding that eiadn _, 1, for a — 0. By direct computation,

we see that it is the inverse of (6.64). Equipped with eqns. (6.64) and , we can
compute the Leibniz rules for D,,. They read

[D,, #'] = iaD;, (6.67)
[ﬁ #] = —iad'D, +5Z‘.\/1 (ia)2D, D, (6.68)
(D, \/ 1+ (ia)? (6.69)
[D;, & ] (6.70)
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Furthermore, we can express the derivatives d,, in terms of D,,

. D, N ~ =
0; = — (zaDn +4/1+ (m)QD“D#) (6.71)
1+ (ia)2D; D,
D ~ 2
_ P <1+mDn+(m) D),
1+ (ia)2D,D, 2
~ 1 ~ ~
Op=——"In|-— D 1+ (ia)?’D,D,, | . 6.72
—In ( iaD,, + \/ (ia) u) (6.72)

In order to assure you that we do not devide by operators, we give you the expansion
of the above equations around a = 0,

- \2
. = D, +iaD;D, + (’;) (DnDn . Dij) Di+ 0, (6.73)
o iaso (05 (i 5o ;
On = Dy — 5 DD, — D, (3D1.D,- v DnDn) + 0. (6.74)

Remarkably, the transformation properties of 13“ under rotations and boosts are espe-
cially simple. They are determined by eqn. (6.47)),

IN'.D,] = D, (6.75)
[N, D;] = —6'D, (6.76)
This is the usual, undeformed transformation property of a vector. The structure under
rotation is always the same, since the rotation sector of the Hopf algebra is undeformed.

Since [d,,d,] = 0, we also have
D,,D,] =0.
From 1) and ‘} we can compute the co-product of ZA?M using the fact that the
co-product A is an algebra homomorphism. We find
AD; = D; ® e +1® D, (6.77)
Aﬁn = ﬁn ® e~ | piadn g l/jn + iaﬁiemé" ® 13@ (6.78)
We have not inserted expressions and (| into above equatlons We can ex-

press DM in terms of 8 and vice versa, in a closed form, i.e., D are elements of the

enveloping algebra generated by 8u and vice versa. The derlvatlves D,, are merely a
different set of generators of the enveloping algebra. Therefore, we have two derivatives
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we can gauge. We decided to gauge the Dirac operator lA?M, see Section , because
it transforms linearly under Lorentz transformations. The derivatives éu have a very
involved transformation property.

Let us analyse this model further, and let us consider the structure of vector fields.
As there are two derivative structures, there are two vector field structures. Let us first
derive the transformation propertles of a vector field A transforming in a similiar I way as
the translation generators 8 We demand that the transformation is linear in A , that
we are back at eqns. - when we replace A by 8 and that the relatlons are
respected by the symmetry algebra. These assertlons fix the transformation property
uniquely. We obtain up to all order in a

(M7, A;] = 6" A, — 0% A, (6.79)
[M™, A, =0, (6.80)
N 1— 2iady
INLA] =65 A, ——5lakAk+ (&A +O,A)
2iad,
O ian(@) 4, (.3, - 6,4
i (e O <8nAk akAn) (6.81)
1 a ad, N N A A~
(é_% - é (T)) <8nazAl + an lAz -2 l zAn> )
[N, A,] = A, (6.82)

We will shortly introduce another vector field that transforms similiar to the derivative
Du- In order to do so, we express the Dirac operator in terms of a ”Lorentz
vielbein” e,”,

D = ~"e,"d,. (6.83)
We can define another vector field ‘7u by

~

V,=e, A, (6.84)

‘7u will transform like a classical vector, cf. and (6.76). Let us calculate the
derivative (symmetry algebra) valued vielbein e,”. Eqn. (6.83) does not define the
vielbein uniquely. The vielbein contains itself derivatives and since there is a derivative
at the end of ( -, in some cases you cannot tell which derivative belongs to the
vielbein. Therefore we need to take into account the transformatlon properties. We
know that the Dirac operator D = 7“6,}’8 satisfies relation We also know
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that v“eu”gy satisfies the same relation. From this expression, we can extract the
transformation of the vielbein itself. It reads

[Nl, en”} ="+ enle2:j;é; L enl;;n tan (%) 3j(‘§j (6.85)
+2e,,’ (Tn — %cot (%)) éléj,

[Nl, en } = ¢ — %" + %enl(‘i — %aé“ n)0; — %en’(?l (6.86)
—|—§enl tan <ﬁ> d' — (0", 0; + €, ) (ain — gcot(%é")> :

[Nl, "] = —dle,™ + 61162:;5; 1 6Zl22n tan (%én) 5]5] (6.87)
¢, <_g - 2; c t(“%)) 8,0,

[N'e/] = —6le,) — Ve, + %aeiléj — %aéljeikék - %aeijél (6.88)

n

Gel O\ 55 (5o 6+ ety [ L @ oor(@n
+261tan<2>8 (07¢; 0 + €,/ 0)) 3 200’5(2) :

Using the transformation properties of the vielbein, we can express the vielbein in terms
of derivatives,

1 . s (ia i ad, | A
e, = ——sin(ad,) + e | = — — tan(—) | ==, 6.89
sin(ad,) (2 n <2>>an (689
en) = —e~iadn tan(%)a}, (6.90)
A 1 — —iady, éz
e" = [ e — . — =, (6.91)
1a0,, Oy,
) 1 — —iadp )
ef =S o, (6.92)
1a0,

We have two different vector structures, one - V), - transforming like a classical vector
and like D, and one - A, - transforming like the derivatives 9,. The vielbein e,”
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connects both vector fields, intertwines the different transformation rules. The lower
index of the vielbein transforms like a classical vector index, cf. and (6.52]) -
from now on denoted by indices «, 3,7, ... and a, b, ¢, . . ., respectively. The upper index
and indices transforming like (9“ will be denoted from now on by indices u, v, p, ... and
k,l,m, ..., respectively. R

In the computation of the transformation property of the vector field A, and
(6.82)), we have put all the derivatives on the left of the field. Since EM is a field and
depends on the coordinates, it is very hard to permute the derivatives to the right side
of the field. Equally well, we could have started with an ansatz where iﬂ the derivatives

are on the right side. Therefore we introduce another vector field, B u- Similarily to
(6.81)) and (6.82), we obtain

~ 2 1 e2iadn o a2~ =2 .
a0,
a g (3 4 = A ék aén
- = B0, — B — tan(—— .
2(52 ( kan n k) 8n an( 9 ) (6 93)

[N, B,] = B (6.94)

We want to construct scalars under Poincaré transformations. Therefore, we have to
introduce fields B* and K", such that

Z“zzl\u and Eué"

are invariant, i.c., [N, A*A,] = [N', B, B*] = 0. The invariance defines the transforma-
tion properties. They are given by

~ ~ 1= 2iadn, -~ aAn A
[N, A = — A ﬁ ~ Al 2‘5 tan <%) 0,0, (6.95)

2

n

~ (1 ) .
Iy (5 - cot(a—a")) ;.

[N, Al = —§liA™ 4 %Zﬂ&- . %5“21”18”1 - %Eié, (6.96)



~

= aly \ 2 A s 1 a aén
—|—2Al tan (T) & - (51 A]aj + A 8;) (é_n — 5 COt(T)> s
N 1— 2iadp R An N

[N, B"] = _ﬁgl - 22 tan (%) 0,0, B" (6.97)
1 a ad NP
2| — — —cot(— 0; B
! &% %%m(2)>lj'

INU,Bi] = —6%B" + %aﬁ’ - %5liém§m - %&Ei (6.98)

ady \ 2 = 1 a ad, iA S A S

In the same way as the vielbein e, " connects ‘A/a and A\u, there is another vielbein €,*
connecting Ar and \A/O‘,
Ve = Are,”, At =Veel p (6.99)

We know that ‘A/“XA/N is an invariant, and

AFA, = Vet e,V (6.100)
Therefore, we conclude that
el =68, (6.101)
and we get
el M = el (6.102)

Let us calculate the inverse of the vielbein perturbatively. In order to do so, we have to
expand e,/ around o6,

r )2
e =1+ g2 o),

6
g _da, (ia)? ’ 3
e’ =3 0; - 0n0; + O(a”),
. . 2
e = — 20+ (Z‘;) 0,0; + O(d®),

) . . 2
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Then, the inverse is defined by

ea’e L’ = 5P (6.103)
We obtain the following expressions,
et =1 (i‘é)2 )2 — (ii)2£,€ +0(d?), (6.104)
el = —%&- + (iz)zénéi + O(d®), (6.105)
el = % . (ifQ)Qénéi +O(a®), (6.106)
el = g (1 + %aén + (?2)2 éﬁ) . @Z)Qéiéj + 0. (6.107)

We may also introduce a conjugation ' on the algebra. The coordinates are chosen to
be real and we have the following definitions compatible with all the relations

ol = g0 TH=_T T e {M™* N O}, (6.108)
Af=B, At=pB Vi=V, (6.109)

6.5 Representation on Commutative Functions

In this Section, we want to translate our results to the x-product formalism introduced in
Chapter [3] We will work out the #-product and the action of the k—Poincaré generators
on commutative functions for two different orderings. We will examine symmetrical
ordering using CBH quantisation (Section and normal ordering. The formulae can
be written in a closed form, considering normal ordering.

6.5.1 Symmetric Ordering
The x-product of functions in symmetrical ordering is obtained as
frg(@) = f@)g(e) + 5 (@ 0uf(2)0,9(x) = 20 (£)Dug(x))
F )2
O (232 (@)0(x) + 0 ()220 )
— (8,0, f(2)Dng () + By f(ﬁ)ﬁﬂ(?ng(x))) (6.110)

+
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+ %ﬂx” (a}; F(2)8,0,9(x) — 0,0, f ()0,D,u9(x)
0,00 f ()0,0,9(2) + 8,0, f (2)029() ) + O(a?),

This *-product is hermitian, i.e., f* g = g * f. The bar denotes complex conjugation.
The representation of the algebra generators on commutative functions will be denoted
by Mrs, N L 5u. The action of these generators of the k—Poincaré algebra on commuta-
tive functions is calculated in a similar way as the x-product in Section (3.1, First, one
has to calculate the action of the generators on symmetrically ordered polynomials of
the non-commutative coordinates. Expressing the result again in terms of symmetrically
ordered polynomials, it can be translated to the action on the corresponding commu-
tative monomials, see (3.21]) and . In a second step, one has to generalise these
expressions to commutative functions, polynomials in the coordinates. The action of
the derivatives on commutative functions is given by

Ot fx) = 0, f(x), (6.111)

Bio fx) = @%ﬂm). (6.112)

The derivatives on the rhs. are ordinary derivatives. We can also evaluate the action
of the derivatives on a product of two function, i.e., we calculate the modified Leibniz
rule. It is given by

Ont f % g(x) = (Onv f(2)) * g(x) + f(fv)~* (On > g(x)), (6.113)
Biv fxgle) = (5; >f<x)) % g(2) + (699 b f(2)) * (& Dg(x)) . (6.114)

The boosts and the rotation generators act on functions in the following way,

N's f(z) = <xl8n — "9, (6.115)
eladn —1 ad, + i(ei% — 1)
+.Tla#a#T +x ayal aa% )f7
Mo f(z) = (2°0, — 279;) f(z), (6.116)

where A, = z;:ll 9;0;. The action of the rotations M’ is easily obtained, since their
algebra and co-algebra structure is undeformed. Acting with the generator N! on sym-
metrically ordered polynomials in the non-commutative coordinates, we see that N!
must have the form

N'=2'0, — 2"0, + 29,0, > A0} + 20,0,y _ Bid,. (6.117)

1=0 i=0

83



The coefficients A; and B; are determined by the algebra relations. Since the quantities
denoted with a tilde are a representation of the x-Poincaré algebra, they have to fulfill
the same relations. The relation [N!,d,] = 9, determines coefficients B;. We obtain

a0, +i(e" 9 —1
B(0,) = )  Bundy = 582 ) (6.118)

_ _Z (ia>m+1 om
(m+2)! "

m

The relation [N I'N M = M™ provides us with another equation for A; and B;, namely
A(z) = 2A(2)" + A(2)B(2) + 2A'(2) B(2), (6.119)

where A(z) = >, A;2". Eqn. (6.119) has the solution

eiaz -1
Alz) = 6.120
() = (6120)
B i (m)mﬂ .
= XU
— 2(m+1)
taking Ag = % into account, which we know from acting on symmetrically ordered

polynomials. The action on a product of functions is defined by the co-product structure,

N'o frg(e) = (Ko f(@) # gl@) + (€0 f(2) * (Vo g(e))  (6.121)
~ia (dy> f(@)) * (M > g(a))
W™ £ g(x) = (37> f(2) * g(a) + f(z) * (1> g(a)) (6.122)

The Leibniz rules for the generators have been checked explicitly up to second order.
That means, that the x-product is covariant with respect to the action of the quantum
Poincaré algebra P,.

Since we have calculated the action of the non-commutative derivatives on commu-
tative functions, we can also rewrite the Klein-Gordon operator (6.34) and the Dirac
operator (|6.54). They now act on commutative functions and spinors, respectively. The
Klein-Gordon operator reads

2

0= (tady,)?

(cos(ad,) — 1) (A + 02) . (6.123)
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We drop the hats in order not to forget that we are back in the commutative regime,
i.e., the operators act on classical wave functions. For the Dirac operator we obtain

0

i .. Acl
D = ” (Z sin(ad,) + a—%(cos(aﬁn) — 1)) + L

e %% sin(28,), (6.124)

D = A°D,, +4"D,. As the Dirac operator is also considered as derivative, we will
mention its Leibniz rule. Using (6.77) and (6.78)), we find for the action on a product
of functions

Do f# g(x) = (Db f(2)) % (6799 b g(@)) + (€99 > f()) % (D> g())

+mz (Dieiagn > f(:v)) s (D; > g(x)), (6.125)
Di> f#g(x) = (D;> f(2)) * (€79 & g(z)) + f(x) * (D; > g()), (6.126)

where D, > f(z) = D,.f().

6.5.2 Normal Ordering

Let us compute the *-product in normal ordering. By normal ordered monomials we
mean monomials like (™)™ (z!)%  where all the 2"s are on the left. We have to modify
the quantisation rule (3.8)) slightly. We define the map W by

1 L -
=W(f) = ———= [ d% : **": f(k 6.127
F=W(H) = ags [ @ = (b, (6.127)
where :: defines the ordering,
L el = gikndT kil (6.128)

compare e.g., [74,/78]. The x-product can be computed using eqn. ([3.5)),

W (f*yg) = / Ak d'p : € e F(k)g(p) (6.129)

1
(2m)"
The next step in the computation of the *-product is to order the exponentials according

to (6.128). We find

eiknd™ eikiii ePnd" eipia:«i

_ ikn @™ ipnd" —ipnd™ Liki2 ipnd™ ips@t
= ¥ et ¢ e e’trt e'bi

V.
exp(ik;ztepPn)

— ei(kn+pn)i'nei(ki+pi)ﬁi eXp (ik‘ii‘i(eapn _ 1)) ,
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where we have used

1 1
e*Be™ = B+ [A, B] + 5 5ilA[A, Bl + 3'[A (A [A, B]]] + ... (6.130)
and
e i Ziptpnd" — giapn (6.131)
Therefore, we obtain
]. . an g ~q .
W(f+ng)= ) / " d"pe'Fr P ikt exp (k3 (ePr — 1)) (6.132)
m

and the the *-product of functions for normal ordering is given by

f*n g (x) =exp (zi ai-i (e g — 1)) f(z)g(y)

(6.133)

z—T
y—x

We can check the equation for the sx-product on normal ordered monomials. For mono-
mials we can calculate the x-product in the same way as in Section [3.2] and [3.3] We
obtain the result

(&7)in (£1)0 - - @n—l)in_l (2m)in (@1)3'1 (@Y = (6.134)
= (@) (" = (i1 + g o g Jia) (B ()i

And therefore we have

((z-n)ln (xl)h - (xn—l)inA) kN ((xn)Jn (xl)gi - (xn_l)jnfl) =

= (™) (z" — (iy + iz + ... + in_l)m)j” (xl)atin. .. (gn=l)n—1tin-1,
It is a partial displacement in . We see that (6.133]) leads to the same result,

(x”)i”(:vl)il . (xn—l)in,l * N <xn)]n (l,l)jl . (mn—l)jn,l — o1 * N 7 =

= exp (zi% (e_ma%" - 1)) xly’!

z—T
y—x

= (a™)in (xl + wl(e_ma%" — 1)) L (x”_l + x"‘l(e_ma%" — 1)) " y’!
y—z
. ‘ i1 in
— (:L‘n)l"(l‘l)“ . m 1 (6 52n> ! ! yJ
y—x
= (z")(x"™ — (i1 + ... + ip_1)ia) (xt)y2 T (gl (6.135)
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In contrast to the symmetrically ordered *-product, this product is not hermitian, i.e.,

conjugation changes the ordering. Similarily as in the previous Subsection, we can

compute the action of the k—symmetry generators on commutative functions. For the
derivatives we get

0; > f(x) = 0; e f(x), (6.136)

D> f(x) = 0, f(). (6.137)

The action of the Lorentz generators reads

~ l . ] .
N'o f(z) = (% sin(ad,) — 20, 9 4 %JZZACZ e’“a"> f(x), (6.138)

M > f(x) = (2°0, — 270,) f(z). (6.139)

Furthermore, we again rewrite the Klein-Gordon and Dirac operator. We get

- 2
O=e""Ay + s (1 —cos(ady)), (6.140)
D = ,YO (SIH(Z@n) + %Acl eia8n> 4 ,yrar. (6141)

The action of the Dirac operator on a product of functions is given by eqn. ((6.125),

where the action is defined by eqn. (6.141f). Comparing (6.141]) with (6.138]), we see
that

N'o f(z) = («'D,, — 2" Dy eiaan) f(z). (6.142)

6.6 Seiberg-Witten Maps

We proceed to gauging the Dirac operator D. We define
D, = "0, — iV, (6.143)
= Do — iV,

where ‘7 is the gauge potential. The operator Vaﬁa satisfies by construction the defining
eqn. (6.47). The Lorentz transformation of the algebra valued gauge potential V, is

given by eqns. 1} and 1} Let us introduce a non-commutative field zz which

transforms as follows under a non-commutative gauge transformation,

Suth = i, (6.144)



The gauge transformation of ‘A/a is determined by demanding that Z/);w transforms co-
variantly, i.e.,

00 Dyth = iNy D, 1), (6.145)
Therefore, we have for the gauge transformation of the gauge potential v,

(6aVo) 0 = [Dy, Ao] O —i[V,, No) 9. (6.146)

Because of the co-product structure of the derivatives 15“ given in (]6.77[) and (]6.78[), the

gauge field I7a has to be derivative dependent, i.e., Poincaré symmetry algebra valued.
In the quantum group case [82], the co-product of derivatives reads

AD,=0,1+ L, ®0,, (6.147)

where L,” is the L-matrix, cf. (2.39). Here the L-matrix, a linear transformation appears
in the first tensor factor of the second term. In this case covariant derivatives are defined
introducing a vielbein E,” with non-trivial transformation properties,

DV = E," (9, —iA,) V. (6.148)

In our case, this very factor is non-linear in the derivatives, and it cannot be compensated
by a vielbein, but we have to introduce a derivative dependent gauge field. The gauge
field V,, can be expanded in terms of derivatives and in terms of the non-commutativity
a7

V- Z{ OD L qHPOR G, 4 g gt g G }’ (6.149)
I

where the component fields, e.g., yLoh , VAmbi-tn e still elements of the enveloping

algebra of the gauge symmetry, see Section E We plug into eqn. , in
order to compute the gauge transformation property of the component functions. In or-
der to compute the Seiberg-Witten maps, we have to proceed as discussed in Subsection
We have to solve the gauge equivalence conditions. We use the symmetrically or-
dered x-product . In the last Chapter, quantities with a "hat” denoted quantities
that can be expanded in terms of commutative fields and parameters. In this Chapter,
however, we have used this notation to denote quantities on the algebra level. In order
to avoid unnecessary confusion, quantities with a "tilde” will indicate commutative el-
ements that can be expanded via Seiberg-Witten maps in terms of ordinary fields and
gauge parameters. In very much the same way, we have denoted the representation of
the k-Poincaré generators on commutative functions with NI, M and 8
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Let us first consider the Seiberg-Witten map of the gauge parameter A to first order
in a. The first order expression of the gauge equivalence relations (4.32) in case of
k—Euclidean space reads

0, AL[A] — i6AL[A] + o, AL[A]] + [AL[A], 8] — AL (4] = (6.150)
= _%a (mu{anoﬁ aﬂﬁ} - x“{@nﬂ, aua}) )

where AL[A] = a + AL[A] + O(a?), and A is the classical gauge field. The right hand
side of eqn. (6.150|) can be writen more concisely as

—% (@"{0ncr, 0,8} — 20,8, Duar}) = —%xACﬁf’”{aya, 0,5},
where C{" are the structure constants of the space algebra,
[z 2¥] = iC’ﬁ\“’a:’\
with CL¥ = a (0#0% — 04'0%). The solution of (6.150)) is given by
1
ALA] = 32O {4, 0,0} = —%;& ({An, Ora} — {Ay, 8na}). (6.151)

Also in higher orders in the expansion, there will occur terms that look similar to terms
occuring in the canonical case, replacing 0" by 2*C{" [18]. Both expressions constitute
the respective Poisson structure. Let us introduce non-commutative fields 1& which
transform as follows under a non-commutative gauge transformation,

Sath = il % 1), (6.152)

We expand Qz in a, )
DAl = ¢+ ¢A] + O(a®).
For the consistency relation (4.38) one obtains

Sut' [A] = iAL[A] v + i a ¢ [A] — %xkcgwaua D). (6.153)
We obtain as solution
X _
UA] = — 5 CR A, 00 + %xAC’Q“'A“A,,. (6.154)

We can always add a solution of the homogeneous part of (6.150)) and (6.153]) to the
solutions (6.151)) and (6.154]), respectively to obtain another solution. This freedom may
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be used to make the fields and parameters hermitian, but it is not clear how this works
for the gauge field.

For the gauge field V,[A], the Seiberg-Witten map is much more involved, because
of the complicated co-product structure of the derivatives D,,. I will only briefly sketch
the calculations and quote the results, since I have not contributed to these calculations.
The solution has been calculated up to third order in a and will also be presented in [18].
The starting point is eqn. . A close examination of this equation provides us with
some help to simplify the expansion ([6.149)). In the *-formalism, eqn. reads,

(0uVy) %) = Dy (Mg % 1)) — Ay % Dy > 1) (6.155)
iV Mg % 1h + iy %V, % 9). (6.156)

Using the co-product of the derivatives Dw we can eliminate the fields 1/;,

!

V= ([DC > /~\a) s e~ia0n _ iVox Ay + Mg % V,, (6.157)
Vo = (Dy > Ay) x e 4 ja(Die™n > Ay) * D, (6.158)
+ ((emg” -1 Aa) x D, — iV, x Ny + il * V.

S
R

(@2

Therefore, we can find for the derivative dependence of the gauge field

Vi, = Gpe90n, (6.159)
Vi, = 01, 0;0;¢ —iadn | . 0;e —iadn 4 e g cos(ad,) (6.160)
+ Dy Sln(aan)

and the gauge equivalence conditions become

6atclA] = Oce =iadn 1 R JA] — i0:[A] % (€799 & R, [A]) + iAo [A] * 0.[A], (6.161)

@

SadinlA] = 3 1 (iadn _ 1) b Ro[A] — iG] A] * (€70 > Ao [A]) (6.162)
+ila]a] * Al
o0 [A] = iad; > Ao [A] — i[02, [A] ¥ Au[A]] — 2i0m[A] % (J; > AG[A]),  (6.163)
SB[ A] = Eajaje—wan > Aa[A] — it A] * (€99 > A, [A]) (6.164)
iR [A]  Duin[A] — i [A] % (8;0;¢79% > R4 A])
— i3, [A] % (D7 o Ao [A]),
Suivenl A] = ésin(a@n) > RalA] — itren]A] * (cos(ady) > Au[A]) (6.165)
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daUyn|A] = a(cos(aén) — 1) > Ag[A] + ityn[A] * (sin(ad,) > A [A]) (6.166)

Because of the co-product the structure for V,, is far more complicated. We expand the
fields ©,[A] in terms of the commutative gauge field A,

Ou[A] = Ay + avy[A] + a*v) [A] + O(a”) (6.167)

and can solve (6.159) and ([6.160|) order by order in a. For the 0" order, we have to
demand

o _,J0 _ 0 0 _ 0 _
Uln = Viip = UIIIn UVn - 07 UIVn - Am (6168)

0_— 4.
U_]_ J-

The solution up to first order is given by [18]

vl[A] = —%8nAC - %AHAC - ixkcg” (A, 0,A +{A, F),  (6.169)
Ui [A] = 0,
UIII‘Z;L [A] - ZAja
UIIIIn[A] = %(83 - iAj)Aj7 (6170)
1 1
Ul A] = Z:UACQ‘”{AV,%A”} + Zm*Cﬁ”{Fw,AV}, (6.171)
vyalA] = 0, (6.172)

where F,, = 0,A, — 0,A, + ig[A,, A,] is the field strength. This solution is not the
most general one. The discussion in Section applies. It has to be noted that due to
vl the gauge potential is not hermitian.

6.7 Formulation of Models

Let us return to the non-commutative algebra for a moment. Physical fields x are
defined as power series in the non-commutative coordinates,

X@E) =D e, @)@ =) edt (6.173)

1
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with certain properties under Poincaré transformations. A scalar field gzg is defined by

~

(@) = o), (6.174)

where e.g., #/* = 2 + ((N'®> 3#) is the transformation of & under a boost. ¢ is an
infinitesimal parameter. Explicitly, we have

0(@) = ZC} @)@y

=) ¢ (L (N) B (L4 (V) > 2"y (6.175)
— ZCJ S(aN (g

Spinor (vector) fields are defined as
W (#) = (1+CNL)," o1 (), (6.176)

where N fep is a representation of the boost generators acting on spinors (vectors). In the
classical case, the transformation only affects the spinor (vector) indices, the coordinate
dependence is untouched. In the k-deformed case, the transformation of a vector field,
Nfepﬂy > A, is given by [N', A,], eqn. (6.81) and (6.82). The coordinate dependence of
the fields are affected by the occuring derivatives.

This leads to Poincaré covariant field equations. The Klein-Gordon equation (|6.34)

and the Dirac Equation (6.54)) are given by

(O +m?) > (2) =0, (6.177)
(v*Dy, — m) > (2) = 0 (6.178)
They are covariant, i.e.,
(O +m?) > ¢ (@) = (O+m?) > d(2), (6.179)
(Y* Dy, — m) >4/ (2') = (* Dy, — m) > (). (6.180)

In the x-formalism, the Klein-Gordon and the Dirac operator are obtained taking into

account eqns. (6.123)) and ((6.124)).

For the construction of Lagrangian models, we need a measure invariant under x-
Poincaré transformations, i.e.,

A

(ho f(2)) = e(h) (f(2)), (6.181)
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h € P,, and € denotes the co-unit. The trace property is also a desirable feature for the
functional (),

(fa) = (af). (6.182)
In [83], a measure function is computed for g-deformed 3 and 4 dimensional Euclidean

space and 4 dimensional Minkowski space, such that the integral satisfies the trace
property, up to first order in h = Ing,

/d":v () fx*glx) = /dnx w(@) g * f(z) + O(a?). (6.183)

In the same way the weight function can be computed for x-FEuclidean space. We get
the defining equations for the measure function ()

O pue(z) =0, 70 () = —(n — 1) pu(x). (6.184)

The solution is given by
B 1
However, this integral is not invariant under x-Poincare transformations. The commu-

oth

tative limit seems to be a problem, since to order we have [ d"z p,(x)f(x). We may

modify the measure slightly,
Xt . xrt

xl. . gn—1’

e () = (6.186)
where X7 are the covariant coordinates. In the limit @ — 0, we have p/ (x) — 1.

In order to compute the transformation properties of a volume element, we have
to construct a covariant differential calculus. This has already been done in [84}85].
They assumed that the relations between coordinates and differentials are linear in
the differentials, that a mixed Jacobi identity holds, and that the exterior derivative
d satisfy the classical Leibniz rule. However, they found that, in n-dimensions, there
is no n-dimensional covariant differential calculus satisfying all of these relations. The
calculus has to be higher dimensional. It nevertheless might be possible to construct a
n-dimensional covariant calculus, by allowing a deformed Leibniz rule. We define the
exterior derivative

~ A

d=&"D (6.187)

s

where f" are the non-commutative coordinate differentials. Note that we use the Dirac
operator, and not the derivatives 0, to define the exterior derivative. The algebra of

coordinates can be extended to also include the differentials £#. Relations consistent
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with and covariant with respect to the x-Poincaré algebra have still to be found.
Then, we can map the coordinates and differentials to the commutative calculus via the
quantisation isomorphism W, using non-commutative products.

Equipped with a covariant integral, we can write down Lagrangians using the -
formalism invariant under both, x-Poincaré and gauge symmetry. Since the *-product
is covariant, i.e., B B B

ho fxg= (hay> f) * (he) > 9),
h € P,., we know how the symmetry generators act on a (x-)product of functions or
fields. However, if we expand the fields in terms of Seiberg-Witten maps, cf. Section
and consider only terms up to some power in a, we will break x-Poincaré invariance.
It is present when we consider expressions to all orders of a.

6.8 Minkowski Signature

Let us define the n-dimensional Minkowski signature by its metric 7,,,

(M) = 1 : (6.188)

k-Minkowski space M, is generated by the coordinates £°, 2! ..., 2""!. We want to dis-
cuss two different situations, corresponding to different directions of the non-commutativity.
First, the non-commutativity points into the time direction, that is the case in k-
Minkowski space, as discussed in [16}(17]. Secondly, we want to rotate the direction
of non-commutativity into the 1—direction. In this case, we can, for example, consider
the interesting case of 5 dimensional Minkowski space with the non-commutativity in
the fifth direction. The fifth dimension may be compactified. This resembles a very
interesting model, which, however, will not be studied here.

6.8.1 Time Non-Commutativity

Let the non-commutativity point into the time-direction. We have the commutation
relations
[2°, 2] = iad’, (6.189)

where i = 1,2,...,n— 1. There are two different changes in the algebra relations and in
the action of the generators on coordinates. First, we have to replace n by 0. Secondly,
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we have to change the Euclidean signature to the Minkoski one. The rotational sector is
classical, therefore no changes have to be done there. Relation (6.23) has to be altered
according to |17],

~ 1 LA ) —~ ~ A
[N, 8] = s o (1 _ 62““9"> _ %mi A, +iadd;, (6.190)

where ﬁ,i = 0D, = — nl 9;0;. Equation (6.11]) has to be changed, also. It now
n =1
reads
N'3® = n, 2" + (2° + ia) N' = —3' + (2° 4 ia) N". (6.191)

All other relations are unchanged. Therefore, we get for the invariant of M, (6.29)
I=3%" =Y #d' — 3iai’ (6.192)
= N i3 — 3iaz’.

The Klein-Gordon operator (6.34) becomes
] 2 A —iadn N
0= (1 - cos(a@n)) Femion X (6.193)

where we again define the Laplace operator as ﬁ,i = nkmékém The ~ matrices are
defined by

{7} = 20" (6.194)
The action of the boost generators on the v matrices, (6.51)) and (6.52)) become
n" >y =50, (6.195)

‘s

n ) = 9"

Finally, we obtain for the Dirac Operator the expression

~ 70 ~ Z'G/}/O ~ A ~ A
D = —sin(ady) + TA” exp(—iady) + 7" 0, exp(—iady). (6.196)
a

Bear in mind that 3,.@ = —é,éz
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Symmetric Ordering

We obtain for the action of the boosts on commutative functions
eiaa() -1

_ 1
5o (6.197)

N'o flz) = ( — 29y — 2°0, + alnH 0,0,

ady + i(ema‘) —

+2¥8,0, T 1)) F(x).
0

The action of the derivatives on functions is unaltered. Therefore, the Klein-Gordon
and Dirac operators read

2

0= - 1) (05 +A 1
(Z-aao)g (COS(CL@()) ) (aO + cl) 5 (6 98)
0 o
D= - (z sin(ady) + 7 (cos(ady) 1)) + N e sm(zao), (6.199)

where Ay = n¥"0,0,,.

Normal Ordering

The action of boosts on commutative functions is given by

vl . 05 iado '@ iad

N'v f(x) = | —— sin(ady) — 270, " — 5T Ay e ) f(x). (6.200)

a
For the Klein-Gordon operator we obtain the following expression,
2 .
O= = (1 — cos(ady)) + e“®A,. (6.201)

The Dirac operator becomes

D = ,YO (Slﬂ((lao) 4 ﬂAcl) 4 ,YraT' (6202)

6.8.2 Space Non-Commutativity

To remind the reader, the position of the space-time indices are important in this section.
The metric 7 is used to lower and raise indices,

AP = A,
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and we have n*'n,, = 0# = nk. For a" pointing into the 1—direction, we have
(2!, 2] = iag/, (6.203)

where f = 0,2,3,...,n — 1. We proceed as before and obtain for the action of the
derivatives on coordinates

it =#70,, 6t =1+ 7',

éfii‘g = (S? + i’géf, éfi‘l = (i‘l + ia) éf, (6.204)
where f,g =0,2,3,...,n — 1. For the other algebra generators, we use the definition
Nl M()l

The algebra relations of P, are obtained by first exchanging n with 1 and then changing
the signature to the Minkowski one. We get as a result

. n—1
~ s 14 ~ A A A A
[Nl, 80] = —% <1 — 6221181) - 5(80(90 Z@ 3 ) + Zaaoao,
b=2
[N®, 8] = Do, (6.205)
[N, (%] iady0, = —iadyd”,
[Nba éa] = 772 807
[M1a7 él] - é(la
[Mab’él] = 07
(M, 8] = iadydy, (6.206)
[ ]

(1 . 62ia5i> — %ng (—éoéo + Z ébéb) — iaéaéc,

Mla éc _ 0
’ " 9ia

[Mab7 80] - 77a ab nc a - 770 8(1 771? ab7
where a,b,c = 2,3,...,n—1. All the other relations or unaltered. We can rewrite above
relations in a compact form(| as

(M, 0,] = " — s &, (6.207)

(M9, 8] = 99 = -0, (6.208)

A 1 iad 4 ,, A A A A  ALA
(M, 0] =} (62 o _ 1) — S (oo — " 0,84) + iad?dy.

Lthis notation has been introduced by M. Dimitrijevié
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The action of the generators on coordinates is given by

N 3% = -3t [N, 1% = -3¢, (6.209)
[NY #1] = =20 —iaNY, [N, 21 =0, (6.210)
[Nt 9] =iaN®, [N® 39 = —§%39 (6.211)

[M1e) 2] = progt — ptlge — ja M, (6.212)
(M, 31| = prbge — pragt (6.213)

wheret=1,....n—1,a,0=2,....n—1, pu=0,1,...,n—1.
For ;1 =0, eqn. (6.212)) reads

(M 3% = —iaM®° = iaN*". (6.214)
In a more concise form we can rewrite the relations in the following way

[Mfg7xu] - n“gi’f _ nufj;g, (6.215)
(MY 2] = el — gt 3t 4 da MO, (6.216)

where f,g = 0,2,3,...,n — 1. As done in Subsection [6.8.1, one could calculate the
x-product of functions and the action of the generators on commutative functions. This
will not be covered here.

6.9 Conclusions and Remarks

We have constructed a deformed version of the n-dimensional algebra generated by
rotations and translations, which we have called P.. This construction is such that the
n-dimensional k-deformed Euclidean space,

", i) = iad’

constitutes a P,—module algebra. In the limit briefly discussed in Section [6.8, we
recover k-deformed Minkowski space which serves as a model for space-time at small
distances or high energies. The advantage over the canonical deformation of space-time
which has been extensively discussed prior in this work is that the symmetry structure
of classical space-time is conserved. Space-time is still symmetric under a deformed
Poincaré symmetry. P, is a quantum group [86].
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The structure of k-Euclidean space-time and its symmetry algebra has been exploited
in detail, and a lot of interesting features have shown up. In analogy to |16, /17], we
have constructed the invariant of the coordinate algebra under Poincaré transformations
and the Klein-Gordon operator as Casimir of the symmetry algebra . The

Dirac operator is introduced demanding that 7*Dqa(8) is a scalar under s-Poincaré
transformations, where v are the ordinary Dirac matrices. This determines Da(é)
uniquely. The square of the Dirac operator, however, is not equal to the Klein-Gordon
operator, but we obtain . The difference might be interpreted as a regulator,
in the spirit of Pauli- Villars It is interesting and vital for our work, that the Dirac
operator introduces additional derivatives into the algebra. The step from 8 to D

is merely a change of basis in the enveloping algebra of the translations. Therefore
we can also express the derivatives 8 as a function of D,. The formulae are given in
eqns. 1-} and - Due to the transformation properties of D D transforms as
an ordinary vector in commutative theory. So we have equipped the algebra with two
differential structures, éu have a complicated structure under Lorentz transformations
and a simple action on coordinates, Da have simple transformation properties, but act
in a complicated way on coordinates - . Two different kinds of vector fields

are introduced by its transformation properties. V, transforms ordinarily, i.e., in the

~ ~

same way as D,. A, and B , transform in rather the same way as the derivatives éu-
Because of the co-product of the x-Poincaré generators, A,A, (or ALA#) does not form

a scalar. We have to introduce another vector field g’”, such that g’“‘;l\“ builds a scalar.

The same is true for B u, it is a ”dual” situation. There is a conjugation | which satisfies,

~

At-B, At—B. -7,

Note that A* #+ A\“T. The vector fields gu and A* are related to the ordinarily trans-

forming vector field ‘7&, in the same as the derivatives éu are related to D,: via the
”Lorentz” vielbein e,*. The vielbein is an intertwiner between these two structures.

Now, algebraic field equations covariant under k-Poincaré transformations can be
formulated. This has been done in Section [6.7]

All these structures and formulae can be translated to the commutative regime and
formulated within the x-formalism. Therefore, we can write down covariant field equa-
tions for commutative functions and fields. Gauge fields can be introduced to the al-
gebra as vector fields. By construction they can be added to derivatives, covariantly.
Seiberg-Witten maps can be used to express the fields and gauge parameters of the
non-commutative theory in terms of commutative gauge fields and commutative gauge
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parameters. The structure of the gauge fields is somehow peculiar. In canonically non-
commutative gauge theory, the gauge parameters and the gauge fields are elements of
the enveloping algebra of the gauge group. The co-product of the derivatives is the
classical one. In our case the co-product is non-trivial. Non-linear operators apear. As
a consequence the gauge equivalence conditions only close, if the gauge field is not only
an element of the enveloping algebra of the gauge group, but also an element of the
enveloping algebra of the translations. The gauge field has to be Poincaré symmetry
valued. Since the gauge field is derivative valued, the field strength F,, = [D,, D,] is
also derivative valued. A possible action functional would therefore contain derivatives.
In order to get rid of them, we have to let them act on 1.

We need an integration invariant under x-Poincaré transformations, in order to be
able to consider Lagrangian models. These Lagrangian models will then be both, co-
variant under k-Poincaré and under arbitrary gauge symmetry. s-Poincaré covariance
will be broken, if we do not consider the Seiberg-Witten maps to all orders.

To ensure that the invariant integral also possesses the trace property might become
a problem.

Once we are able to examine actions, we can study physical models and their pre-
dictions, the structure of the newly found interactions. One of the main tasks will be to
study renormalisability of such models. The hope is that a non-commutative space-time
compatible with a Poincaré symmetry is a good candidate to describe nature in the high
energy regime. k-deformation is a very mild deformation and has already at that early
stage revealed a lot of interesting new structures.
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