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Prologue

Symmetries play a central role in both physics and mathematics. In physics, they can be found
at the heart of practically any theory where they encode an invariance of the theory under
certain transformations. As a simple example, one could think of the translational invariance of
classical mechanics: the way in which an apple falls from a tree does not depend on the location
of the garden. More interesting (but more confusing) are symmetries in Einstein’s theory of
special relativity. Here we find that the speed of light emitted by a torch of a person at rest
coincides with the speed of light coming from a torch held by a person who is moving at constant
velocity; the symmetries involved are given in terms of the so-called Lorentz transformations.

In mathematics, symmetries appear for example in the theory of group actions on some
space. One could think here of the set of rotations in three dimensions acting on an ordinary
sphere. Also, mathematics allows for a more general type of symmetries, known as quantum
symmetries; they are described in quantum group theory. Such symmetries are supposed to act
on so-called noncommutative spaces. Notice that on an ordinary space (think of the plane), we
can choose coordinates which are ordinary numbers indicating the position on this space (say
the (x,y)-coordinates on the plane). A noncommutative space can be described in a similar
manner, with the only (but drastic) difference that the coordinates are not numbers anymore
but abstract objects which in general do not even commute (in the sense that x-y # y-x). The
description of such spaces forms the basic subject of Alain Connes’ noncommutative geometry
[27].

A beautiful synthesis between mathematics and physics is found in Yang-Mills theory. This
theory forms the basis of the celebrated Standard Model of physics which provides a highly
accurate description of interactions between particles at a subatomic scale. Symmetries arise
in the form of Lie groups. For example, the Lie group SU(2) lies at the heart of the theory of
the weak interactions; it will be of central interest to us in what follows. Yang-Mills theory is
defined in terms of a Yang-Mills action, expressing the energy of the configuration. We stress
here the physical importance of finding the absolute minima of such an action; they are given
by configurations called instantons.

The mathematical structure behind Yang-Mills theory is the theory of connections on prin-
cipal bundles. The ideas of Yang-Mills theory culminated in Donaldson’s construction of invari-
ants of smooth four-dimensional manifolds [42] in which a central role is played by instantons.

We are interested in “quantum versions” of two different parts of this Yang-Mills theory. The
first one is concerned with the symmetry alone, and considers the quantum symmetry group
SU4(2) in the framework of Connes’ noncommutative geometry. The second one leaves the
symmetry group as it is and considers a formulation of SU(2) Yang-Mills theory on noncom-
mutative spaces, still in the same framework of noncommutative geometry. The motivation
for this is two-fold. Firstly, there is the idea that (quantum) Yang-Mills theories on quantum
spaces or with quantum symmetries behave —in some sense— better than on ordinary spaces.



Secondly, Alain Connes’ noncommutative geometry has all the ingredients for the formulation of
Yang-Mills theory. For instance, the choice of a certain slightly noncommutative space! allows
for a derivation of the successful Standard Model of physics from basic principles [21, 22].

We construct in Part T a quantum version of the symmetry group SU(2) described above,
and connect this quantum group with the noncommutative geometry of Connes. In this way,
we describe the geometry of the quantum group SUg4(2) as a noncommutative space. A guid-
ing principle is provided by imposing symmetry under certain transformations; there are two
quantum symmetries and we impose invariance —or equivariance— under their action.

In Part I, we consider a formulation of SU(2) Yang-Mills theory on noncommutative spaces.
In particular, we explore the geometry of a noncommutative principal bundle and define a Yang-
Mills action on a four-dimensional noncommutative sphere. On the way, we encounter more
quantum symmetries. We discuss a (infinitesimal) quantum version of the five dimensional
rotation group acting as symmetries on the noncommutative four-sphere as well as the twisted
conformal transformations. The latter gives rise to a family of infinitesimal instantons which
are the minima of the Yang-Mills action.

This thesis consists for a great part of the articles [39, 93] (Part I) and [68, 69] (Part II). We
added several remarks and considerations, together with some introductory material, collected
in the appendix.
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quantum SU(2)






Chapter 1

Introduction

One of the basic motivations of noncommutative geometry is that one can describe a topological
space by the C*-algebra of continuous functions on it. See Appendix A.1 for an overview of the
theory of C*-algebras. The Gelfand transform allows to construct a Hausdorff space X from a
commutative C*-algebra A, in such a way that A ~ Cy(X).

Theorem 1.1. There is an equivalence between the category of Hausdorff topological spaces and
the category of commutative C*-algebras.

Alain Connes developed this idea further in the 1980’s, in that also the metric structure
of a Riemannian manifold becomes encoded in dual objects. In this case, the topology of the
manifold is described in terms of an algebra as above, whereas the geodesic distance can be
derived from the Laplacian on the manifold. In the case of a Riemannian spin manifold, one
usually works with the Dirac operator. The advantage of this over the Laplacian is that it is a
first-order instead of a second-order differential operator.

This motivates the key idea of noncommutative geometry in that forgetting about the com-
mutativity of the algebra allows to describe ‘virtual’ quantum spaces in a dual manner. One
arrives at the following basic set of data [27].

Definition 1.2. A spectral triple (A, H, D) consists of a *-algebra of bounded operators on a
Hilbert space H, together with a self-adjoint operator D on H satisfying

1. The resolvent (D —A)~', A € R, is a compact operator
2. The commutator [D,a] =D -a—a-D is a bounded operator for all a € A.

The basic and motivating example is the canonical spectral triple associated to an n-
dimensional Riemannian spin manifold M. It is defined by

e A =C*®(M), the algebra of smooth functions on M.
e H=17(M,S), the Hilbert space of square integrable sections of a spinor bundle S — M.
e D, the Dirac operator associated with the Levi-Civita connection.

The topology of M is recovered by the C*-completion of A, which is the algebra of continuous
functions on M. The geodesic distance between any two points on M is given by

d(p, q) = sup{lf(p) — f(q)l : [[[D,fl]| < 1},
fe A

9
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whereas the Riemannian measure on M is given in terms of the so-called Dixmier trace [41],
denoted Try,. It is defined on the class of compact operators of order 1, i.e. with singular
values un(T) satisfying un(T) = (9(%). On such operators, it filters out the coefficient of the
logarithmic divergence of the singular value sums on = Yy on Hk(T) (see Appendix A.2 for
more details). It turns out that on a Riemannian spin manifold of dimension m, the compact
operator |D|™™ is in this class of operators and in fact, for a smooth function f on M we have

Jdug(x)f(x) =Tr,fIDI™™.

The Connes’ reconstruction theorem [29] provides a full duality between Riemannian spin
manifolds and spectral triples for which the algebra A is commutative. It constructs a Rieman-
nian spin manifold M from such a spectral triple, so that the latter coincides with the canonical
triple on M. The spectral triple is subject to several conditions, first spelled out in [28], and
completed later in [80].

The dictionary that translates spaces into algebras and metric structures into Dirac operators
can be extended to many geometrical structures. We will note two more important cases, which
will be of interest to us in what follows.

Firstly, the Serre-Swan theorem [91] encodes a vector bundle on a compact topological space
X into a finite projective module over the algebra C(X). A (right) module £ over an algebra A
is called finite projective if there exists a projection p € Mp(.A), such that & ~ p AN as right
A-modules.

Theorem 1.3. There is an equivalence between the category of vector bundles on (compact)
topological spaces X and the category of finite projective modules over C(X).

In view of this, we can think of a finite projective module £ over an algebra A as describing a
noncommutative vector bundle. The theory of characteristic classes for vector bundles on topo-
logical spaces is replaced by the so-called Chern-Connes pairing between the cyclic cohomology
and K-theory, culminating in the Connes-Moscovici index theorem. The latter can be under-
stood as a generalization of the Atiyah-Singer index theorem to the realm of noncommutative
geometry.

Secondly, we consider Hopf algebras, which will be the translation of (Lie) groups. They
arise from the following question: How does one encode the group structure on a (Hausdorff)
topological group G in terms of the C*-algebra Co(G). Let us see what happens with the
product, inverse and identity of the group on the level of the C*-algebra C(G), in the case of
a compact Lie group G. For convenience we restrict to the algebra of representative functions
A:=F(G). Let p: G — GL,(C) be a continuous finite-dimensional representation of G on C™.
The matrix elements pyj, as p runs through all finite-dimensional representations of G, generate
the subalgebra F(G) of C(G); from the Peter-Weyl theorem it follows that F(G) is a dense
x-subalgebra of C(G). Also, the algebraic tensor product F(G) ® F(G) can be identified with
F(G x G).

The multiplication of the group can be seen as a map G x G — G, given by (g,h) — gh.
Since dualization reverses arrows, this becomes a map A: A — A ® A called the coproduct and
given by

A(f)(g, h) = f(gh),
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where we used F(G) ® F(G) ~ F(G x G). The property of associativity on G becomes coasso-
ciativity on A:

(A®id) o A= (id®A) o A, (a)
stating that f((gh)k) = f(g(hk)).

The unit e € G gives rise to a counit, as a map € : A — C, given by €(f) = f(e) and the property
eg = ge = g becomes on the algebra level

(id®e) oA =1id = (e ®id) 0 A, (b)
which reads explicitly f(ge) = f(eg) = f(g).

The inverse map g — g~ ', becomes the antipode S : A — A, defined by S(f)(g) = f(g~'). The
property gg~' = g~ 'g = e, becomes on the algebra level:

M(S®id) o A =m(id®S) o A = 14¢, (c)
where m: A ® A — A denotes pointswise multiplication of functions in A.

Definition 1.4. A Hopf algebra A is an algebra A, together with two algebra maps A : AQA —
A (coproduct), € : A — C (counit), and a bijective C-linear map S : A — A (antipode), such
that equations (a)—(c) are satisfied.

In the category of Hopf algebras, there is also an analogue of the Gelfand transform. This is
the Tannaka-Krein duality giving an equivalence between the category of Lie groups to a certain
subcategory of the category of commutative Hopf algebras. Hence, in view of this duality, a
noncommutative Hopf algebra describes a virtual quantum group.

The rich interaction between classical differential geometry and Lie groups motivates the
study of the interaction between the theory of spectral triples and Hopf algebras. Only quite
recently, several examples have been constructed. In [38, 40, 77, 87], the noncommutative
geometry of the “two-dimensional” spheres of Podles [79] is described by several spectral triples,
being generalized in [61] to quantum flag manifolds. A left-equivariant spectral triple on the
quantum group SUq(2) was constructed in [20] and fully analyzed in [31]. However, this spectral
triple does not have a good limit at the classical value of the deformation parameter.

We show how to successfully construct a (noncommutative) 3-dimensional spectral geometry
on the manifold of the quantum group SUg(2), deforming the classical geometry of the “round”
sphere S3 ~ SU(2). This is done by building a 3T-summable spectral triple (A(SUq4(2)),H,D)
which is equivariant with respect to a left and a right action of Uq(su(2)). The geometry is
isospectral to the classical case in the sense that the spectrum of the operator D is the same as
that of the usual Dirac operator on S with the “round” metric.

The possibility of such an isospectral deformation was suggested in [33] but subsequent
investigations [47] seemed to rule out this deformation because some of the commutators [D, x],
with x € A(SUq(2)), failed to extend to bounded operators, a property which is essential to the
definition of a spectral triple.

These difficulties are overcome here by constructing on a Hilbert space of spinors H a spin
representation of the algebra A(SUq(2)) which differs slightly from the one used in [47]. Our
spin representation is determined by requiring that it be equivariant with respect to a left and
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a right action of Uq(su(2)), a condition which is not present in the previous approach. The role
of Hopf-algebraic equivariance in producing interesting spectral triples has already met with
some success [20, 40, 17]; for a programmatic viewpoint, see [90].

In Chapter 2, we discuss the quantum group SUgq(2) together with its symmetries and
construct its left regular representation via equivariance. We then transfer that construction
to spinors and consider a class of equivariant “Dirac” operators D on the Hilbert space of
spinors. For such an operator D having a classical spectrum, that is, with eigenvalues depending
linearly on “total angular momentum”, we prove boundedness of the commutators [D, x], for all
x € A(SUg4(2)). In fact, this equivariant Dirac operator is essentially determined by a modified
first-order condition, as is shown later on. Since the spectrum is classical, the deformation
—from SU(2) to SUq4(2)- is isospectral, and in particular the metric dimension of the spectral
geometry is 3.

The new feature of the spin geometry of SUq4(2) is the nature of the real structure J, whose
existence and properties are addressed in Chapter 3. An equivariant ] is constructed by suitably
lifting to the Hilbert space of spinors H the antiunitary Tomita conjugation operator for the left
regular representation of A(SUgq(2)). However, this ] is not the usual real structure, defined as
the tensor product of the Tomita operator with a Pauli matrix; for if it were, the spectral triple
(in particular the Dirac operator) would inherit equivariance under the co-opposite symmetry
algebra U 4(su(2)), forcing it to be trivial. Indeed, the equivariant J we shall use does not
intertwine the spin representation of A(SUgq(2)) with its commutant, and it is not possible
to satisfy all the desirable properties of a real spectral triple as set forth in [28, 49]. This
rupture was already observed in [38]; just as in that paper, we must also weaken the first-order
requirement on D. In Section 3.2, we rescue the formalism by showing that the commutant
and first-order properties nevertheless do hold, up to compact operators. In fact, we identify an
ideal of certain trace-class operators containing all commutation defects; these defects vanish in
the classical case. An appropriately modified first-order condition is given, which distinguishes
Dirac operators with classical spectra.

Finally, in Chapter 4 we discuss the Connes-Moscovici local index formula for the noncom-
mutative geometry on SUgq(2). The introduction of a quantum cosphere bundle Sy turns out
to simplify the discussion drastically, since it provides a systematic way of working modulo
smoothing operators. We work out the dimension spectrum as well as the local cyclic cocycles
yielding the index formula. As a simple example, we compute the Fredholm index of D coupled
with the unitary representative of the generator of Kq(A(SUq4(2))).



Chapter 2

The quantum group SU,(2) and its symmetries

In this chapter, we construct a noncommutative version of the geometry of S3 ~ SU(2) as a
homogeneous space of Spin(4):

_ Spin(4) _ SU(2) x SU(2)

~ Spin(3) Su(2) ’

S3 ~ SUu(2)

on quotienting out the diagonal SU(2) subgroup of Spin(4). We thus realize SU(2) as the
base space of the principal spin bundle Spin(4) — S3, with projection map (g,h) — gh™.
The action of Spin(4) on SU(2) is given by (g,h) - x := gxh™', and the stabilizer of 1 is the
diagonal SU(2) subgroup. We may choose to regard this as a pair of commuting actions of
SU(2) on the base space SU(2), apart from the nuance of switching one of them from a right
to a left action via the group inversion map. Of course, there is the induced infinitesimal
action of the Lie algebra spin(4) = su(2) x su(2). We can equip SU(2) with the ‘round’
metric, so that the action of spin(4) is isometrical. The spinor bundle § = Spin(4) x g2 C?
is parallelizable: S ~ SU(2) x C?, although one needs to specify the trivialization. The Dirac
operator associated to the metric then acts as an unbounded self-adjoint operator on the Hilbert
space L?(SU(2)) ® C2. The isometries in spin(4) can be represented on this Hilbert space by
unitaries implementing the action of spin(4) on SU(2). By definition, the unitaries commute
with the Dirac operator.

We will extend the above scheme to the case q # 1 by defining the quantum group SU4(2) in
terms of a Hopf algebra, together with its symmetries encoded in two actions of the Hopf algebra
Uqg(su(2)). We study the left regular representation of SU4(2) and find that it is equivariant
(in some proper sense) with respect to the two actions of Ug(su(2)). Then we introduce the
spinor bundle on SU4(2) and define the Dirac operator that is invariant under the two actions
of Ug(su(2)).

2.1 Algebraic preliminaries

Definition 2.1. Let q be a real number with 0 < q < 1, and let A = A(SUq4(2)) be the *x-algebra
generated by a and b, subject to the following commutation rules:

ba = qab, b*a = qab*, bb* = b*b,
a*a+q*b*b=1, aa*+bb*=1. (2.1.1)

13
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As a consequence, a*b = qba* and a*b* = qb*a*. This becomes a Hopf x-algebra under the
coproduct

Aa:=a®a—gb®b*,
Ab:=b®ad"+a®b,

counit e(a) =1, e(b) =0, and antipode Sa = a*, Sb = —qb, Sb* = —q~'b*, Sa* = a.

Remark 2.2. Here we follow Majid’s “lexicographic convention” [13, 72] (where, with ¢ =
—qgb*, d = a*, a factor of q is needed to restore alphabetical order). Another much-used
convention is related to ours by a < a*, b «» —b; see, for instance, [20, 31].

Definition 2.3. The Hopf x-algebra U = Uq(su(2)) is generated as an algebra by elements
e, f,k, with k invertible, satisfying the relations

ek =qke, kf=qfk, k*—k?2=(q—q ")(fe—ef), (2.1.2)
and its coproduct A is given by
Ak =k®k, Ae=exk+k'®e Af=fek+k'®f.

Its counit €, antipode S, and star structure * are given respectively by

e(k) =1, Sk=k', k* =k,
e(f) =0, Sf = —qf, f*=e,
e(e) =0, Se=—q e, e’ ="1.

There is an automorphism O of Uq(sw(2)) defined on the algebra generators by
dk) =k, B(f):=—e, Be):=—1. (2.1.3)

Remark 2.4. We recall that there is another convention for the generators of Uq(su(2)) in
widespread use: see [58], for instance. The handy compendium [60] gives both versions, de-
noting by ﬁq(su(Z)) the version which we adopt here. However, the parameter q of this paper
corresponds to 7' in [60], or alternatively, we keep the same q but exchange e and f of that
book; the equivalence of these procedures is immediate from the above formulas (2.1.2).

The older literature uses the convention which we follow here, with generators usually written

as K=k, Xt =1, X~ =e.
We employ the so-called “g-integers”, defined for each n € Z as

qn o q—n

] =nlq = q—q

provided q # 1. (2.1.4)

Definition 2.5. There is a bilinear pairing between U and A, defined on generators by
(k,a)=az, (ka)=aq2, (e,—qb")=(fb)=1,
with all other couples of generators pairing to 0. It satisfies

(SR)*,x) = (h,x*), forall held, xe A (2.1.5)
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We regard U as a subspace of the linear dual of A via this pairing. There are canonical left and
right U-module algebra structures on A [96] such that

(g,h>x) :=(gh,x), (g,x<h):=(hg,x), forall g,hel, xec A
They are given by h>x := (id ®h) Ax and x <h:= (h® id) Ax, or equivalently by
hox = x(1) (h,x(2)), x ah = (h,x(1)) X(2), (2.1.6)
using the Sweedler notation Ax =:x(1) ® x(2) with implicit summation.
The right and left actions of & on A are mutually commuting:
(h>a)ag=(ap(h,ap))<g=(g,am) ap (h,a3z) =he({g,anq)) az) =h>(aag),
and it follows from (2.1.5) that the star structure is compatible with both actions:
hox* = ((Sh)*>x)*, x*<h=(x<(Sh)*)*, forall hel, xec A

On the generators, the left action is given explicitly by

1

k>ra=q2aq, kba*:q*]?a*, kbb:q*%b, kbb*:q]ib*,
fra=0, f>a* = —qb*, fob=aq, fob* =0, (2.1.7)
era=>b, e>a* =0, exb =0, exb* =—q 'a*,

and the right action is likewise given by

a<k = q%a, a*<k= q*]?a*, bak = q]fb, b* <k = q*]ib*,
a<f=—qb* a*<f =0, baf =a" b*<f =0, (2.1.8)
a<de =0, a*<e=bn, bge=0, b*<ge=—q 'a

We remark in passing that since A is also a Hopf algebra, the left and right actions are
linked through the antipodes:

S(Sh>x) = Sx<h.
Indeed, it is immediate from (2.1.6) and the duality relation (Sh,y) = (h, Sy) that
S(Shex) = S(x(1)) (Sh,x(2)) = S(x(1)) (R, S(x(2))) = (Sx)2) (h, (SX) (1)) = Sx < h.

As noted in [48], for instance, the invertible antipode of U serves to transform the right
action < into a second left action of U on A, commuting with the first. Here we also use the
automorphism & of (2.1.3), and define

hex:=xaS ' (H(h)).

Indeed, it is immediate that

g-(h-x) = (xaS7(Bh)) «S7'(Bg) = x < (ST (BR)ST'(Bg)) = x < (ST'(B(gh)) = gh - x,
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i.e., it is a left action. We tabulate this action directly from (2.1.8):

Za, k-a* =q2a*, k-b=qzb, k.b* = q 7b",

k-a=q
f-a=0, f.a* =qgb, f-b=0, f-b*=—q, (2.1.9)
e-a=-b" e-a" =0, e-b=q 'a*, e-b"=0.

We recall [60] that A has a vector-space basis consisting of matrix elements of its irreducible
corepresentations, {t},,: 2l € N, m,n =—1,...,1— 1,1}, where

th=1ti,=a, t ,=b.

SIESSIE
N|— =

N|—=
STE

The coproduct has the matricial form Atl,, = Dk t}nk ® t}m, while the product is given by

Al ji 1 k j 1 k
j 4l 13
tetim = ) E u Cq (T - > Cq (S n s+ n) trpmsm (2.1.10)
=)j—

where the Cy(—) factors are g-Clebsch-Gordan coefficients [8, 59].

The Haar state on the C*-completion C(SUq(2)), which we shall denote by 1, is faithful, and
it is determined by setting {(1) := 1 and W(t},,,) := 0if 1 > 0. (The Haar state is usually denoted
by h, but here we use h for a generic element of U instead.) Let Hy, = LZ(SUq(Z),lb) be the
Hilbert space of its GNS representation, denoted my,; then the GNS map n: C(SUq4(2)) — Hy
is injective and satisfies

Uoy2 1 1 qm
It IF = ()" tiwn) = 57779 (2.1.11)
and the vectors n(t!, ;) are mutually orthogonal. From the formula
—m
Cq< l l 0> _ (_])qui“
we see that the involution in C(SUg4(2)) is given by
(thn)* = (=12 g™l (2.1.12)

1

1 1
In particular, t*, ; = —qgb* and t*, , = a*, as expected.

202 2> 2
An orthonormal basis of Hy, is obtained by normalizing the matrix elements, using (2.1.11):

lmn) := q™ 21+ 1) n(tL,,). (2.1.13)

2.2 Equivariant representation of A(SU4(2))

Let U be a Hopf algebra and let A be a left i/-module algebra. A representation of A on a vector
space V is called U-equivariant if there is also an algebra representation of I on V, satisfying
the following compatibility relation:

h(x&) = (h(g)>x)(h(2)E), held, xec A £V,
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where > denotes the Hopf action of &/ on A. If A is instead a right Z/-module algebra, the
appropriate compatibility relation is x(h&) = h(y)((x 9h(z))E&). Also, if A is an U-bimodule
algebra (carrying commuting left and right Hopf actions of /), one can demand both of these
conditions simultaneously for pair of representations of A and I/ on the same vector space V.

In the present case, it turns out to be simpler to consider equivariance under two commuting
left Hopf actions, as exemplified in the previous section. We shall first work out in detail a
construction of the regular representation of the Hopf algebra A(SUg4(2)), showing how it is
determined by its equivariance properties.

We begin with the known representation theory [60] of Ug(su(2)). The irreducible fi-
nite dimensional representations oy of Uq(su(2)) are labelled by nonnegative half-integers | =
0, %,1,%,2, ..., and they are given by

o(k) [tm) = q™ [lm),
o(f) [tm) = VIL—m]l+m + 1], m+ 1), (2.2.1)
ole)[tm) = /Il —m+ 1L+ m] |, m— 1),

where the vectors [lm), for m = —1,—1+ 1,...,1 — 1,1, form a basis for the irreducible U-
module Vi, and the brackets denote g-integers as in (2.1.4). Moreover, 0y is a #-representation
of Uq(su(2)), with respect to the hermitian scalar product on Vi for which the vectors [lm) are
orthonormal.

Remark 2.6. The irreducible representations (2.2.1) coincide with those of flq(su(Z)) in [60],
after exchange of e and f (see Remark 2.4). Further results on the representation theory of
Uq(su(2)) are taken from [60, Chap. 3] without comment; in particular we use the q-Clebsch-
Gordan coefficients found therein for the decomposition of tensor product representations. An

alternative source for these coefficients is [8], although their qlf is our (.

Definition 2.7. Let A and p be mutually commuting representations of the Hopf algebra U on a
vector space V. A representation 1 of the x-algebra A on'V is (A, p)-equivariant if the following
compatibility relations hold:

p(h) m(x)& = m(h(q) > x) p(h(2))E, (2.2.2)

forallheld,xe Aand E€V.

We shall now exhibit an equivariant representation of A(SUgq(2)) on the pre-Hilbert space
which is the (algebraic) direct sum

V=P Vvieow
21=0

The two Ug(su(2)) symmetries A and p will act on the first and the second leg of the tensor
product respectively; both actions will be via the irreps (2.2.1). In other words,

A(h) = o1(h) ®id, p(h) =id®o(h) on Vi ® Vi.
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We abbreviate [lmn) := [lm) ® [In), for m,n = —1,...,1—1,1; these form an orthonormal basis
for Vi ® W, for each fixed 1. (As we shall see, this is consistent with our labelling (2.1.13) of
the orthonormal basis of H,, in the previous section.) Also, we adopt a shorthand notation:

+._ 1 +._ 1 +._ 1
Fi=1lt5 m=m*5 n =nts;.

Proposition 2.8. A (A, p)-equivariant x-representation  of A(SUq(2)) on the Hilbert space V
of (2.8) must have the following form:

n(a) [lmn) = Al [U'm™™) + A [IUmn™),
7i(b) [lmn) = 1mn\l+ n) + B Jlmn),
n(a*) lmn) = A} [IFm™n7) + AL JUmno), (2.2.3)
7i(b*) [lmn) = lmn\ﬁ nt) + lmnﬂ m nt),
where the constants Ali mn and Bit . are, up to phase factors depending only on 1, given by

Aln = 4

1
(—2tpmin—t) 2 L+ m+ T +n+ 112
21+ 1][21 4 2] '

1
A= = gqumenan2(L-mill =y 2
b u2L+1 )

1
l+m+1l—m+1]\2
BF = glmin-1)/2 [ 994
tmn = 4 FIRE 71T R A (2:24)
1
B = _qimen-n2( Lo mlll+ iy 2
tmn UL+ )
and the other coefficients are complex conjugates of these, namely,
Aitmn (A m n- )*’ Bitmn (B?:im nt )*- (225)

Proof. First of all, notice that hermiticity of 7 entails the relations (2.2.5). We now use the
covariance properties (2.2.2). When h = k, they simplify to

AK)mt(x) & =m(k-x)A(k) &, p(k)7(x) & = (ke x) p(k) &. (2.2.6)
Thus, for instance, when x = a we find the relations

a)(q™tmn)) = q™ 2 x(a) lmn),

)(q™lmn)) = g™ 27(a) [lmn),

A(k) 7(a) [tmn) = 7(

7(q 3

1
p(k)m(a) [lmn) = n(qza
where we have invoked k-a =kp>a = q% a. We conclude that 7t(a) [lmn) must lie in the closed
span of the basis vectors [''m™m™). A similar argument with x = b in (2.2.6) shows that 7t(b)
increments n and decrements m by %, since k- b = q]?b while k> b = q_]fb. The analogous
behaviour for x = a* and x = b* follows in the same way from (2.1.7) and (2.1.9).

Thus, t(a)[lmn) is a (possibly infinite) sum

mi(a) [lmn) = Y |, Cygmn [UVm ™), (2.2.7)
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where the sum runs over nonnegative half-integers 1’ = 0, ;, 1, 3, e
Next, we call on (2.2.2) with h =f, x = a, to get

A ()& = ni(f- ) MK)E + (k™" - a) A(F)E = g 2m(a) A()E,

on account of (2.1.7). Consequently, A(f)™n(a) = g~ "/?n(a) A(f)" for r =1,2,3,.... On apply-
ing A(f)" to both sides of (2.2.7), we obtain on the left hand side a multiple of 7t(a) 1, m+1, 1),
which vanishes for m+r > 1; and on the right hand side we get 3, Cytmn Dyme [V, mT 41,0 7F),
where Dy/ # 0 as long as m + 1 + % < 1. We conclude that Cy/iyp = 0 for U/ > 1+ %, by
linear independence of these summands.

In order to get a lower bound on the range of the index 1’ in (2.2.7), we consider the analogous
expansion m(a*) [lmn) =3 |, émmnll’m*n*y Now A(e)™n(a*) [lmn) = q™/?m(a*) A(e)" [lmn)
oc 7t(a*) [l m —r,n) vanishes for m —r < —1; while A(e)"'m™ ™) = Fyp, [V, m™ —r n-) with
Fume 0 for m —r — 1 —1’. Again we conclude that Cotmn = 0 for I/ > 1+ 1 5. However,
since 7 is a >f<—1“ep1resentautlon the matrix element (I''m/n’|7m(a)|lmn) is the complex conjugate
of (lmn | 7t(a*) | 'm/n’), which vanishes for 1 > 1’ + J, so that the indices in (2.2.7) satisfy
1— % <1V <14 % Clearly, 1’ = 1 is ruled out because l — m and ' — m & % must both be
integers.

Therefore, 7t(a) and also 7t(a*) have the structure indicated in (2.2.3). A parallel argument
shows the corresponding result for 7t(b) and 7t(b*).

The coefficients which appear in (2.2.4) may be determined by further application of the
equivariance relations. Since fr>a = 0 and er>b = 0, then by applying p(f) and p(e) to the first
two relations of (2.2.3), we obtain the following recursion relations for the coefficients AL

BL m
lm[l+n+2ﬁ A2 A L+ 102,
[l =112 =g 2AL, L2,
B [l— n+z]1 7B L+ 12,
Byl 1 — 112 = q2By, L+ ]2

Afpnll+m+212 = g7 2Af, L+ m+ 112,

Al =M — 12 = q 2 AL, W[L—ml2,

Binnll+ M 4212 =q 2B, [L+m+1]2, (2.2.8a)
Bl —m =112 = q 2B, 4 [1—m]2

AL =qM™ 2 m 4 12l n+ 102 o,

A = 42— m)Z7[L - nJ? ay,

Bl =q™™/ 2l m 4 12[l—n+1)z b, (2.2.8b)
Bipn =A™~ m]Z L+ )2 by
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where ali, bf depend only on L.
Once more, we apply the equivariance relations (2.2.2); this time, we use

ple)n(a) = (e a)p(k) +n(k " > a)ple) = n(b)p(k) + g 2m(a)p(e). (2.2.9)

Applied to [lLmn), it yields an equation between linear combinations of [lTm*™n~) and [I"m™n~);
equating coeflicients, we find

b/ =q'a/, by =—q " 'a;.
Furthermore, applying also to [lmn) the relation

Ae)rt(b) = 7t(e - b)A(K) + (k' - b)A(e)
= q 'm(a*)AK) + g 2m(b)A(e), (2.2.10)

we get, after a little simplification and use of (2.2.5),

— oy 213+
(aH%) =g~z qa/.

It remains only to determine the parameters afr. We turn to the algebra commutation rela-
tion ba = qab and compare coefficients in the expansion of 7t(b)7t(a) [lmn) = q t(a)7t(b) [lmn).
Those of L4+ 1, m+1,n) and [l—1, m+ 1,n) already coincide; but from the [l, m+ 1,1n) terms,
we get the identity

qal2L+2)|af 1 = 2Ula], 1%

2
This can be solved immediately, to give
Caag™t

+ _
ap = T )
21+ 1]2[21 4 2)2

where C is a positive constant, and (; is a phase factor which can be absorbed in the basis vectors
[lmn); hereinafter we take (; =1 (we comment on that choice at the end of the section).
Finally, from the relation a*a + q?b*b = 1 we obtain

1= (000 |7t(a*a+ g*b*b) | 000) = [adl* + q?bf|* = (1 + q?)C?/[2] = q C?,

and thus C = q_%. We therefore find that

1 1
2L+ T122142)2 bR+’
1 1
q 2 a q 2
2L+ 1]2[21 + 2]2 2Uz 214 1]2
and substitution in (2.2.8b) yields the coefficients (2.2.4). O

It is easy to check that the formulas (2.2.3) give precisely the left regular representation
my of A(SUq(2)). Indeed, that representation was implicitly given already by the product rule
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(2.1.10). From [8, (3.53)] we obtain

1 1
3 m m

) 21 +1]z
1
Cq< 2 L H) _gitem LmmA 112
-2 mm 21+ 1]2
1 o . 1
Cq(% ' 1+) _ gitemen LmmlE (2.2.11)
2 mm 2L+ 1]2
1
SR S TR S
—zmm 21+ 1]2
By settingj =r=s= % in (2.1.10), we find
1 + 1 +
5 L1 5 L1 +
ﬂlp(a)n(thm) ZECQ(i m m+> CQ<i n n+> (t}nﬂﬁ)
Taking the normalization (2.1.13) into account, this becomes
1
IR 1R A A ;7 1o1f
mp(a)lmn) = g 21Cq<% +> q<% L) IFmT )
21+ 2]2 2 mm 2 von

1
121412 (1 1 1—) (
+q z—C C
a puz o ; m mt) ¢

(—=2l+m+n—1) [1—|—TTL—|— 1]%[1+n—|— ”]j
T

21+ 1]2[21 + 22

1 1
+ qrminD) “_T?]Z [l—n]]z “m*n+
[212[21 4+ 1]2

= m(a)[lmn).

A similar calculation, using (2.2.11) again, shows that 7(b) = m,(b). Since a and b generate
A as a x-algebra, we conclude that m = 7ty,. (It should be noted that 7y, has already been
exhibited in [20] in the same way, albeit with different convention for the algebra generators.)
The identification (2.1.13) embeds the pre-Hilbert space V densely in the Hilbert space Hy,
and the representation 7, extends to the GNS representation of C(SUq(2)) on Hy,, as described
by the Peter—Weyl theorem [60, 96]. In like manner, all other representations of .4 exhibited in
this paper extend to C*-algebra representations of C(SUq(2)) on the appropriate Hilbert spaces.

The only lack of uniqueness in the proof of Proposition 2.8 involved the choice of the phase
factors (y; if Z is the linear operator on V which multiplies vectors in Vi ® Vi by (;, then Z
commutes with each A(h) and p(g), and extends to a unitary operator on Hy,. In other words,
any (A, p)-equivariant representation 7t extends to Hy, and is unitarily equivalent to the left
regular representation. The (standard) choice {; = 1 ensures that all coefficients At

tmn @nd
Blimn are real: it is indeed an extension of the Conden—Shortley phase convention [9].
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2.3 The spin representation

The left regular representation 7t of A, constructed in the previous section, can be amplified to
' = ®id on V ® C2. The representation theory of I (and the corepresentation theory of A)
follows the same pattern as for @ = 1; only the Clebsch—Gordan coefficients need to be modified
[59] when q # 1.
To fix notations, we take
Wi=VeCi=VeVi,

and its Clebsch—-Gordan decomposition is the (algebraic) direct sum
W = (@ Vi® v1> @V~ Vi@ @(vﬂ% @ Vj) @ (Vi1 @ Vj). (2.3.1)
21=0 2j=1

We rename the finite-dimensional spaces on the right hand side as

w=wje @Pw ew, (2.3.2)
25>1

where W)T ~ Vj+l ® V; and W]i ~ ijl ®Vj, so that
2 2
dimW, = (2j +1)(2j +2), forj=o0,]
1 o (2.3.3)
dim Wy = 2j(2j + 1), for j = 3,

Definition 2.9. We amplify the representation p of U on V to p’ = p®id on W =V @ C2.
However, we replace A on 'V by its tensor product with o1 on C?:
2

NMh)=A® 01)(Ah) =Alh()) @ 01 (hz)).

It is straightforward to check that the representations ' and p’ on W commute, and that the
representation @' of A on W is (N, p’)-equivariant:

"(ha)y>x) p'(hz)b, (2.3.4)
forallheld,xe A andp € W.

To determine an explicit basis for W which is well-adapted to (A’, p’)-equivariance, consider
the following vectors in V @ C2:

cimltmn) @ 1, — 1) + syl m—T,n) @ 13, +1),

—stm[lmn) @[3, —3) + com L m —1,n) @13, +3),
where ] |
et i qrm2 Lom A 12 e (LM
21 +1]2 214 1]2

are the g-Clebsch—-Gordan coefficients corresponding to the above decomposition (2.3.1), satis-
fying C%m—i- s%m = 1. These are eigenvectors for A’(Cq), where Cq := qk?+q 'k 2+ (q—q~')?%ef
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is the Casimir element of U, with respective eigenvalues q2**2 4+ q 22 and q?'4+ q—2'. Thus, to
get a good basis, one should offset the index 1 by i% (as is also suggested by the decomposition
(2.3.2) of W).

Forj=1+3,p=m—J, withp=—j,....,jandn=—j",...,j7, let
jpnl) == Ciuli W) @ 13, —3) + Sjuli ) @13, +3)% (2.3.5a)

andforjzl—%, u:m—%,with w=—j,....,jand n=—j" ... ", let
junT) = =Sjsulitum) @13, —3) + Craulite ) @13, +3), (2.3.5b)

where the coeflicients are now

E
N|—=
E
N|—=

o2 ZH2 g qew2 B

2j]2 (2j]
Notice that there are no | vectors for j = 0. It is now straightforward, though tedious, to verify
that these vectors are orthonormal bases for the respective subspaces W]l and W)T

Cijui=dq (2.3.5¢)

N|—

The Hilbert space of spinors is H 1= Hy, ® C?, which is just the completion of the algebraic
direct sum (2.3.2). We may decompose it as H = HT @ HL, where HT and H! are the respective
completions of P ;5 W)T and P51 W

Lemma 2.3.1. The basis vectors [junT) and |junl) are joint eigenvectors for N'(k) and p'(k),
and e, f are represented on them as ladder operators:

N (K)[junT) = g*fjunT), p' () funT) = q™junt),

N(K)junl) = q*junl),  p'(k)junl) = q"junl). (23.62)
Moreover,
(A)unT) = — W2 [ + p+ 120, u+1,n7),
e)junT) = J+u]f1—u+ 12, — 1,n1),
(F)iunl) = G — w2 G + p+ 1020, i+ 1,nl), (2.3.6D)
elliunl) = J‘Hl] —p+ 120, u—1,nl),
and
(FfpnT) = f—n+ 276 +n+ 32w, n+1,7),
e)junt) = )+n+1]17['—n+§]5|ﬂl,n— ™
(Fiunl) = —n— 276 +n+ A3, +1,1), (2.3.6¢)
eliunl) =+ n— 26 —n+ 7hun—1,1)

The representation 7t/ can now be computed in the new spinor basis by conjugating the
form of m ® id found in Proposition 2.8 by the basis transformation (2.3.5). However, it is
more instructive to derive these formulas from the property of (A’, p’)-equivariance. First, we
introduce a handy notation.
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Definition 2.10. For j = O,%,L%,..., with © = —j,...,j and n = —j —

juxtapose the pair of spinors
, iunT)
) = | ,
junl)

with the convention that the lower component is zero when n = %(j + %) orj = 0. Furthermore,
a matriz with scalar entries,
A— (ATT Au)
Alr Ay

is understood to act on |jun)) by the rule:

1 : 1
2r-e0y) T 5, we

AljunT) = AppliunT) + A pfjunl),
Aljunl) = A [junl) + A [junt). (2.3.7)

Proposition 2.11. The representation ' .= nt®id of A is given by

a) [jun)) = Imlﬁ M)+ o i),
"(0) fun) = B i T H TN 4 Byl ),
lpn) = o i) o, i), (2.3.8)

) hun) = Bili T ) + By ),

where & and L are, up to phase factors depending only on j, the following triangular 2 x 2

jun jun
matrices:
L 32 0
+ L (wnet)/2p 112 (2j+2]
Xun = d G+ p+1] 1 nt1]1/2 5 G112 )
9 vz 9 T
j1 Gontgl'2 1 g2
_ (wbn3)/2p _ g TR T T
X = 4 28 . ERR V3 I
0 j+d [—n—3]
@
f-mt 32 0
[2j+2]

* o )2 1) , (2.3.9)

jun j—1 fmt3]V2 1 fong]l/2
—q [ERIZESI 2+
g [+n+111/2 . —n+111/2
— b2 gt 25+1] DT+
jun — d J—H 0 n—dy12 J
[Zﬂ

and the remaining matrices are the hermitian conjugates
PE=
jun — iiu*n*)T’ Biun = (B .- -l

Proof. The proof of Proposition 2.8 applies with minor changes. From the analogues of (2.2.6)
and the relations A'(f)7t(a) = q*%n’(a) A (f) and A (e)n'(a*) = q%ﬂ’(a*) A (e), applied to the
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spinors [jun)), together with the formulas (2.3.6a) and (2.3.6b), we determine that 7t/(a) has
the indicated form, where the oc] um are 2 x 2 matrices. The other cases of (2.3.8) are handled
similarly.

To compute these matrices, we again use the commutation relations of A’(f) with 7t/(a) and

7t/(b) to establish recurrence relations, analogous to (2.2.8a), which yield

120 _ 1y L
(x)j:.n — q(lH-Tl*f)/Z[ +u+ ]]z A)";v (X]'un — q(LH-Tl 2)/2[) o l»l]z Ajn’
1 1
Bt = a2 2+ w102 B Bin = a2 — 2 By
The new matrices A]in7 Bi may be further refined by using commutation relations involving
p’(f) and p’(e). For instance, p’(f)7t/(a) = q_%n’(a) p’(f) entails
. 1. 1
f—n+ 320 +n+ 312 0 ) ar
0 f—n—Yf+nt3z)0m
. 1. 1
A [—n+32[+n+3]2 0 '
R 0 —n—22[+n+112

This yields four recurrence relations for the entries of A;L, one of which has only the trivial
solution; we conclude that

A.+:<D+T”r ]Zam 0 ] )
n . 114 )
j—n+32a, G+n+1%a,

where the a;ﬁ are scalars depending only on j. In a similar fashion, we arrive at

. LI . LI
A= — ([)_n‘i’;]zaﬁT [J+n+;]2aﬁl)

jn 141

0 [—n—3lzay,

: +

m . + . + ’
. 171, — . 1
B- — <b+“+z]zbm b~ ]jbm>
0 +n— ]fbm
The analogue of (2.2.9) leads quickly to the relations
t —gtia + —“-3aq + _ 4T at
b = a2 agy, by =—da7 2ay, by =dzay), (2.3.10)

_ ,j,é _ . j,l - _ ,j,l _
bjpp=—a " Ty, i1 =4a" 2 a5 b =—a " 7y

Next, from the analogue of (2.2.10) we get
(a;

i+ 1T

b

* 2j+24 - * _ ot - * 2414
)t = a7 gy, (a0 =95l (a5+%,u) = a7 ay).

The aJII parameters may be determined from 7t/(b)7’(a) jun)) = q7’(a)7’(b) jun)). The
coefficients of [j = 1, 1+ 1,n)) yield only the relation

2j+1]a m =[2j+3]la (2.3.11)

+ Ll +3.17 m-
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From the [j, 0+ 1,1n)) terms, we obtain

[STE

B).ZMA;;—I—B.* A5 =az(A5

j—nt

B+ A B

in- in
Comparison of the diagonal entries on both sides gives two more relations:

. + 12 _ 2j+1 . + 2 : + 2
12+ Wlaji 1" = a7 (12 + a1 = al2j + 3Vl ),
2j +1]]a’

22 . + 12 _ s + 2
J—%M' =q7(al2j + la;} |* - 2] ]Hajf%,li‘ )-

Finally, the expectation of 7t/(a*a + q?b*b) = 1 in the vector states for [junT) and [jun]) leads
to the relations

=1, P+ P =

29 1 1120t
qa”2j + 1] |aj_]j‘TT

Thus all coefficients are now determined, up to a few j-dependent phases:

2it2r YU TRIInRy2

T (2.3.12)

+ 7. =&
A = G 41 = &

a2 i q a’
]
with (5| = 3] = |&| = 1. The relation (2.3.11) also implies C]-+l11j = ﬂj+l£j- As before,
2 2
we may reset these phases to 1 by redefining [junT) and [jun|), without breaking the (A, p’)-
equivariance. Substituting (2.3.12) back in previous formulas then gives (2.3.9). O

!/

As already mentioned, formulas (2.3.9) for the matrices ocim and Bjiun could have been

obtained also from a direct but tedious computation using equations (2.3.5) and their inverses.

Remark 2.12. Were we to consider a representation of A that need not be (N, p’)-equivariant,
we could as well have defined our spinor space, like in [47], as C?2®V, instead of V® C?. The
Clebsch—Gordan decomposition of C2® V would be that of equation (2.3.1), but the q-Clebsch—
Gordan coefficients appearing in (2.3.5a) and (2.3.5b) would be different due to the rule for
exchanging the first two columns in q-Clebsch—Gordan coefficients [60]:

j L omy l i m
Cq<r s t>_cq<—s —r —t)’

which results in a substitution of q by q~' in (2.3.5¢).

However, this is not the correct lifting of the (A, p)-equivariant representation 7 of A to a
(A, p’)-equivariant representation of A on spinor space. We already noted that 7' as defined
by T®1id on V ® C% is (N, p)-equivariant, directly from (X, p)-equivariance of . One checks,
simply by working out both sides of equation (2.3.4), that the noncocommutativity of Uq(su(2))
spoils (A", p")-equivariance of the representation " :=id @ of A on the tensor product C*QV,
where we now define p” :=id ®p, and

A'(h) = (01 ®A)(Ah) = 01 (1)) © ARyz).
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2.4 The equivariant Dirac operator

Recall the central Casimir element Cq = qk? 4+ q 'k %+ (q — g ")%ef € U. The symmetric
operators A'(Cq) and p’(Cq) on H, initially defined with dense domain W, extend to selfadjoint

operators on H. The finite-dimensional subspaces W]T and W)l are their joint eigenspaces:

N(CliunT) = (¢PT + P ) [unT),  p'(Cq)liunT) = (¢¥1% + g~ 72) junT),
N(Cqllimnl) = (¢@ +q @ N junl),  p'(Cqlliunl) = (¥ + q~¥) junl),

directly from (2.3.6).
Let D be a selfadjoint operator on H which commutes strongly with A’(Cq) and p’(Cq);
then the finite-dimensional subspaces W)T and W]l reduce D. We look for the general form of

such a selfadjoint operator D which is moreover (A’, p’)-invariant in the sense that it commutes
with A’(h) and p’(h), for each h € Uq(su(2)).

Lemma 2.4.1. The subspaces W]T and W]l are eigenspaces for D.

Proof. We may restrict to either the subspace W]T or W]L Since A’(k) and p’(k) are required to
commute with D and moreover have distinct eigenvalues on these subspaces, it follows that D
has a diagonal matrix with respect to the basis [junT), respectively [jun]). If we provisionally
write DljunT) = al ljunT), then the vanishing of

jun
. . 1 1.
DN (O FunT) = (d] g0 — ) G— 126+ w+ 112 [, p+1,07),
for u = —j,...,j—1, shows that dT ., Is independent of p; and [D, p’(f)] = 0 likewise shows that
d;m does not depend on n. The same goes for dﬂm, too. Thus we may write
DfjunT) = d] [junT),  Dljunl) = dj [junl), (2.4.1)

where d]T and d} are real eigenvalues of D. The respective multiplicities are (2j + 1)(2j +2) and
2j(2j + 1), in view of (2.3.3). O

One of the conditions for the triple (A, H, D) to be a spectral triple, is boundedness of the
commutators [D, 7t/(x)] for x € A. This naturally imposes certain restrictions on the eigenvalues
d]T, d} of the operator D.

For convenience, we recall the representation 7’ of a in the basis [jun)), written explicitly
on [junT) and [junl) as in (2.3.7):

a)fjunt) = Z oG meTbi +T> + O‘;un“|j+u+n+l>>
7' (a)fjunl) = Z O‘junuhiqun b+ O‘j_unTl|j_H+n+T>-
+

Then, a straightforward computation shows that

D, 7' (@) [junT) = Zoc]md — AP + o (4 — AL,

D, 7'(a)] ipn]) = Zoc]md AL + o (A — a4t (242)
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Recall that the standard Dirac operator 1) on the sphere S3, with the round metric, has
eigenvalues (2j+ 3 ) forj =0, 3 1,3 3, with respective multiplicities (2j+1)(2j+2); and —(2j +%)
for j = %, 1, %, with respective multiplicities 2j(2j + 1): see [5, 55], for instance. Notice that its
spectrum is symmetric about 0.

In [7] a “g-Dirac” operator D was proposed, which in our notation corresponds to taking
dT = 2[2]' +11/(q+q7") and di = —dT' these are g-analogues of the classical eigenvalues of

D — 5. For this particular ch01ce of e1genvalues it follows directly from the explicit form (2.3.9)
of the matrices cx]jcu that then the right hand sides of (2.4.2) diverge, and therefore [D,7t'(a)]
is unbounded. This was already noted in [33] and it was suggested that one should instead
consider an operator D whose spectrum matches that of the classical Dirac operator. In fact,
Proposition 3.8 below shows that this is essentially the only possibility for a Dirac operator
satisfying a (modified) first-order condition.

Let us then consider any operator D given by (2.4.1) —that is, a bi-equivariant one— with
eigenvalues of the following form:

d]T = cﬁj + c;, d].l = c%j + cﬁ, (2.4.3)

where CL c; C%, Cﬁ are independent of j. For brevity, we shall say that the eigenvalues are

“linear in j”. On the right hand side of (2.4.2), the “diagonal” coefficients simplify to

:I: T I - = T + l Ly 1 .+ L
Gy (A — d]) = Jogieer, oy (dis — dj) = Jogh, e, (24.4)

which can be uniformly bounded with respect to j —see expressions (2.3.9). For the off-diagonal
terms, involving o¢;" and o the differences between the “up” and “down” eigenvalues

junlT junTl?

are linear in j. Since 0 < q < 1, it is clear that [N] ~ (q~")N"! for large N, and thus
ocjtmlT ~ q3j+“+% < P17 for large j. Similar easy estimates yield

+ 2j+1 2j+%

- - =0(qY) — O(q¥*2 ; o

juntl » Bjunry = O(a772), asj — oo.

We therefore arrive at
. 2j _ . 2
iy (e —df =D < CiaY, o (d) —df =1 < Clig?, (2.4.6)

for some C > 0, C’ > 0, independent of j; and similar estimates hold for the off-diagonal
coefficients of 7t/(b).

Proposition 2.13. Let D be any selfadjoint operator with eigenspaces W)T and le, and eigen-

values (2.4.1). If the eigenvalues d]T and djl are linear in j as in (2.4.3), then [D,7'(x)] is a
bounded operator for all x € A.

Proof. Since a and b generate A as a x-algebra, it is enough to consider the cases x = a and
x = b. For x = a and any & € H, the relations (2.4.2) and (2.4.4), together with the Schwarz
inequality, give the estimate

IID, 7' (@) &]|? < Ymax{(c])?, (c)H |7 (@)&]12 + [E]*In]%,

where 1 is a vector whose components are estimated by (2.4.6), which establishes finiteness
of |n|| since 0 < g < 1. Therefore, [D,n’(a)] is norm bounded. In the same way, we find that
[D,7t/(b)] is bounded. d
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Now, if D is a selfadjoint operator as in Proposition 2.13, and if the eigenvalues of D satisfy
(2.4.3) and, moreover,
ﬁ:—& %zé—ﬂ, (2.4.7)

then the spectrum of D coincides with that of the classical Dirac operator [) on the round
sphere S3, up to rescaling and addition of a constant. Thus, we can regard our spectral triple
as an isospectral deformation of (C*(S3),H,1p), and in particular, its spectral dimension’ is 3.
We summarize our conclusions in the following theorem.

Theorem 2.14. The triple (A(SUq4(2)),H, D), where the eigenvalues of D satisfy (2.4.3) and
(2.4.7), is a 3*-summable spectral triple. O

At this point, it is appropriate to comment on the relation of our construction with that
of [47]. There, a spinor representation is constructed by tensoring the left regular representation
of A(SU4(2)) by C? on the left. This spinor space is then decomposed into two subspaces, similar
to our “up” and “down” subspaces, on which D acts diagonally with eigenvalues linear in the
total spin number j. The corresponding decomposition of the representation 7’ of A(SUgq(2))
on spinor space is obtained by using the appropriate Clebsch—Gordan coefficients. However,
contrary to what we have established above, in [47] it is found that a certain commutator
[D, 7t/(x)] is an unbounded operator. In particular, the off-diagonal terms in the representation
of [47] do not have the compact nature we encountered in (2.4.5). They can be bounded from
below by a positive constant, which leads, when multiplied by a term linear in j, to an unbounded
operator.

The origin of this notable contrast is the following. Since in [47] no condition of Uq(su(2))-
equivariance is imposed a priori on the representation of A(SUg(2)), the spinor space W could
be identified either with V @ C? or C?* ® V, according to convenience. However, as we noted in
Remark 2.12, the choice of C2®V is not allowed by the condition of (A, p’)-equivariance, because
Uqg(su(2)) is not cocommutative. Indeed, repeating the construction of a spinor representation
and Dirac operator on the spinor space C? ® V instead of V ® C? ~hence ignoring equivariance—
results eventually in unbounded commutators.

!The spectral dimension (or *-summability) of a spectral triple is the unique nonnegative integer n for which

the partial sums on of the eigenvalues of [D|™™ satisfy on ~ logN as N — oco. In the case of the canonical triple
on a Riemannian spin manifold, this coincides with the ordinary notion of dimension.
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Chapter 3

Algebraic properties of the spectral triple

In this chapter, we discuss some of Connes’ seven axioms [28] in the case of the previously defined
spectral triple on SUq4(2). The axioms we are interested in are the so-called commutant property
and the first-order condition and both involve the notion of a real structure on a spectral triple
(A, H,D). Recall that a real structure on a spectral triple (A, H, D) (cf. Appendix A.2) to be
an anti-unitary operator J : H — H, such that J? = £1, JD = +DJ, with the signs depending
on the spectral dimension of the spectral triple. We impose the following conditions:

[a,Jb*] 1 =0, (commutant property)
(D, al,Jo*] " =0, (first-order condition)

for all a,b € A.

We will discuss the real structure J on the spectral triple (A(SUq4(2)),H, D). However, we
shall see that by requiring equivariance of ] it is not possible to satisfy the above two conditions.
Nevertheless, we shall be able to satisfy these two conditions up to infinitesimal operators of
any order.

3.1 Reality of SU4(2)

3.1.1 The Tomita operator of the regular representation

On the GNS representation space Hy,, there is a natural involution Ty:n(x) — m(x*), with
domain n(C(SUq(2))), which may be regarded as an unbounded (antilinear) operator on Hy,.
The Tomita—Takesaki theory [92] shows that this operator is closable (we denote its closure
also by T,) and that the polar decomposition T, =: ]wAjb/ 2 defines both the positive “modular
operator” Ay, and the antiunitary “modular conjugation” Jy. It has already been noted by
Chakraborty and Pal [19] that this J,, has a simple expression in terms of the matrix elements
of our chosen orthonormal basis for Hy,. Indeed, it follows immediately from (2.1.12) and
(2.1.13) that
le |lmn> — (7] )21+m+nqm+n u, —m, *TL>.

One checks, using (2.2.3), that
Tymt(a)[000) = m(a™) [000), Tym(b) [000) = 7(b*) [000).
Since 7t is the GNS representation for the state 1\, this is enough to conclude that

Tyn(x) =n(x*) forall x e A. (3.1.1)

31
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The adjoint antilinear operator, satisfying (n | Ty | &) = (&1 Ty | M), is given by L lmn) =
(—1)2Hming=m L —m —n), and since Ay, = T} Ty, we see that every [lmn) lies in DomA,,

2m+2n Imn). Consequently,

Jp [lmn) = (=12 _m —n). (3.1.2)

with Ay [lmn) = q

It is clear that ]12,1; =1 on Hy.

Definition 3.1. Let m°(x) = Jy 7t(x") Ij, so that m° is a x-antirepresentation of A on Hy.
Equivalently, ° is a x-representation of the opposite algebra A(SUy,q(2)). By Tomita’s theo-
rem [92], Tt and T° are commuting representations.

As an example, we compute

T[o(a) |I'mn> = (_] )21+m+n]ll)7-[( Cl*) |l) —m, —Tl>

_ (_])Zl+m+n]lb (Kff—m,—n|l+’ —m*t, —nt) + Kf—m,—n|r’ —m*,—n*))
= Aff _m’_nll+m+n+> + Af_m‘_nll_m+n+)

=AL e UmI ) AL UmTe ),

where, explicitly,

A1+ —mt,—nt — q

1
_ (21_m_n+1)/2<[].+m+]][L+n+”>2

21+ 1][21 + 2]

1

At _ q-(@mine1)2 [l—mlll—mn])2
=, —m*,—n* 20121 4 1]

A glance back at (2.2.4) shows that these coefficients are identical with those of 7t(a)[lmn),
after substituting q — q~'. A similar phenomenon occurs with the coefficients of 7°(b). We
find, indeed, that

m°(a) lmn) = ASE [Ufm™nt) + A Imm™nt),

lmn lmn
7°(b) [lmn) = By [U'm*n™) 4+ By, [l m'n7),
where
Afmn(@) =AL (@), Bima(a)=a "B (a7, (3.1.3)

We can now verify directly that the representations 7 and 71° commute, without need to
appeal to the theorem of Tomita. For instance,

ALt

mtnt " lmn

I+1,m+1,n+1|[n(a),n°(a)] [lmn) =AY . AL L — AL

lmn

_Q<[l+m+1][1+m+2][1+n+1][1+n+2])5
B 21 4 T][21 4 2]2[21 + 3] ’

where

Q=g T (21 —m* —n* 41) q T (=2l4+mAn—1) _ q T (=2t 4mt 4t —1) q F(2l-m-—n+1) _ 0.

Likewise, (l—1,m+1,n+1|[n(a),n°(a)] | lmn) = 0, and one checks that the matrix element
(L m+1,n+1]|[r(a),7°(a)] | lmn) vanishes, too.

The (A, p)-equivariance of 7t is reflected in an analogous equivariance condition for 7°. We
now identify this condition explicitly.
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Lemma 3.1.1. The symmetry of the antirepresentation m° of A on Hy, is given by the equiva-
riance conditions:

M) 7 (x)E& = 7° (hz) - x) Alhqp))E,

p(h) 7°(x)& = 7°(hz) > x) p(hiy))E, (3.14)
forallhelU,xe Aand & €V, and h— h is the automorphism of U determined on generators
by k=X, f:=q 'f, and € := qe.

Proof. We work only on the dense subspace V. From (2.2.1) and (3.1.2), we get at once
TRy = AT, TeA)*Ty! = —A(F),  TyMe)Ty! = —Ale), (3.1.5)

and identical relations with p instead of A. Write « for the antiautomorphism of &/ determined
by «(k) := k™', «(f) := —f, and «(e) := —e; so that ]wk(h)*]:b] = AMa(h)) for h € U, and
similarly with p instead of A.

Next, the first relation of (2.2.2) is equivalent to

Indeed, the left hand side can be expanded as
7i(x) Ale(h(1)) Shiz)) = A(Shy hiz)) 7t(x) A(Sh(z)) = A(Shqry) 7t(hz) - x) Alhz)) A(Sha))

on applying (2.2.2); and the rightmost expression equals the right hand side of (3.1.6). Taking
hermitian adjoints and conjugating by Jy,, we get

A(a(Sh)) °(x) = °(hz) - x) A(a(Sh(y))).

It remains only to note that Sox = «S is an automorphism of I/, whose inverse is the map h — h
above; and to repeat the argument with p instead of A, changing only the left action of U/ in
concordance with (2.2.2). O

An independent check of (3.1.4) is afforded by the following argument. We may ask which
antirepresentations 7° of Hy, satisfy these equivariance conditions. It suffices to run the proof
of Proposition 2.8, mutatis mutandis, to determine the possible form of such a 7 on the basis
vectors [lmn). For instance, (2.2.9) is replaced by

ple)n°(a) = (€ a)p(k ) + n° (k> a)p(e) = qm*(b)p(k ") + q2m°(a)p(e).

One finds that all formulas in that proof are reproduced, except for changes in the powers of ¢
that appear; and, apart from the aforementioned phase ambiguities, one recovers precisely the
form of ©° given by (3.1.3).

Before proceeding, we indicate also the symmetry of the Tomita operator T, analogous to
(3.1.5) above. Combining (3.1.1) with (2.2.2), and recalling that n(x) = 7t(x) |000), we find that
for generators h of U,

TyA(h)7(x) [000) = 7t(x* < B(h)*) [000).

On the other hand,
A(ﬁ’]S(S(h*)))Twﬂ(x) |000) = 7t(x* <¥(h)*) |000).
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One checks easily on generators that 97'S(d(h)*) = S(h)*. Since the vector |000) is separating
for the GNS representation, we conclude that

Ty A(h) T, = A(Sh)*.

Similarly, we find that
Typ(h) T, = p(Sh)*.

In other words, the antilinear involutory automorphism h +— (Sh)* of the Hopf *-algebra U is
implemented by the Tomita operator for the Haar state of the dual Hopf x-algebra A. This is
a known feature of quantum-group duality in the C*-algebra framework; for this and several
other implementations by spatial operators, see [74].

3.1.2 The real structure on spinors

We are now ready to come back to spinors. Notice that Jy, does not appear explicitly in the
equivariance conditions (3.1.4) for the right regular representation m° of A on Hy,. Thus, we
are now able to construct the “right multiplication” representation of A on spinors from its
symmetry alone, and to deduce the conjugation operator | on spinors after the fact.

Proposition 3.2. Let 7'° be an antirepresentation of A on H = Hy & Hy satisfying the
following equivariance conditions:

N (h) 70 (x)E = 7° (R - X) N (h) )&,
p'(h) W°(x)& = 7°(Rhyz) > x) o' (h(1))&. (3.1.7)

Then, up to some phase factors depending only on the index j in the decomposition (2.3.2), 7
s given on the spinor basis by

(a) [jun) = “?Inlﬁ M)+ o T,
°(b) [jun)) = RS it nT) + RSl nT),
“(a") jpun) = & i) + o5 e ), (3.1.8)
°(b%) [jun) = B ) + BT,

q) = o, (q7") and

where &= and BSE. are the tmangular 2 x 2 matrices, given by o= ( S

+ jun 1o )un1 i Sun
B5m(d) = a7 B5,(a7"), with oc”m and B, given by (2.3.9).

Proof. We retrace the steps of the proof of Proposition 2.11, mutatis mutandis. Since k-a=
k-a= q%a, the relations involving A’(k) and p’(k) are unchanged. We quickly conclude that
7° must have the form (3.1.8), and it remains to determine the coefficient matrices.

The commutation relations of A’(f) with 7/°(a) and 7°(b) give:

IRl ENE oy

O 1 [e]
]:n_q 1 (un—1 []_|_u+1]z A]:{, me =q
q

o] 1 5 (o] o—
BSl = q 2 4102 BY By =

,%(H‘Fn*%)[j _ u]j BS,.

The matrices A;jf, BOjE may be determined, as before, by the commutation relations involv-

ing p’(f) and p’(e). One finds that the n-dependent factors such as [j + n + %]]7 and so on,
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are the same as the respective entries of Ai B)in, let a‘)’ﬁ, etc., be the remaining factors which

depend on j only. Then (2.3.10) is replaced by

o+ —j— ot _ _ JtT a0+ o+ ——1 o+
b5t = a7 2ajf, bjp =—a"2ay, b =a 7 2ayp,
o— o + _ 7]'7]7 o— o— . jfl o—
bjip = —a" 2 agy, b = a7 2agy, b =—a" 2ay)).
Next, we find
o— *x __ o —2j—2 o+ o— * _ o+ o— * - —2j—1 o+
(@)= gy (ag, ) G e ) =aT

Since 77° is an antirepresentation, ab = q~'ba implies 77°(b)°(a) = q ' 7°(a)°(b). The
matrix elements of both sides lead to three relations:

2j+1]a =12j+3la ash (3.1.9)

+ AL JlT ,” Q5175

which is formally identical to (2.3.11), and
25+ 11105 = a 57 (1 + 112t P - a2+ 31 lagh ),

2§ + 1] ]as” |2=q_ (a2 +1] \a,ul2 25 —1lay", | 7).

—3l7
Finally, the relation aa* + bb* = 1 yields 7'°(a*)7°(a) + 77°(b*)7r°(b) = 1; its diagonal
matrix elements gives the last two relations:

q IR+ 1%t =1, qIR2j+1%a

|2
=317 il

All coefficients are now determined except for their phases:

i+3 -7 j
o+ o q 2 q 2 o+ q
S —_— 1.1
S-Sy ST Erumr YL d e (3.1.10)
and (3.1.9) also entails the phase relations C‘)?n]?Jr ;=17 &;’Jr ;. Once more, we choose all phases
2 2
to be +1 by convention. Substituting (3.1.10) back in previous formulas, we find
ot (] ot I P |
oGml(d) =5, (a7),  Bnla) = a7 B (a7 ). (3.1.11)
in perfect analogy with (3.1.3). O

Definition 3.3. The conjugation operator ] is the antilinear operator on H which is defined
explicitly on the orthonormal spinor basis by

Jhunt) := 2FN Gy, ),
Jjunl) = 2w ). (3.1.12)
It is immediate from this presentation that | is antiunitary and that J* = —1, since each 4j +

2(u+mn) is an odd integer.

Proposition 3.4. The invariant operator D of Section 2.4 commutes with the conjugation
operator J:
JDJ ' =D. (3.1.13)
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Proof. This is clear from the diagonal form of both D and ] on their common eigenspaces W)T
and Wl given by the respective equations (2.4.1) and (3.1.12). O

Proposition 3.4 is a minimal requirement for (A(SUg4(2)),H, D,]) to constitute a real spec-
tral triple. However, here is where we part company with the axiom scheme for real spectral
triples proposed in [28]. Indeed, the conjugation operator ] that we have defined by (3.1.12)
is not the modular conjugation Jy, of (3.1. 2) lifted to the spinor representation of A. That
conjugation operator is Jy, ® 03 with 03 = ( ) the Pauli matrix acting on V1 = C2. On the
other hand, the conJugatlon operator ] we defined above takes the following form in terms of
the basis [lmn) ® |2, >:

1 1 21—m— L L=m+ 1]+ [+ m] 11
1 1
el l+m]z[l—m+1]2
+ q b 1+) [2 ] ‘l m+])7m>®|%)7%> )
L+m+1]+[1—m]
I|Lmn> ®|%)%> = 21 me nl 21+ |l>_m) —Tl) ®|%)_%>
1
vy LemlE L m )3
+(q”2—q ' 2) T l,—m—1,—m>®|},}>>.

In the limit q — 1, the diagonal terms will disappear so that ] coincides with Jy, ® o3 in that
case.

Notice that the map 7’(a) — Jr/(a)*] ! for a generic antiunitary operator ] defines a right
action of a € A(SUg4(2)) on the Hilbert space H. One can rephrase this by saying that it defines
a representation of the opposite algebra A(SUq(2))°. The latter is defined to be A(SU4(2)) as a
vector space but with product given by aob = ba. From the commutation relations of SU¢(2)
(2.1.1), we conclude that A(SUq4(2))° ~ A(SU; ,4(2)).

If we impose the commutation relation analogous to (3.1.13) for the conjugation operator
Jp ® 03, this would force D to be equivariant under the corresponding symmetry of Uy /q(su(2)),
denoted by (A”,p”) in our earlier Remark 2.12. It is not hard to check that this extra equiva-
riance condition would force D to be merely a scalar operator, thereby negating the possibility
of an equivariant 3T-summable real spectral triple based on A(SUq(2)) with the modular con-
jugation operator. This result is consonant with the “no-go theorem” of Schmiidgen [86] for
nontrivial commutator representations of Woronowicz differential calculi on SUgq(2).

The remedy that we propose here is to modify J, in keeping with the symmetry of the spinor
representation, to a non-Tomita conjugation operator. We shall see, however, that the expected
properties of real spectral triples do hold “up to compact perturbations”.

It should be noted that | satisfies the analogue of (3.1.5) for the representations A’ and p':

IA’(k)I =N (k D, V()] = M),
o/ Jo'(e)] ' = —p/(f),

which follows directly from the definition (3.1.12) and the relations (2.3.6).

(3.1.14)

Proposition 3.5. The antiunitary operator ] intertwines the left and right spinor representa-
tions:

J'(x*) ]V =a°(x), forall x € A. (3.1.15)
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Proof. Tt follows directly from the proof of Lemma 3.1.1, using the relations (3.1.14) instead of
(3.1.5), that the antirepresentation x — J7t/(x*) J=1 complies with the equivariance conditions
(3.1.7). By Proposition 3.2, it coincides with 7'° up to an equivalence obtained by resetting the
phase factors in (3.1.10). It remains only to check that C;’ = ngj = E,;? = 1 for the aforementioned

antirepresentation. This check is easily effected by calculating J7/(a*) ]~ directly on the basis
vectors [junT). We compute

J'(@*)] " funt) =i 2@ WV (@*) f, -, —n, T)

S B [CANE L Tage Ry AR RAES T il
+ &i_,—u,—n»TT |j_v _PL+» —TL+T>)

= &i—u,—n,TT |j+u+n+T> - &i—u,—n,iT ‘]‘+H+n+l> + &J'_,—H,—TI‘TT |J'_H+11+T>

= 0(]': —pt,—n* 17 |J'+H+ﬂ+T> - (X]‘: —pt—nt T |].+H+n+l> + O()t —pt =t T \i_u+ﬂ+T>

. 1. 3 1

[ N PTG I W 1 [J‘i‘H—f—]]Z[J—I—n—i—z]z 4

= 2 2 2 n

q (q 2712 i)
1 1 1 1
—l[j—'—u—'_”j[j_n"'%]j b —'_1[3'—H]5[J'—Tl+%]5 . )
+4q 2 - - nt|y4+q7) ’ +nt
a Ziizra Pwnhta T o ptnt)
- (x;?:nTT i) + “?:nu ittt + &5 it it

=7°(a) [junT),

where the oc;’fn coefficients are taken according to (3.1.11).

In the same way, one finds that Jnt/(b*)]~"[junT) = 7/°(b) junT), again using (3.1.11) for
B;?fn; and similar calculations show that both sides of (3.1.15) coincide on the basis vector
junl). (These four calculations, taken together, afford a direct proof of (3.1.15) without need
to consider the symmetries of J.) O

3.2 Commutant property and first-order condition

In this section, we discuss the properties of the real spectral triple (A(SUgq(2)),H,D,]J), in
particular the commutant property and the first-order condition. We will see that these are
only satisfied up to infinitesimals of arbitrary order, quite similarly to [38]. Recall that a compact
operator T is called an infinitesimal of order « if its singular values p; satisfy p; = O(j~%).

We can simplify our discussion somewhat by replacing the spinor representation 7t’ of A =
A(SUg4(2)) of Proposition 2.11 by a so-called approximate representation m': A — B(H), such
that 7t/(x) — 7'(x) is a compact operator for each x € A. In other words, although 77 need
not preserve the algebra relations of A, the mappings 1’ and 7/ have the same image in the
Calkin algebra B(H)/K(H), that is, they define the same *-homomorphism of A into the Calkin
algebra.

We denote by Lq the positive trace-class operator given by

Lqliun)) == d’'ljun) for je %N,

and let g the two-sided ideal of B(H) generated by Lg; it is contained in the ideal of trace-class
operators. In fact, an element in Kq is an infinitesimal of arbitrary high order.
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Proposition 3.6. The following equations define a mapping W: A — B(H) on generators,
which is a x-representation modulo Ky, and is approximate to the spin representation 7' of
Proposition 2.11 in the sense that '(x) — 10 (x) € Kq for each x € A:

a) [jun)) = $&++*»+%mbunw
b)fjun)) =B T w o) + By e,
") [jun) = ﬂmhun»+%mbun», (3.2.1)
") [jun) = n) + “wnt),
where
+ . S (V1 - aPte 0
X =V 1 — IR < 0 A — qFran+
B T s il I VALl i 0
_qlunz 1 qs u( 0 1_q2j_2n_1 y
s gt T g AV - 0
B i=ath2y/T— gt ( ) ST gF ) (3.2.2)
i A — qFran+ 0
Ejun =-q —d 0 /1— qZi+2n-T)°
and
~+ ~+
Oy = ochiu . Eiun :gjﬁwﬁ. (3.2.3)

Proof. First of all, we claim that the defining relations (2.1.1) are preserved by 7’ modulo the
ideal Kq of B(H), that is, ' (b)'(a) — g ' (a)' (b) € K, and so on. Indeed, it can be verified
by a direct but tedious check on the spinor basis that 7'(b)7'(a) — q '(a)r’(b) = (Lq)*A where
A is a bounded operator; the same is true for each of the other relations listed in (2.1.1).

It is well known, and easily checked from (2.1.1), that A is generated as a vector space by
the products a*b'b*™ and b'b*™a*™, for k, 1, m,n € N. We may thus define 7/(x) for any x € A
by extending (3.2.1) multiplicatively on such products, and then extending further by linearity.
With this convention, we conclude that

W (xy) - (x)(y) € Kq forall x,y € A (3.2.4)

The defining formulas also entail that 7¢'(x)* = 7/ (x*) for each x € A.
If 7'(x) — ' (x) € Kq and 7' (y) — ' (y) € Kq, then

' (xy) — @ (X7 (y) = ' (%) (7' (y) — ' (y)) + (7' (x) — ' (x)) 7' (y) € Kq,

and therefore 7/ (xy) — r'(xy) lies in Kq also; thus, it suffices to verify this property in the cases
x =a,b.
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On comparing the coefficients (3.2.2) with the corresponding ones of 7’(a) and 7/(b) from
equation (2.3.9), we get, for instance,

o i B q4j+4\/] _ q2j+2u+2\/] _ q2j+2n+3 4544 ot
junTT — Kjungt = T— gt =47 K
G2, /1 — 2)'+2u+2\/] — g2it2n+1
+ + _q q q 4+2 +
Gunl L~ Kunyl T 1—q¥+2 = g7 o500 - (3.2.5a)
and similarly,
- _ ght2 -
Kt ~ Gyt = 077 0y Ky~ By =07 G- (3.2.5b)
We estimate the off-diagonal terms, using the inequalities g** < g7, g*™ < q*jf% and [N]71 <
qu1:
. 1. 171 T
o | = g2 B 2 o gl i
unll 2) +1112) + 2] ~ 2+ 1112+ 2] ’
— w2 h+n+ 12 -1
o | = qtn 2 T D 2 < 4 <g¥ 2
Jun 2] (2j + 1] ~ 251125 + 1]
On account of (3.2.5) and analogous relations for the coefficients of @'(b), we find that
7'(a) —'(a) = Tn'(a)T  mod Kgq,
7'(b) — /' (b) = Ta'(b)T  mod Kq,
where T is the operator defined by
2j+3 3
. qT2 0 . qgz 0 9.
T = ) = L . 3.2.6
[jumn) ( 0 q21+£> [jpn)) (o q;)( a)”[iun) (3.2.6)

Clearly, T € Kq, so that by boundedness of 7'(x) it follows that 7/(x) — 7'(x) € Kq for x =
a,b. ]

Using the conjugation operator J, we can also define an approximate antirepresentation of
A by ©°(x) == Jr'(x)]7". Tt is immediate that 77°(x) — °(x) € Kq, with 7° as defined in
Proposition 3.2. Explicitly, we can write

a) [jumn) fo:nlﬁ ) o ey,
— 0+
b) [jun)) = 5l ) + By iumo)),

°(a*) [jun)) = ,mll Hn) + o5, ),

) ljpn) = |J w4 B e,
where
ot _ ~E ~ot _ 4 o _ _R* _ _at
G =% o Gun =G e B =B By =B

It turns out that the approximate representations 7' and 77° almost commute, in the fol-
lowing sense.
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Proposition 3.7. For each x,y € A, the commutant [°(x), 10 (y)] lies in Kq.

Proof. In view of our earlier remarks on the almost-multiplicativity of 7/, and thus also of 7°,
it is enough to check this for the cases x,y = a,a*,b,b*. We omit the detailed calculation,
which we have performed with a symbolic computer program. In each case, the commutator
[77°(x), ' (y)] decomposes as a direct sum of operators in the subspaces W)T and W)l separately,
in view of (3.2.2) and (3.1.12), and the explicit calculation shows that for each pair of generators
X,Y, we obtain [°(x), ' (y)] = (Lq)?A where A is a bounded operator. O]

If we further impose the first-order condition up to compact operators in the ideal Kq, it
turns out that this (almost) determines the Dirac operator.

Proposition 3.8. Up to rescaling, adding constants, and adding elements of Kq, there is only
one operator D of the form (2.4.1) which satisfies the first order condition modulo Kq, that is,
each [D, 70 (y)] is bounded, and

[°(x), D, (y)l € Kq forall x,y €A (3.2.7)
This operator D has eigenvalues that are linear in j.

Proof. Suppose first that D is an equivariant selfadjoint operator of the type considered in
Section 2.4, with eigenvalues linear in j; that is, D is determined by (2.4.1) and (2.4.3). Since
each operator appearing in (3.2.7) decomposes into a pair of operators on the “up” and “down”

spinor subspaces, it is clear that the nested commutators are independent of the parameters C;

and C%; and that cq and C% are merely scale factors on both subspaces. Again we take x and y
to be generators: explicit calculations show that in each case, [°(x), [D, ' (y)]] = (Lq)ZB with
B a bounded operator.

To prove the converse, assume only that D satisfies the equivariance condition (2.4.1), and
that [D,7'(a)] and [D,7'(b)] are bounded.

We may decompose '(a) = 7'(a)™ + r'(a)” according to whether the index j in (3.2.1)
is raised or lowered; and similarly for 7'(b), 7’°(a), and 70°(b). Proposition 3.7 shows that,
modulo Kg:

(a)"n°(a)t = 7°(a) 7 (a) T,
'(a) " °(a)” =a°(a) @' (a)7,
(a) °(a)” + ' (a) " w°(a)” = a°(a)"n(a)” + °(a) " (a)".

By (3.2.2), the operators r'(a) and 7'(b), as well as D, are diagonal for the decomposition
H =H" @ HL. On the subspace H', we obtain

[[D,7(a)], " (a)] [junT)
= (Dr'(a)°(a) + 7°(a)'(a)D — ' (a)D°(a) — '°(a)D7'(a)) [junT)

= ((a]; + ] —2a]) (@) () + (@] + ] —2d] ) '(@) (@)
+2d} (' (a) " °(a)” + 7 (a) w°(a)t) — df, (7 (@) w°(a) "+ °(a) " (a) )

—d] (w(a)* ()" + °(a)*7¢(a)7) +R) [junT), (3.238)

where R € Kg. On the subspace Ht, we get the precisely analogous expression with the arrows
reversed.
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In order that the expression on the right hand side of (3.2.8) comes from an element of g4
applied to [junT), and likewise for [jun]), it is necessary and sufficient that the scalars
T._ 47T T T L. 4l 1 l
wy =dj . +dy —2d;,, wy =dyy +dy —2d5. (3.2.9)
satisfy w].T =0(q)) and le =0(q)) as j — oo.
In the particular case where W]T =0 and w].l =0 for all j, equation (3.2.9) gives elementary

recurrence relations for d]T and d].l , whose solutions are precisely the expressions (2.4.3) that are
linear in j, namely,

djT = c%’ + c; d} = c%j + cﬁ.
The general case gives a pair of perturbed recurrence relations, that may be treated by genera-
ting function methods [50]; their solutions differ from the linear case by terms that are O(q’)
as j — oo. Thus, the corresponding operator D differs from one whose eigenvalues are linear
in j by an element of Kq. O

We finish by summarizing the implications of the above Propositions 3.6, 3.7 and 3.8 for the
spectral triple (A(SUq(2)), H, D, J), where A(SUq4(2)) acts on H via the spinor representation 7t’.
The representations 7/ and 7'° do not commute, since the conjugation operator | differs
from the Tomita conjugation for 7’. However, we do obtain commutation “up to infinitesimals
of arbitrary order”; since [7°(x),7'(y)] = [°(x), ' (y)] mod K4, Proposition 3.7 entails the

analogous result for the exact representations:
[T°(x), ' (y)] € Kq forall x,ye€ A

To examine the first-order property, we note first if x,y € A and [D, 7' (y) —m'(y)] lies in Kg,
then

[7°(x), D, 7' (Y]] = [7°(x) + (7°(x) — °(x)), D, (y) + (7'(y) — ' (v))]]
= [7°(x), D, (y)l] =0 mod Kg. (3.2.10)

Since D commutes with the positive operator T defined in (3.2.6), we find in the case of a
generator y = a, a*, b or b*, that

D, n'(y) — ' (y)] = [D, T (y)T] = TID, 7' (y)1T,

which lies in K4 since [D, n’(y)] is bounded, by Proposition 2.13. Thus, [D,7(y)] is bounded,
too —as required by Proposition 3.8. The general case of [D,7'(y) — ' (y)] € Kq then follows
from (3.2.4). Thus (3.2.10) holds for general x,y € A. Combining that with Proposition 3.8,
we arrive at the following characterization of our spectral triple over A(SUgq(2)).

Theorem 3.9. The real spectral triple (A(SUq4(2)), H,D,]) defined here, with A(SUq4(2)) acting
on H wvia the spinor representation 7', satisfies both the commutant property and the first order
condition up to compact operators:

[TE/O(X) ) nl(y)] S ]an

I x,y € A(SUq(2)).
[7°(x), D, 7' (y)]] € Kq, forall %,y € A{SUq(2))
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In [54] it was argued that there are obstructions to the construction of a “deformed spectral
triples” for SU(2). Such a deformed spectral triple ! for a (pseudo)Riemannian manifold M is
defined as a triple (A, V,D) where A is an algebra, V an A-bimodule (not necessarily a Hilbert
space) and D a linear operator in V, such that A, V and D reduce modulo h to C*®(M),
I'(M,8) and the Dirac operator on S, respectively, for a spinor bundle S — M. Furthermore,
one imposes the conditions:

1. For any a € A, [D, a] commutes with the right multiplication of A on V.

2. The construction of noncommutative differential forms from A and D (cf. Appendix A.3)
gives a deformation of 1-forms on M, that is, QE(A)/’FLQB(.A) ~ QAR(M).

With this general definition, it was proved that it is impossible to construct a deformed spectral
triple on SU(2). Theorem 3.9 above shows a way to overcome this obstruction by relaxing
the first condition, together with the condition of V to be an A-bimodule, to hold only up to
operators in the ideal 4. Moreover, the differential calculus constructed from A(SUq4(2)) and
D is not necessarily finite dimensional; therefore, it might not be a deformation of the de Rham
differential calculus on M.

'For the more precise definition, we refer to [54]



Chapter 4

The local index formula for SU,(2)

We now discuss the Connes-Moscovici local index formula [34] in the case of our spectral triple
on SUq4(2). We refer to Appendix A.7 for more details on the general statement of the local
index formula.

The treatment closely follows the discussion in [31] on the general theory of Connes-Moscovici
applied to the “singular” (in the sense of not admitting a commutative limit) spectral triple
that was constructed in [20]. It turns out that most of our results coincide with the ones found
therein.

The main idea of that paper is to construct a (quantum) cosphere bundle S§ on SUg4(2),
that considerably simplifies the computations concerning the local index formula. Essentially,
with the operator derivation & defined by &(T) := |D|T — T|D|, one considers an operator x
in the algebra B = (J5_;8™(A) up to smoothing operators; these give no contribution to the
residues appearing in the local cyclic cocycle giving the local index formula. The removal of
the irrelevant smoothing operators is accomplished by introducing a symbol map from SUg(2)
to the cosphere bundle Sg. The latter is defined by its algebra C*(Sg) of “smooth functions”
which is, by definition, the image of a map

p:B— C®(DZ, xDi_xS")

where Déi are two quantum disks. One finds that an element x in the algebra B can be
determined up to smoothing operators by p(x).

In our present case, the cosphere bundle coincides with the one obtained in [31]; the same
being true for the dimension spectrum. Indeed, using this much simpler form of operators up
to smoothing ones, it is not difficult to compute the dimension spectrum and obtain simple
expressions for the residues appearing in the local index formula. We find that the dimension
spectrum is simple and given by the set {1, 2, 3}.

The cyclic cohomology of the algebra A(SUq(2)) has been computed explicitly in [74] where
it was found to be given in terms of a single generator. We express this element in terms of a
single local cocycle similarly to the computations in [31]. But contrary to the latter, we get an
extra term involving P|D|™ which drops in [31], being traceclass for the case considered there.
Here P = %(1 + F) with F = SignD, the sign of the operator D.

Finally as a simple example, we compute the Fredholm index of D coupled with the unitary
representative of the generator of Kq(A(SUq(2))).

It turns out that working modulo infinitesimals of arbitrary order like before, simplifies the

43
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discussion drastically. Moreover, we make the following choice for our Dirac operator

iy 3
Dljun)) = <2J 3_ 2 _2).0_ 1> iun)).

2

whose spectrum (with multiplicity!) coincides with that of the classical Dirac operator of the
sphere S3 equipped with the round metric (indeed, the spin geometry of the 3-sphere can now be
recovered by taking q = 1). Indeed, apart from the issue of their signs, the particular constants
that appear in (2.4.3) are fairly immaterial: C; and C% do not affect the index calculations later
on while Cq and IC%l yield scaling factors on some noncommutative integrals.

4.1 Regularity and the cosphere bundle

Let us first establish regularity for the spectral triple (A(SUq4(2)),H, D). Recall [16, 34, 49] (cf.
Appendix A.2) that this means that the algebra generated by A and [D, .A] should lie within
the smooth domain (;,_yDomé™ of the operator derivation §(T) := [D|T — T|D|.
We let D = F|D| be the polar decomposition of D where |D] := (DZ)]? and F = SignD.
Explicitly, we see that
2i+3 0

fiun) = (5 ) ownd, iy = (T30 4 .

2+

Clearly, P := %(1 +F) and Pt == %(1 —F) =1 —PT are the orthogonal projectors whose range
spaces are H! and H!, respectively.

In the following we will denote by a; and a_ the operators on H that add up to give 7’(a)
in obvious notation, and similarly for by and b_.

Proposition 4.1. The triple (A(SUq4(2)),H,D) is a regular spectral triple.

Proof. Since 2j + % =2t + % and 2j + % =2+ % and due to the triangular forms of the
matrices in (2.3.8), the off-diagonal terms vanish in the 2 x 2-matrix expressions for d(a;) and
d(a_). Indeed one finds,

. 2j+3 0 . 2j+3 0 .
d(ai)fjun)) = ( JO 2 2j+3> a+lwn>>—a+< ]0 z 2j+1> [jun)),
2 2

: 2j+% 0 : 2i+3 0 \.
S(a-)fjun)) = ( ]0 z 2j— 1> a-fjun)) —a- ( JO 2 2j + 1) [jun)).
2 2

In both cases we obtain

5(ay) = PTa Pl 4+ Pla P!, §(a_) = —Pla_Pl —Pla_PL
Replacing a by b, the same triangular matrix structure leads to

5(by) =PTb Pl + Plo, Pl §(b_) = —PTb_PT — Plv_Pl.

Thus 8(mt(a)) = 6(ay) + d(a_) is bounded, with [|8(7(a))|| < ||7t(a)||; and likewise for 7t(b).
Next, 6([D, ay]) = [D, 6(ay)], so that

. 5 : 3
sisaliun) = (T2 0 ) sty ~stan) (T2 0w,

2 2
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since all matrices appearing are diagonal. This, together with the analogous calculation for
d([D, a_]), shows that

5([D,a,]) = PTa,PT — Pta P!, §([D,a_]) = Pla_Pl — Pta_PL. (4.1.1)
A similar argument for b gives
5([D,by]) = PTb Pl — Plv, Pt §([D,b_]) = PTb_PT — Plv_Pl. (4.1.2)

Combining (4.1.1), (4.1.1), and the analogous relations with a replaced by b, we see that both
A and [D, A] lie within Domd. An easy induction shows that they also lie within Domd* for
k=2,3,.... O

This proposition continues to hold if we replace A(SUq(2)) by a suitably completed algebra,
which is stable under the holomorphic function calculus (cf. Appendix A.2).

Let WO(A) be the algebra generated by 8%(.A) and 8%([D,.A]) for all k > 0 (the notation
suggests that, in the spirit of [34] one thinks of it as an “algebra of pseudodifferential operators
of order 0”). Since, for instance,

PIn(a)P! = 35%(n(a)) + $5([D, 7(a)]),
Pla;, Pl = IPTm(a)PT + IPT5(m(a))PT,
we see that WO(A) is in fact generated by the diagonal-corner operators PTaiPT, PlayP!,
PTb.PT, PlboP!, together with the other-corner operators Pta PT, PTa_P!, Plb,PT, and

PTb_PL. Following [31], let B be the algebra generated by all 8™(A) for n > 0. It is a subalgebra
of WO(A) and it is generated by the diagonal operators

de = +6(ax) = PlagPT + PlarPl, by :=+6(by) =P'biP! + PlbiP!, (4.1.3)

and by the off-diagonal operators Pta,PT + PTa_P! and Ptb,PT + PTb_PL.

In Proposition 3.6 we introduced an approximate representation of A(SUq(2)) such that
the operators ' (x) — 7'(x) are given by sequences of rapid decay (i.e., in the ideal Kq), and
hence are elements in OP™° (as defined in Appendix A.2). Therefore, we can replace 7’ by 7’
when dealing with the local cocycle in the local index theorem in the next section. If we write
m'(a) =a, +a_, it is not difficult to see that

and also that F commutes with a, and b,. The operators a, and b, have a simpler expression
if we use the following relabelling of the orthonormal basis of H,

Vin::U,X*].,U*].*%,‘D for X:O,,Z],UZO,,Z]+],
v;yizzlj,x—j,y—j—l—%,l} for x=0,...,2j; y=0,...,2j—1. (4.1.4)

j
Ny - (nyT>
Xy * V] )
xyl

We again employ the pairs of vectors
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where the lower component is understood to be zero if y = 2j or 2j + 1, or if j = 0. The
simplification is that on these vector pairs, all the 2 x 2 matrices in (3.2.1) become scalar
matrices,!

i 2x+2 2y+24,"
Q4Viy = V1 — g4y /1 — g2ut Vit1y+D

o x+y+1,07
Q—vxg - q vxy)

. Lt

) — Y — q2x+24))
byviy = a7V = a2 v g

h_viy =—q*/1—q?% "Z,yfr (4.1.5)

These formulas coincide with those found in [31, Sec. 6] up to a doubling of the Hilbert space and
the change of conventions a < a*, b «<» —b. Indeed, since the spin representation is isomorphic
to a direct sum of two copies of the regular representation, the formulas in (4.1.5) exhibit the
same phenomenon for the approximate representations.

In [31] Connes constructs a “cosphere bundle” using the regular representation of A(SUq(2)).
In view of (4.1.5), the same cosphere bundle may be obtained directly from the spin represen-
tation by adapting that construction, as we now proceed to do. In what follows, we use the
algebra A = A(SUg4(2)), but we could as well replace it with its completion C*(SUq4(2)), which
is closed under holomorphic functional calculus (see Section 4.1.1).

We recall two well-known infinite dimensional representations 7+ of A(SUq(2)) by bounded
operators on the Hilbert space {?(N). On the standard orthonormal basis { ex : x € N}, they
are given by

mie(a) ex =1 —q¥t2 ey, 714 (b) ex :i= £q% €. (4.1.6)
We may identify the Hilbert space H spanned by all v;m and v;y L with the subspace H' of

0?(N)x ® €3(N)y ® £3(Z)2; ® C? determined by the parameter restrictions in (4.1.4). Thereby, we
get the correspondence

a, el en(aeVel,

a & —qmi(b)@n_(b*) @V ® 1,

b, & —m(a)@n(b)@ Vel

b & —m(b)n (a)V ®1,, (4.1.7)

where V is the unilateral shift operator €; — €2j41 in 0%(Z). This again, apart from the 2 x 2
identity matrix 15, coincides with the formula (204) in [31], up to the aforementioned exchange
of the generators.

The shift V in the action of the operators a, and b, on H can be encoded using the
Z-grading coming from the one-parameter group of automorphisms y(t) generated by |D|,

(t) : PTTPT i PTeitIDITeDIPT
Yir(t) oo (1) v11(t) : PTTPY iy PTeltPITe—itDIpL
y(t) = ,  where ) )
(t): PLTPT s pleltiDiTe—itIDIpT
(t): PLTPL 1 plettiDiTeitDIpL

We simplified (3.2.1) a little further by using the equality 1 — /T — q* < q*.
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for any operator T on H. On the subalgebra of “diagonal” operators T = PTTPT + PLTPL, the
compression y4+1 @ y|| detects the shift of j of the restrictions of T to HT and H! respectively.
For example, y11(t) @ vy (t) : ax — etay, so that the Z-grading encodes the correct shifts
j—j+£ % in the formulas for a+; and likewise for b..

From equation (4.1.6) it follows that b —b* € ker 71, and so the representations 7y are not
faithful on A(SUgq(2)). We define two algebras A(Déi) to be the corresponding quotients,

0 — ker 7ty — A(SUq(2)) =5 A(DZy) — 0. (4.1.8)

We elaborate a little on the structure of the algebras A(Déi). For convenience, we shall omit

the quotient maps 4 in this discussion. Then b = b* in A(Déi), and from the defining relations
(2.1.1) of A(SU4(2)), we obtain

ba = q ab, a*b = gba”,
a*a+ q?b? =1, aa* +b2=1.

These algebraic relations define two isomorphic quantum 2-spheres S%] 4 Sé_ = S(zq which have
a classical subspace S! given by the characters b — 0, a — A with [A| = 1. A substitution q —
q?, followed by b — q2b shows that S%l is none other than the equatorial Podle$ sphere [79].
Thus, the above quotients of A(SUq(2)) with respect to ker 7y either coincide with A(S%‘) or
are quotients of it. Now, from (4.1.6) one sees that the spectrum of 74 (b) is either real positive
or real negative, depending on the =+ sign. Hence, the algebras A(D(Z_H) and A(D%H) describe
the two hemispheres of S%] and may be thought of as quantum disks, thus justifying the notation
Dgx+.

There is a symbol map o: A(Déi) — A(S") that maps these “noncommutative disks” to
their common boundary S', which is the equator of the equatorial Podles sphere Sé. Explicitly,
the symbol map is given as a *-homomorphism on the generators of .A(D(z]‘i) by

o(re(a)) :=u; o(r+(b)) =0, (4.1.9)

where u is the unitary generator of A(S').

Recall the algebra B defined around (4.1.3) with generators d., by and Pta,PT +PTa_PL,
Pib,PT + PTb_PL. The following result emulates Proposition 4 of [31] and establishes the
correspondence (4.1.7). Proposition 3.6 is crucial to its proof.

Proposition 4.2. There is a x-homomorphism

p:B— ADZ) ® ADZ ) ® A(S) (4.1.10)
defined on generators by
play) =ri(ad)®@T (a) @, pla)=—qri(b)@r_(b") ®u",
p(b i) :=—7(a) ®T_(b) @, p(b_):=—7(b) @7 _(a") @u".

while the off-diagonal operators Pta,PT + PTa_Pl and PLb,PT + PTb_Pl are declared to lie in
the kernel of p.
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Proof. First note that the j-dependence of the operators in B is taken care of by the factor wu.
Thus, it is enough to show that the following prescription,

pr(ay) :==m(a) ®m_(a), pi(a-) :==—qm(b) ® m_(b%),

p1(b) := —mi(a) ® m_(b), p1(b_) == —m,(b) ® m_(a*),

together with p1(Pta, P’ + PTa_Pl) = p1(Ptb,PT 4+ PTb_Pl) := 0, defines a s-homomorphism
p1: B — A(D%H) ® A(Dé_). In the notation, we have replaced the representations 74 of
A(SUq4(2)) by corresponding faithful representations of A(Dﬁi) (omitting the maps r4).

We define a map TT: H — (02(N) ® €%(N)) ® C2, which simply forgets the j-index on the

basis vectors vlcy:
j
. Vv €
ﬂ . V;y e (v) UT) — €xy = <€XyT) ,
xyl xyl

where eyt i= €x ® €y and €5y = €x ® €y in the two respective copies of 02(N) @ ¢3(N) in its
tensor product with C2.

For any operator T in B, we define the map p7 by

p1(T)exy = lim TI(Tv),).
j— 00

This map is well-defined, since T is a polynomial in the generators of B. Each such generator
shifts the indices x,y,j by :t%, with a coefficient matrix that can be bounded uniformly in x,y
and j (cf. the paragraph above (2.4.5)) so that the limit j — oo exists.

We slightly extend the domain of the map p7 by adjoining the principal ideal g to it. The
limit is well-defined and in fact, p1(Kq) = 0. Indeed, for any & > 0, there exists a ] such that
for j > J we have Hqu]yT” = HqugcyLH <q <s.

X
From this, it follows that the off-diagonal operators Pta PT+PTa_P! and Plb, PT + PTb_p!
are in the kernel of py as they are elements in Kq. Moreover, we can replace at and by by a;
and b, respectively, since their differences lie in 4. Since the coefficients in the definition of
a, and by (equation (4.1.5)) are j-independent, we conclude that py is of the desired form. For

example, we compute:

~ . i+
Pr(d4)exy = prlay)exy = lim V1 — a2 2V/T — g2V, )

= V1= a22\/1— g ey y11 = (mi(@) @7 (a) @ 1)) e

Since a product of the operators a; and b, still does not contain j-dependent coeflicients, p1
respects the multiplication in B. By linearity of the limit, pq is an algebra map. ]

Definition 4.3. The cosphere bundle on SUg(2) is defined as the range of the map p in
A(DZ,) ® A(DZ.) ® A(S") and is denoted by A(S}).

Note that S§ coincides with the cosphere bundle defined in [31, 30], where it is regarded as
a noncommutative space over which Dé 4 X D(zk x S1is fibred.

The symbol map p rectifies the correspondence (4.1.7). Denote by Q the orthogonal pro-
jector on £%(N) ® £3(N) ® (4(Z) ® C? with range H’, which is the Hilbert subspace previously
identified with H just before (4.1.7). Using (4.1.7) in combination with Proposition 4.2, we
conclude that

T—Q((p(T)®12)Qe OP™™ forall TeB. (4.1.11)
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Here, the action of p(T) on ¢?(N)®(?(N)®%(Z) is determined by regarding {%(Z) as the Hilbert
space of square-summable Fourier series on S'.

4.1.1 Smooth algebras

Thus far, we have employed finitely generated algebras A(X), where X = SUq4(2), D%Ii, S!
or Sé. In each case, we can enlarge them to algebras C®(X) by replacing polynomials in
the generators (given in a prescribed order) by series with coefficients of rapid decay: this
is clear when X = S!, where smooth functions have rapidly decaying Fourier series. Using
the symbol maps (4.1.8), (4.1.9) and (4.1.10) we can “pullback” this smooth structure to the
noncommutative spaces SUgq(2), Dzi and Sé using the following technical Lemma taken from

q
[31]. Suppose that (B,H, D) is a spectral triple and let p : B — C be a morphism of C*-algebras.

Lemma 4.4. Let C C C be a subalgebra stable under holomorphic calculus together with a linear
map A : C — L(H) such that A(1) =1, A(c) € OP° for all ¢ € C and A(a)A(b) —A(ab) € OP~™
for all a,b eC.

The algebra B == {x € Blx € OP° p(x) € C,x — A(p(x)) € OP™} C B is a subalgebra stable
under holomorphic function calculus.

Proof. Let x € B be invertible in B. Let a = p(x) € C; then since C is stable under holomorphic
calculus its inverse b = p(x~') belongs to C. Also, since x € OP°, we have that x~1 € OP°.
We want to establish that x ™' —A(b) € OP~°. Since ab = 1, we have by the above properties
of A that A(a)A(b) —1 € OP™°. Using the fact that OP™ is a two-sided ideal in OP°, we
obtain from x — A(a) € OP™ that xA(b) — 1 € OP™°, by multiplying by A(b) on the right.
Multiplying this on the left by x ! € OP°, we get that x ' —A(b) € OP™°. O

Thus, the algebras C*(X) for the above noncommutative spaces are closed under holomor-
phic functional calculus. All foregoing and upcoming results apply, mutatis mutandis, to the
regular spectral triple (C*(SUq4(2)),H, D).

4.2 The dimension spectrum

We again follow [31] for the computation of the dimension spectrum. We define three linear
functionals Tg, T(l) and T7 on the algebras A(D%‘i). Since their definitions for both disks D% 4
and Déf are identical, we shall omit the + for notational convenience.

For x € A(Dé) we define,

nix) =5 | ote),

T 2n

To(x) = Jim Try7e(x) = (N + 3)7a(x),

T4(x) = lim Trn7e(x) — (N + 31 (%),

N—oo
where ¢ is the symbol map (4.1.9), and Try is the truncated trace

N

Trn(T) == ) (enlTew).

k=0
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The definition of the two different maps Tg and ’L'é is suggested by the constants % and %

appearing in our choice of the Dirac operator; it will simplify some residue formulas later on.
We find that

Trn(mt(a)) = (N + 3)11(a) + Th(a) + O(N7¥)
= (N+ Dmi(a) +t4(a) + O(N7¥) forall k> 0.

Let us denote by 1 the restriction homomorphism from A(D%H) ® A(Dé_) ® A(S") onto the
first two legs of the tensor product. In particular, we will use it as a map

T A(SE) = A(DZ) ® A(Dg_).

In the following, we adopt the notation [34]:
J; T := Res,—o TID| %

Theorem 4.5. The dimension spectrum of the spectral triple (A(SUq(2)), H, D) is simple and
given by {1,2,3}; the corresponding residues are

[ 11013 = 2011 @ 1) (rp(T)°),
[ 1012 = () @ (] + 2) + () 4+ 74) @ 11) (rp(T)O),

- TIDI ! = (th ® T + s @ 1)) (rp(T)°),

with T € WO(A).

Proof. If we identify H’ C £*(N)®¢?(N) ®{*(Z) ® C* with H as above, the one-parameter group
of automorphisms y(t) induces a Z-grading on A(S}), in its representation on H'. We denote
by p(T)° the degree-zero part of the diagonal operator p(T), for T € B. For the calculation of
the dimension spectrum we need to find the poles of the zeta function (7(z) := Tr(T|D|™*) for
all T € YO(A). From our discussion of the generators of WO(A), we see that we only need to
adjoin PTB to B.

In the zeta function (1(z) for T € B, we can replace T by Q(p(T)®1,)Q since their difference
is a smoothing operator by (4.1.11). The operator Q(p(T) ® 12)Q commutes with the projector
PT so we can first calculate

[e¢]

Tr(P'Q(p(T) ® 12)QID|#) = Z (2 4 3)*(Tr2; ® Tro51) (PTQ(p(T) ® 12)Q)
2j=0

= (t1®711)(rp(T)°) ¢(z — 2)
+(m @ty +Then)(re(T0) ¢(z—1)
+ (th @) (rp(T)°) ¢(2) + f1(2),
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where f1(z) is holomorphic in z € C. Similarly,

[e¢]

Tr(P*Q(p(T) ® 12)Q DI %) = D (2 + 3) *(Tr ® Trz51) (PYQ(p(T) ® 12)Q)
2j=0

— (11 ©11)(rp(T)°) ¢(z - 2)
+(t @) +15@ ) (re(T)%) ¢z — 1)
+(ty@Th) (rp(T)0) ¢(2) + f (2),

where f|(z) is holomorphic in z. Since ((z) has a simple pole at z = 1, we see that the zeta
function (1 has simple poles at 1, 2 and 3. O

From the above proof, we derive the following formulas which will be used later on:
- PTID| 2 = (11 @ 1) (vp(T)°),
- PITIDI2 = (11 @ Ty + th @ 1) (rp(T)°),

[ pTiDI " = () @ 75) (rp(T)°), (4.2.1)

with T any element in WO(A).

4.3 Local index formula in 3 dimensions

We begin by discussing the local cyclic cocycles giving the local index formula, in the general
case when the spectral triple (A, H, D) has simple discrete dimension spectrum not containing
0 and bounded above by 3.

Let us recall that with a general (odd) spectral triple (A, H,D) there comes a Fredholm
index of the operator D as an additive map ¢ : K{(A) — Z defined as follows. If F = SignD
and P is the projector P = %(1 + F) then

o([u]) = Index (PuP), (4.3.1)

with u € Mat,(.A) a unitary representative of the Ky class (the operator PuP is automatically
Fredholm). The above map is computed by pairing K;(A) with “nonlocal” cyclic cocycles xn
given in terms of the operator F and of the form

Xn(ao,...,n) =AnTr(ag[F ail...[Fan]), forall aj€ A, (4.3.2)

where A, is a suitable normalization constant. The choice of the integer n is determined by the
degree of summability of the Fredholm module (H, F) over A; any such module is declared to
be p-summable if the commutator [F, a] is an element in the p-th Schatten ideal LP(H), for any
a € A. The minimal n in (4.3.2) needs to be taken such that n > p.

On the other hand, the Connes—Moscovici local index theorem [34] expresses the index map
in terms of a local cocycle ¢oqq in the (b, B) bicomplex of A which is a local representative of
the cyclic cohomology class of xn (the cyclic cohomology Chern character). The cocycle $oqq is
given in terms of the operator D and is made of a finite number of terms boaq = (d1, P3,...);
the pairing of the cyclic cohomology class [doqq] € HC°(A) with K;(A) gives the Fredholm
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index (4.3.1) of D with coefficients in K;(.A). The components of the cyclic cocycle $ogq are
explicitly given in [34]; we shall presently give them for our case.

We know from Proposition 4.1 that our spectral triple (A, H,D) with A = A(SUq(2)) has
metric dimension equal to 3. As for the corresponding Fredholm module (H,F) over A =
A(SUq4(2)), it is T-summable since all commutators [F 7t(x)], with x € A, are off-diagonal
operators given by sequences of rapid decay. Hence each [F, 7t(x)] is trace-class and we need only
the first Chern character x1(ao, a1) = Tr(aop[F, a1]), with aj,a; € A (we shall omit discussing
the normalization constant for the time being and come back to it in the next section). An
explicit expression for this cyclic cocycle on the PBW-basis of SU4(2) was obtained in [74].

The local cocycle has two components, doqq = (1, d3), the cocycle condition (b+B)dogq =
0 reading By =0, bd1+ Bdpz =0, bdps =0 (see Appendix A.6); it is explicitly given by

#1(c0,a1) = [ ao D, @Dl = 1 a0 ¥(1D,ai) DI + ¢ [ ao V3D, ) D12,
1

d3(ap, ar,az,a3) = 12} ao[D, a1] [D, az] D, a3] D] 3,

where V(T) := [D?, T] for any operator T on H. Under the assumption that [F, a] is traceclass
for each a € A, these expressions can be rewritten as follows:

4 1 o 1 _
b1(a0,a1) = |- aodlan)FiDI = 3 F ao(@i)FDI 2 + 4 - ao*(ar]FIDI 2,

b3(o, a1,02,03) = 5 |- a0 8(a1) laz) S(az)FIDI . (433

We now quote Proposition 2 of [31], referring to that paper for its proof.

Proposition 4.6. Let (A, H,D) be a spectral triple with discrete simple dimension spectrum
not containing 0 and bounded above by 3. If [F,a] is trace-class for all a € A, then the Chern
character X1 is equal to Gogq — (b + B)bey where the cochain Gpoy = (bo, d2) is given by

Pola) == Tr(Fa|D|?)|,_,,

1 _
bala0,a1,a2)i= 5 |- ao8(ar) 82(az)FIDI .

The absence of 0 in the dimension spectrum is needed for the definition of ¢¢. The cochain
bev = (Po, d2) was named n-cochain in [31]. In components, the equivalence of the characters
means that

¢1 =x1+bdo+ B, b3 =Dboba.

The following general result, in combination with the above proposition, shows that x; can
be given (up to coboundaries) in terms of one single (b, B)-cocycle ;.

Proposition 4.7. Let (A, H,D) be a spectral triple with discrete simple dimension spectrum
not containing 0 and bounded above by 3. Assume that [F, a] is trace class for all a € A, and
set P = %(1 +F). Then, the local Chern character $doqq s equal to Py — (b + B)d.., where

ev

2
¥1(ao, ar) = 2} a0 5(ar)P|D|! —} a052(a1)PID| 2 + 3} a053(a1)PIDI3,
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and ¢/, = (b}, d5) is given by
$o(a) == Tr(a[D[77)|

z=0’

1 _
bhla0,a1,a2) = 5 |- aodlar) S aa)FiDI .
Proof. One needs to verify the following equalities between cochains in the (b, B) bicomplex:

$1+bdy+ By =1,
$3+bd; =0.

The second equality follows from a direct computation of bdj and comparing with equation
(4.3.3). Note that this identity proves that 1y is indeed a cyclic cocycle. One also shows that

1 _
Bd3(aa,a1) = 13 |- a08*(an) DI

Then, using the asymptotic expansion [34]:
—z
Dl %a ~ k —z—k
Dl %a Z(k>5 (a) D)
k>0

modulo very low powers of |D|, one computes

1 5 1 _
bojan,ar) = [ aod(anDl " = 3| aosan)Dl 2+ 3 | aos*(aniDI,

and it is now immediate that ¢+ bdy + Bd) gives the cyclic cocycle Py. O

Remark 4.8. The term involving P|D|~> would vanish if the latter were traceclass, which is the
case in [31] (this is the statement that the metric dimension of the projector P is 2).

Combining these two propositions, it follows that the cyclic 1-cocycles x1 and ¢ are related
as:

X1 =1V1 —bp, (4.3.4)
where B(a) = 2Tr(Pa|D\_Z)’ZZO.
4.4 The pairing between HC' and K;

In this section, we shall calculate the value of the index map (4.3.1) when U is the unitary
operator representing the generator of Ky (A(SUg4(2))),

@([U]) = Index (PTUPT) := dimker PTUPT — dim ker PTU*PT,
with
a b
=80, )

acting on the doubled Hilbert space H®C? via the representation ®1,. One expects this index
to be nonzero, since the K-homology class of (A, H, D) is non-trivial. This has been remarked
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also in [18], where our spectral triple is decomposed in terms of the spectral triple constructed
in [20].

We first compute the above index directly, which is possible due to the simple nature of
this particular example. A short computation shows that the kernel of the operator PTU*PT is
trivial, whereas the kernel of PTUPT contains only elements proportional to the vector

< |0>0)_%)T> >
—-q4710,0,3,T))"
leading to ¢@([U]) = Index (PTUPT) =1.

Recall that for A = A(SUg4(2)), our Fredholm module (H, F) over A(SUq4(2)) is 1-summable.
From the previous section we know that Index (PTUPT) can be computed using the local cyclic
cocycle P, see eqn. (4.3.4). To prepare for this index computation via {1, we recall the following
lemma [27, IV.1.y], which fixes the normalization constant in front of xj. For completeness we
recall the proof.

Lemma 4.4.1. Let (H,F) be a 1-summable Fredholm module over A with P = %(1 + F); let
u € Mat(A) be unitary with a suitable r. Then PuP is a Fredholm operator on PH and

Index (PuP) = —% Tr(u*[F,u]) = —%)g(u*,u).

Proof. We claim that Pu*P is a parametrix for PuP, that is, an inverse modulo compact opera-
tors on PH. Indeed, since P —u*Pu = —%u* [F,u] is traceclass by 1-summability, by composing
it from both sides with P it follows that P — Pu*PuP is traceclass. Therefore,

Index (PuP) = Tr(P — Pu*PuP) — Tr(P — PuPu*P),
and the identities P — Pu*PuP = —%Pu* [F,uJP and [Fu]u* + u[F,u*] = 0, together with
[F, [F,u]] =0, imply the statement. O
Thus, the index of PTUPT, for the U of (4.4.1) is given, up to an overall —% factor, by

— * — * — 2 * —
91U 1) =2 Uiy S(UPTIDI = - U 82U PTDI 2 + 5 - Uy 83U PTIDI,

with summation over k, 1 = 0, T understood. We compute this expression using equation (4.2.1).
First note that since the entries of U are generators of A(SUq(2)), we see from (4.1.1) and (4.1.1)
that p(8%(Uyq)) = p(U), a relation that simplifies the above formula. We compute the de-
gree 0 part of p(Ujy,; 8(Uy)) with respect to the grading coming from y(t) ~the only part that
contributes to the trace— using the algebra relations of A(Déi),

p(Uj 8(Up))® =2(1—q*) 1@ r_(b)%
Using the basic equalities
Ti(1) =1, (1) = —7y(1) = -1,
T(re(0)M) =0, 7j(re(b))

Il
9
o
=

H_
=
=

Il
AN
JE

|

0
=
\

we find that
YU W) =2(1- g2ty +meon)(ler-(b)?) - (et t+neon)(1el) =2
Taking the proper coefficients, we finally obtain
Index (PTUPT) = —Jy (U~ W) =1.
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Chapter 1

Introduction

The ADHM construction [2, 3] of instantons in Yang-Mills theory was the starting point of
a new interplay between physics and mathematics. On the physics side —as instantons are
gauge potentials that are the minima of the Yang-Mills action— they can be used to obtain an
approximation for the path integral

if t << 1. Here the (formal) integral is taken over the space of all gauge potentials. As t — 0,
the path integral is essentially modelled on the integral over the moduli space of instantons.
In mathematics, these ideas culminated in Donaldson’s construction of invariants of smooth
four-dimensional manifolds [42] (cf. [43]). In fact, Witten showed in [95] that as t tends to O
the path integral Z(t) recovers the Donaldson invariants.

In the same period, another field in mathematical physics was founded by Alain Connes.
His noncommutative geometry [26] (cf. [27]) provides a mathematical framework that incor-
porates Yang-Mills gauge field theories into the realm of quantum spaces. A quantum space
is understood as the virtual space underlying a noncommutative algebra in the sense of the
Gelfand-Naimark theorem. The latter gives a (categorical) equivalence between unital commu-
tative C*—algebras and compact Hausdorff topological spaces. This means that all geometrical
notions on a topological space can be translated into properties of the C*—algebra of contin-
uous functions on it. Once this has been achieved, one drops the commutativity to describe
a virtual 'quantum space’ dual to the noncommutative algebra. Even more, noncommutative
geometry as invented by Connes, provides a description of noncommutative Riemannian spin
structures. Here the Riemannian “metric” becomes encoded in the Dirac operator and its spec-
trum, whereas the noncommutative topological space is described by the algebra of functions
in the previously described manner.

Classically, Yang-Mills gauge theory is described by the theory of principal bundles and con-
nections on them. Recall that P — X is a principal G—bundle on X with G a Lie group, if it is
a fibre bundle with typical fibre G and G acts freely and transitively on P.

Definition 1.1. A connection one-form on P is defined as a one-form w taking values in the
Lie algebra g of G satisfying

(i) w(A*) =A;
(i1) ng = Adg—1 w;

57
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where A7 is the fundamental vector field associated to A € g,
A#f(p) = Zf(p exp(tA))lio,

acting on a smooth function f on X, Ry is the induced action of G on the one-forms Q' (P) on
P and
(Adgw) (V)= g 'wp(Y)g; (Y e TP).

The horizontal subspace HP is defined by the kernel of w in the tangent bundle TP:
HoP ={Y e T,P:w(Y)=0} .

We define a covariant derivative associated to w on this principal bundle as follows. Let
¢ € Q"(P)®V with V a vector space. Let YH denote the projection of Y € TP onto the horizontal
subspace HP. The covariant derivative of ¢ is then defined as:

D:Q"P)eV = Q (P oV
D(Y1,...,Yes1) = dpd (Y], ... YH )

where dp is the exterior derivative on P.

Definition 1.2. The curvature Q of w is the covariant derivative of w:
QO =Dw
A more explicit form of the curvature is given in terms of Cartan’s structure equation:
Q(X,Y) =dpw(X,Y) + [w(X), w(Y)]

which is usually written as Q =dpw + w A w.

If p is a (finite-dimensional) representation of G on the vector space V, then the associated
bundle to P by V is defined to be the vector bundle E := P x g V having typical fibre V. The
space of continuous sections I'(E) can be given as the collection of G-equivariant maps from P
to V:

Co(P,V):={p € C(P,V):=C(P) @ V: db(p-g) = pg(d(p))} .

A connection (or covariant derivative) on E is defined as a map V from I'(E) to I'(E) ®C(X)Q1 (X)
by
V(d) =dpd + wo.

There is the following equivalent description of connections, in terms of local charts. Choose a
local section of P — X and define A to be the pull-back of w under this section. Then A is a
(locally defined) one-form on X, taking values in g, and is called gauge potential. Its curvature
F, becomes in terms of A,

F=dA+AANA.

It turns out that F is in fact a two-form taking values in the adjoint bundle ad(P) := P xg g,
where G acts on g in the adjoint representation.

Another important concept in physics is a gauge transformation. Mathematically speaking,
a gauge transformation is a section of the bundle of automorphisms of E. More precisely, the
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infinite dimensional group G of gauge transformations consists of sections of the bundle P x g G
where G acts on itself by conjugation. A gauge transformation f acts on a connection like

Vi VA,
inducing the familiar transformation rule for the connection one-form A,
A= A+ £71df,

together with
F i f1Ff

for its curvature. Connections have many invariants under gauge transformations, as con-
structed for example by Chern-Weil theory. Clearly, the Chern characters define gauge invari-
ants:

chn (V) = %(i)"tﬂrn.

as do the Chern numbers ¢, defined as IX chp, called topological charges in physics. Of course,
the most important invariant in physics is the Yang-Mills action:

S=|F?:= L tr(F A *F)

where * is the Hodge star operator. If we decompose F = F @ F_ into its selfdual and anti-
selfdual part, i.e. *F1+ = +F,, we can relate this action to the second Chern number. In fact,
ifca(V)=keZ

S=[IF+ll+[IF-
8’k = ||F | — [IF-|

from which we deduce the lower bound S > 8m?[k|. Note that equality holds if *F = =+F.
Connections with selfdual or anti-selfdual curvature are called instantons; they are absolute
minima of the Yang-Mills action.

Let us illustrate the above structure by an example. Consider the principal Hopf fibration
S7 — S% with structure group SU(2), and let E be the associated vector bundle by the fun-
damental representation: E = S’ Xsu(2) C2. In this case, an instanton is a connection on the
rankc two vector bundle on $* —which we can define by a gauge potential A— having selfdual
curvature. Let us give an example of the latter on a local chart with coordinates {CH, (**},
coming from stereographical projection. The basic instanton is given by [6]

1

A= (€145 = cider — ¢2dc3 + GdCz)os

+2(C1C5 ~ A3 )y + 2(CdC — Ao )

with corresponding gauge curvature (field strength), F = dA + A2,

1
F— (BRI ((dadc’{ —d5dGo)os +2(dCdds) oy + z(dCZdC?)G*) :

Here 03, 04 are the generators of the Lie algebra su(2).
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It turns out [2] that acting with the conformal group SL(2,H) of S% on the basic instanton
gauge potential, one can obtain different instantons. Indeed, the conformal group leaves both
the (anti-)selfdual equation *F = +F and the Yang-Mills action invariant. There is a five-
parameter family of instantons up to gauge transformations. On the local chart R* of S#, these
five parameters correspond to one scaling p and four “translations” of the basic instanton. This
forms the five-dimensional moduli space of charge 1 instantons.

In order to describe Yang-Mills theory on a noncommutative space we need the noncommu-
tative analogue of a vector bundle. The Serre-Swan theorem [91] indicates that this analogue
is given by the finitely generated projective modules over the algebra A describing the quan-
tum space. They showed that any finitely generated projective C(X)-module is isomorphic to
the C(X)-module of sections on a vector bundle E for a compact manifold X. Also the notion
of a connection on a vector bundle can be generalized to noncommutative geometry [27] (see
Appendix A.4).

Principal bundles are incorporated more recently in noncommutative geometry [15, 52].
Apparently, the structure group G should be replaced by a quantum group and P and X by a
quantum space. Such a quantum group is then the virtual dual to a Hopf algebra. However,
several examples [11] have shown that this definition of noncommutative principal bundle is not
general enough. Therefore, one was led to replace the Hopf algebra by merely a coalgebra. More
precisely, a principal bundle generalizes to a principal coalgebra extension [13] and a principal
Hopf-Galois extension in the case that the coalgebra is a Hopf algebra. Again, there are the
notions of connections and associated vector bundles. Recently, a noncommutative version of
Chern-Weil theory for principal coalgebra extensions has been developed by Brzezinski and
Hajac [14].

We develop Yang-Mills theory on toric noncommutative manifolds which were introduced
in [33] (see also [32]). These noncommutative spaces Mg are defined as deformations of a Rie-
mannian manifold M carrying an action of T™: this torus is deformed to a noncommutative
tori Ty [81] with 0 a matrix of deformation parameters. We start by recalling their construc-
tion and derive a simplified form of the Connes-Moscovici local index formula [34] on these
noncommutative spaces.

In Chapter 3, we focus on two such noncommutative manifolds and construct a noncommu-
tative principal Hopf fibration S;, — S‘é with structure group SU(2), starting with the algebras
A(Sg),A(S7,) of polynomials on them. The algebra A(S%,) carries an action of SU(2) by auto-
morphisms and we identify the subalgebra consisting of invariants under this action with A(Sg).
This gives a one-parameter family of Hopf fibrations, where 0’ is expressed in terms of 0.

We construct the A(Sg)—bimodules associated to all finite-dimensional representations V
of SU(2) as the collection of “equivariant maps from Sg, to V7 with respect to the action of
SU(2), and define connections on them. We prove that these modules are finite projective
by explicit construction of projections. This allows for a computation of the indices of Dirac
operators having coefficients in these noncommutative vector bundles. Finally, we establish
that the inclusion .A(Sg) — A(S},) is a faithfully flat Hopf-Galois extension in the sense of [14],
therefore, it can be considered as a noncommutative principal bundle.

In Chapter 4, we develop Yang-Mills theory on Sg by defining a Yang-Mills action functional
in terms of the curvature of a connection and derive that the minima of this action are given
by connections with (anti-)selfdual curvature: such connections are called instantons. Starting
with the basic instanton given in [33], gauge non-equivalent instantons are obtained by acting on
it by twisted infinitesimal conformal transformations, encoded in the Hopf algebra Ug(so(5,1)).
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The Hopf subalgebra Ug(so(5)) is made of twisted infinitesimal symmetries under which the
basic instanton is invariant. This leads to a collection of (infinitesimal) instantons. Finally
we prove, by using an index theoretical argument as in [4], that this collection is in fact the
complete set of (infinitesimal) charge 1 instantons.

In Chapter 5, we sketch how to generalize Yang-Mills theory from Sg to any four-dimensional
toric noncommutative manifold Mg. Let P — M be a G-principal bundle, where G is a semisim-
ple Lie group. We assume that the action of the torus T? on M can be lifted to P, in such a
way that this lifted action commutes with the action of G on P. This allows for the definition
of the two algebras C®(Mg) and C*®(Pg) as toric noncommutative manifolds. The inclusion
C®(Mg) C C*®(Pg) can be understood as a noncommutative principal bundle: C*®(Pg) carries
an action of G by automorphisms in such a way that C®(Mg) forms the subalgebra consisting
of elements in C*(Pg) that are invariant under the action of G.

We define the associated vector bundles Pg x g V for all finite-dimensional representations V
of G as C*®(Mg)-bimodules of G-equivariant maps from Pg to V; these modules are again finite
projective. Finally, we define a Yang-Mills action functional and find that its minima are given
by instantons, i.e. connections with selfdual or anti-selfdual curvature.
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Chapter 2

Toric noncommutative manifold

In this chapter, we will recall the construction of the noncommutative manifolds Mg as intro-
duced in [33] and elaborated in [32]. Essentially, these 0-deformations are a natural extension of
the noncommutative torus (for a review see [82]) to (compact) Riemannian manifolds carrying
an action of the n-torus T™.

We will first consider the cases of planes and spheres, and will then move on to the general
case of a Riemannian manifold carrying an action of T™. We then discuss the local index formula
of Connes and Moscovici [34] which simplifies drastically in the case of M.

2.1 Noncommutative spherical manifolds
For Ay = e where 0, is an anti-symmetric real-valued matrix, the algebra A(Ré“) of
polynomial functions on the noncommutative 2n-plane is defined to be the unital *-algebra
generated by 2n elements zy, zj (. = 1,...,n) with relations

_ . * _ *, EE * %
ZuZv = Awzvzy; Z,Zv = Avuzvzw 2,2y, = ?\m,zvzw

The involution * is defined by putting (z,)* = zj. For 8 = 0 one recovers the commutative
s-algebra of complex polynomial functions on R?™.
Let A(Sé“‘” be the *-quotient of .A(]Rg“) by the two-sided ideal generated by the central

element szuzﬁ — 1. We will denote the images of z,, under the quotient map again by z,,.

A key role in what follows is played by the action of the abelian group T™ on A(Rgn) by
automorphisms. For s = (s,,) € T™, the x-automorphism oy is defined on the generators by
os(zu) = ezmsuzu. Clearly, s — o is a group-homomorphism from T™ — Aut(A(Ré“)). In the
special case that 8 = 0, we see that o is induced by a smooth action of T™ on the manifold
R?™. Since the ideal generating A(Sé“*]) is invariant under the action of T™, ¢ induces a
group-homomorphism from T™ into the group of automorphisms on the quotient A(Sgn_]) as
well.

We continue by defining the unital x-algebra A(Ré““) of polynomial functions on the non-
commutative (2n + 1)-plane which is given by adjoining a central self-adjoint generator zg to
the algebra A(Rén), ie. z§=1z9and zozy = zuzo (L =1,...,mn). The action of the group T™
is extended trivially by os(zo) = zo. Let A(Sé“) be the *-quotient of A(Rgﬂﬂ) by the ideal
generated by the central element ZzpziL + Zé — 1. As before, we will denote the canonical
images of z,, and zp again by z, and zg, respectively. Since T™ leaves this ideal invariant, it
induces an action by x-automorphisms on the quotient A(Sén).

63
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We will now construct a differential calculus on R§*. For m = 2n, the complex unital
associative graded x-algebra Q(R%“) is generated by 2n elements zy,z], of degree 0 and 2n
elements dz, dz;, of degree 1 with relations:

dzpdzy + Mwdzydz, =0;  dzjdzy + Aypdzydzy =05 dz{dz} + Awdzidz) = 0;
zpdzy = Mwdzyzy;  zpdzy = Aypdzyzy;  zp,dz), = A dziz),. (2.1.1)

There is a unique differential d on Q(Ré") such that d : z,, = dz,. The involution w — w*
for w € Q(Ré“) is the graded extension of z, — zj, i.e. it is such that (dw)* = dw* and
(wiw2)* = (=T)PrP2wiw] for wy € Qpi(]Ré“).

For m = 2n + 1, we adjoin to Q(]Ré“) one generator zo of degree 0 and one generator dzg of
degree 1 such that

zodzo = dzozo,  zow = wzy; dzow = (—1)%wdz,.

We extend the differential d and the graded involution w — w™* of Q(Rg“) to Q(Réﬂﬂ) by
setting z§ = zo and (dzo)* = dzo, so that (dzo)* = dzo.

The differential calculi QO(Sg') on the noncommutative spheres S§* are defined to be the
quotients of Q(]ng]) by the differential ideals generated by the central elements Zuzuzfl —1
and ) zuzy + Zé —1, for m =2n — 1 and m = 2n respectively.

The action of T™ by *-automorphisms on A(Mg) can be easily extended to the differential
calculi O(Mg), for Mg = Ri* and M = S§*, by imposing 0s0d =d o o5.

2.2 Toric noncommutative manifolds

More generally, we have the following construction of noncommutative manifolds [33]. Suppose
M is a compact spin Riemannian manifold of dimension m equipped with a smooth action of
the n-torus T™ by isometries. Let D be the Dirac operator on the Hilbert space of spinors
H :=L%(M,S) and denote by o the action of T™ by automorphisms on the algebra C*(M) of
smooth functions on M. It is induced from the action on M by

There is a double cover p : T" — T" and a representation of T" on 'H by unitary operators
U(s),s € T™ such that

for all f € C®(M) acting on H via the representation 7t, given by pointwise multiplication.
These unitary operators induce a grading on B(H) as follows. Recall that an element T € B(H)
is called smooth for the action of T™, if the map T >s— os(T) := U(s)TU(s) ! is smooth for
the norm topology. It can be expanded as T = >_ T, with T= (r1,72,...,Tn) a multi-index, and
with each T, of homogeneous degree r under the action of T™, i.e.

os(Ty) = e207ST, (s € T™).
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From its very definition, «s coincides on 7t(C*®(M)) C B(H) with the automorphism o

p(s):
Then, let (p1,p2,...,Pn) be the infinitesimal generators of the action of T™ so that we can
write U(s) = exp 2mtis - p. For T € B(H) we define a twisted representation on H by
Lo(T):=) TU(Tu0u1,..., 31u0un) =) Teexp{mi ) 7.0,npv} (2.2.1)
T T w

with 6 an n x n anti-symmetric matrix. Notice that since D is of degree 0 we have Lg([D, a]) =
[D,Lg(f)] for f € C*®(M). There is still an action of T™ on Lg(C*®(M)) by as(Lg(f)) =
U(s)Le(f)U(s)' = Lo(0p(s)(f)) since T™ is abelian; we will denote this action again by 0.
We will denote Lg(C*®(M)) by C*®(Mag).

The map Lg can also be understood as a representation of the algebra C* (M) equipped
with a so-called star product. If fy, g, are two functions in C* (M) homogeneous of degree v
and 1’ respectively, we define the star product xg by

A
Zmrer.lc

fr xo gy = fr Gr-e(gr’) =e +0r/ (2.2.2)

where -0 = (v.0p1,...,7.0,n) € T™ This product is then extended linearly to all functions
in C*(M). By the very definition of xg we have

Lo(f xg g) = Lo(f)La(g),

proving that the algebra C*®° (M) equipped with the product xg is isomorphic to the algebra
Lg(C*®(M)). Thus, we can understand Lg as a quantization map from C® (M) to C*®(Mg). It
will play a key role in what follows, allowing us to extend differential geometrical techniques
from M to the noncommutative space Mg.

Recall that a noncommutative spin geometry [28, 49] (see also Appendix A.2) is given by an
algebra A of operators on a Hilbert space H together with an unbounded self-adjoint operator
D. This so-called spectral triple (A, H, D) has to satisfy several properties, of which the most
essential are that [D, a] € B(H) for all a € A and that the resolvent of D is a compact operator.
We call such a spin geometry m*-summable if m is the unique nonnegative integer for which
the partial sums oy of the eigenvalues of |D|™™ satisfy on ~ logN as N — oo.

The triples (C*(Mg), H, D) reviewed above provide a wide class of examples of noncom-
mutative spin geometries [33]. It is m*-summable, which follows directly from the classical
case. Indeed, since the noncommutative geometry is an isospectral deformation of the classical
Riemannian geometry of M, the spectrum of the operator D coincides with that of the Dirac
operator D on M. In particular, there is a noncommutative integral in terms of the Dixmier
trace [41] (cf. Appendix A.2):

} f:=Tro(fIDI™™)

with f € C*°(Mjg) understood in its representation on H.
The following Lemma [46] gives a drastic simplification of this noncommutative integral.

} Lo(f) = JM fdv

Proof. Any element f € C*(M) is given as an infinite sum of functions that are homogeneous
under the action of T™. Let us therefore assume that f is homogeneous of degree k so that

Lemma 2.1. If f € C®(M) then
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os(Lo(f)) = Lo(0s(f)) = ¥ *SLg(f). From the tracial property of the noncommutative integral
and the invariance of D under the action of T™, we see that

Tro (05(Lo())IDI™™) = Tre(U(s)Lo(f)U(s) ' [DIT™) = Tre,(fIDI ™).

In other words, 2™ ST, (Lo(f)|D|™™) = Tr(Lo(f)D|™™) from which we infer that this trace
vanishes if k #£ 0. If k = 0, then Lg(f) = f leading to the desired result. O

2.2.1 Description of Mg in terms of fixed point algebras

A different (but equivalent) approach to these noncommutative manifolds Mg was introduced
in [32]. It identifies C*°(Mp) as a certain fixed point subalgebra of C*(M) @ C*(Ty) where
C>(Tg) is the algebra of smooth functions on the noncommutative torus. This identification
allows one to extend the techniques from commutative differential geometry on M to the non-
commutative space Mg.

Let us recall the definition of the noncommutative n-torus T§ [81, 82]. The unital *-algebra
A(Tg) of polynomial functions on T is generated by n unitary elements U" with relations

uruy = amvuvut,  (uv=1,...,n)

with A®Y = e?% a5 before. There is a natural action of T™ on A(Ty) by *-automorphisms
given by Ts(UM) = eisu UM with s = (sp) € T™. The locally convex *-algebra C*(Tg) of
smooth functions on the noncommutative torus T§ is defined as follows [25]. There are the
following seminorms A(Tg):

ule = sup X3 X (W]
T+ <r
where |[|-|| is the C*-norm and X, are the infinitesimal generators of the action of T™ on Tf. The

completion of A(Tg) with respect to the locally convex topology generated by these seminorms
is denoted by C*(Tf) and turns out to be a nuclear Fréchet space.
Due to the latter remark and nuclearity of C* (M), we can unambiguously define the com-

pleted tensor product C*(M)®C*(T§). We define (C‘X’(M)@C‘X’("]I“Te‘))m@T " to be the fixed
point subalgebra of C*(M)®C*>(Tg) consisting of functions f in this tensor product that are in-
variant under the diagonal action of T™, i.e. such that c,®T_4(f) = f for all s € T™. This defines
by duality the noncommutative manifold Mg by setting C*(Mg) := (C°° (M)®C®*® (']I“g))cy@T 1 .
As the notation suggests, the algebra C*®(Mg) is isomorphic to the algebra Lg(C*®(M)) defined
above, as one easily checks.

For the Dirac operator one has the following construction. Let & be a spin bundle over M
and D the Dirac operator on I'(M, S), the C* (M )-module of smooth sections of S. The action
of the group T™ on M does not lift directly to the spinor bundle. Rather, there is a double

cover p : T™ — T™ and a group-homomorphism s — V5 of T™ into Aut(S) covering the action
of T™ on M:

V5(fh) = o) (F) V5()),
for f € C*(M) and P € T'(M,S). According to [32], the proper notion of smooth sections
'(Mg, S) of a spinor bundle on Mg is given by the subalgebra of F(M,S)@COO(TQ/Z) made of
elements which are invariant under the diagonal action V ® 771 of T". Here s — 75 is the
canonical action of T™ on A(’]I‘g/z). Since the Dirac operator D will commute with V; one can
restrict D ® id to the fixed point subalgebra I'(Mg, S).
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Next, let L%(M,S) be the space of square integrable spinors on M and let LZ(TQ/Z) be the

completion of COO(’]I‘g/Z) in the norm f — ||f|| = T(f*f)1/2, with T the usual trace on COO(TQ/Z).
The diagonal action V ® T~ of T™ extends to L2(M,S) ® LZ(']I‘E/Z) (where it becomes U ® T
and we define L4(Mg, S) to be the fixed point Hilbert subspace. If D also denotes the closure
of the Dirac operator on L?(M,S), we denote the operator D ®id on L?(M,S) ® Lz(Tg/z) when
restricted to L%(Mg,S) by D. Again the triple (C®(Mg),L%(Mg,S),D) is a mT-summable
noncommutative spin geometry.

2.2.2 Vector bundles on Mg

We recall the construction of noncommutative vector bundles on Mg [32], i.e. finite projective
modules (cf. Appendix A.4) over C*(Mg). They were obtained as fixed point submodules
of '(M,E) ® C*(Tg) under some diagonal action of the torus T™. However, we will give an
equivalent description in terms of a type of *-product.

Let E be a vector bundle on M, carrying an action V of T™ by automorphisms, such that it
covers the action of T™ on M:

V() = o5(f)Vs(w) (2.2.3)

for f € C*(M) and P € T'(M, E). Such vector bundles are called o-equivariant vector bundles.
The C*(Mg)-bimodule I'(Mg, E) is defined as the vector space I'(M, E) but with the bimod-

ule structure given by

froh =) fiVie(lh) (2.2.4)
k

Yagf=) Vool)fy (2.2.5)
k

where f = ) | fi with fx € C*(M) homogeneous of degree k and 1 is a smooth section of
E. One easily checks that this is indeed an action of C*(My), using the explicit expression
for the star product (2.2.2) and the above equation (2.2.3). Moreover, this action satisfies the
equivariance condition (2.2.3) for both the left and right action of C*(My).

Although we defined the above left and right actions with respect to an action of T™ on E,
the same construction can be done for vector bundles carrying instead an action of the double
cover T™. We have already seen an example of this in the case of the spinor bundle, where we
defined a left action of C*°(Mp) in terms of (2.2.1).

The C*°(Mg)-bimodule T'(Mg, E) is finite projective [32] and still carries an action of T™ by
V. In fact, all finite projective modules on C®(Mg) are of this type, due to the fact that the
category of o-equivariant finite projective module over C* (M) is equivalent to the category of
o-equivariant finite projective modules over C*(Mg) [56]. This clearly reflects the analogue for
an action of T™ of the result by Rieffel in [83] that the K-groups of a C*-algebra deformed by
an action of R™ are isomorphic to the K-groups of the original C*-algebra.

Definition 2.2. Let E be a vector bundle on M. The C®(M)-module T(M,E) is said to have
the homogeneous decomposition property if any section ¢ € I'(M, E) can be decomposed as ¢ =

> &y where &y € T(M,E) is homogeneous of degree v under the action of T, i.e. Vs(dy) :=
2ms-r

e Oy

Lemma 2.3. 1. If E ~ F as o-equivariant vector bundles, then T'(Mg,E) ~ I'(Mg,F) as
C>(Mg)-bimodules.
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2. Suppose E and F are o-equivariant vector bundles on M such that T(M,E) and T'(M, F)
satisfy the homogeneous decomposition property for the actions VE, VI of T™, respectively.
Then E®F is a o-equivariant vector bundle for the diagonal action of T™ and we have,

Mg, E®F) ~ T (Mg, E) ®coo (mg) IN'(Me, F),
as both left and right C*(Mg)-modules.

Proof. 1. follows from the very definition of I'(Mg, E). For 2., note first that '(Mg,E ® F) ~
(M, E) ®ceo(m) (M, F) as o-equivariant modules if the action of T™ on the tensor product
(M, E) ®coo (m) (M, F) is defined as the diagonal action VtE ® Vf, t € T™. Consequently, the
left and right action of C*(Mg) on I'( Mg, E®F) takes the following form on the tensor product:

e (b Dcoo vy W) = Z fiVio(d) @coe (m) Vie (W),
(¢ ®coo vy W) 9 f = Z VE () ®coo (v) Vo () fi.

Let us construct an explicit isomorphism of the left and right C*°(Mg)-modules I'(Mg, E ® F)
and I'(Mg, E) ® coo (M) F(Me, F). Let us start with the left module structure. Since I'(Mg, E) =
I'(M, E) as vector spaces, it makes sense to define a linear map by

T:T(Mg,E)® (Mg, F) = I'(M,E) @ (M, F)
dr @ Vs — by @ Vig(bs)

on homogeneous sections ¢, and g of degree r and s respectively, i.e. such that VtE((])r) =
e, and Vi (Ps) = e?™ s for t € T™. The map T is extended linearly on generic elements

¢ = qu)r and P = st’s-

Clearly, the above map is an isomorphism of vector spaces. We check that it maps the ideal
[o ={Pp < fVP— R fr>g P} isomorphically to the ideal Io ={f- P P — b ® f - P} where -
denotes pointwise multiplication. We have for f € C*(Mg) homogeneous of degree k:

T(¢r<lef®ll’s d)r®f[>9q) ) 2n{ltm)8(kcts) (f d) ®1|)s ¢T®f'1])s)-

Hence T becomes an isomorphisms from I'(Mg, E) ® coo (my) T'(Me, F) to T(M, E) @ coo (M) T'(M, F)

as vector spaces. From the definition of T, one checks that it is in fact a left COO(MQ) module

map, i.e.

T((fre ) ®co (M) W) = o T(P @coo (M) W)
Similarly, there is an isomorphism of right C*(M)-modules
T":T(Mp,E) ®coo (mg) N(Mo, F) = T(M, E) ®coo () F(M, F)
br ®coo (Mg) Ys = sted)r @ coo (M) Ps.

O

Corollary 2.4. Let E and F be vector bundles on M such that T(M,E) and T'(M, F) satisfy the
homogeneous decomposition property. Then we have the isomorphism,

(Mg, E) ®coo (Mmg) (Mg, F) = T(Mg, F) ®coo (my) T'(Me, E),
of both left and right C*°(Mg) modules.

Proof. Classically, such an isomorphism exists as it is given by the tensor flip. Since the action
of T™ on E ® F is diagonal, the tensor flip commutes with the action of T™. O
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2.2.3 Differential calculus on Mg

A differential calculus on Mg is constructed as follows [32]. Let (Q(M),d) be the usual differen-
tial calculus on M, with d the exterior derivative. We extend the map Lg: C® (M) — C*®(My)
to Q(M) by imposing it to commute with d. The image Lg(Q(M)) will be denoted by Q(Mg).
Equivalently, one could define Q(Mg) to be Q(M) as a vector space but equipped with the star
product (2.2.2) extended to Q(M) under the condition that it commutes with d.

Note that this is concordance with the previous section, when Q(M) is considered as the
C®(M)-bimodule of sections of the cotangent bundle. Indeed, since the action of T™ on M is
isometrical, it commutes with d. Therefore, the action o5 on C® (M) can be extended to Q(M),
and gives Q(Mg) the structure of a C*(Mg)-bimodule with the left and right action given in
(2.2.4) and (2.2.5).

A similar argument allows to construct a Hodge star operator on Q(Mg). Classically, the
Hodge star operator is a map * : QP(Mg) — Q™ P(Mg) depending only on the conformal class
of the metric on M. Since T™ acts by isometries, it leaves the conformal structure invariant
and therefore, it commutes with *. Since Q(Mg) coincides with Q(M) as vector spaces, we can
define a Hodge star operator xg on QO(Mg) as the classical operator *, resulting in a map *g :
QP(Mg) — Q™ P(Mpg). In terms of the quantization map Lg this becomes *glg(w) = Lg(*w)
for w € Q(M).

Remark 2.5. We can also define Q(Mg) as a fized point algebra. There is an action o of T™ on

Q(M) which allows to define Q(Mg) by (Q(M)@COO(’]I‘Q))(Y@TA. Since the exterior derivative
d on Q(M) commutes with the isometrical action of T™ on M, we can define the differential dg
as d®id in terms of the fized point algebra. The Hodge star operator takes the form xg = *®id.

An inner product on Q(Mg) can be constructed as follows. Since g maps QP(Mg) to
Q™ P(Mg), we can define for o, p € QP(Mp)

(oc,mzzf ro(oc" %0 B), (2.2.6)

since *g(o* *g B) is an element in C*®(Mg).

Lemma 2.6. The formal adjoint d* of d with respect to the inner product (-,-); (i.e. so that
(d*e, B)2 = (e, dB)2), is given on QP(Me) by

4" = (_])m(p—H)H g d%g

Proof. Just as in the classical case, this follows from Stokes theorem on Ma:
Jf <ataatewn o

for w € Q™ 1(M). This can be derived from the classical case, using Lemma 2.1 and the fact
that xgdLg(w) = Lg(*dw) O

In [27], an inner product on differential forms was defined in terms of Connes’ differential
calculus Qp(C*>®(Mg)) on C*®(Mg). The C*(Mg)-bimodule _O_%(COO(MG)) of p-forms is made
of classes of operators of the form

w:Zaé[D,a]]][D,a%,], GZE COO(MO))
j
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modulo the sub-bimodule of operators

{> [D,b)lD,b}]---[D,b], ;] bl e C®(Mp), b)[D,b}]--[D,b) 4] =0}.
j
The exterior differential dp is given by

)

dp [Z a)[D,d}]---[D, a{o]} = Z[D, aJD,d)]--- D, al).
j
For two p-forms w1, wy, an inner product can be defined by

(w1, w2)p =J~ wjwy. (2.2.7)

The following result is taken from [32].

Lemma 2.7. 1. The differential calculus Qp(C*®(Mg)) is isomorphic to Q(Mg) defined
above.

2. Under this isomorphism, the inner product (-,-) coincides with (-, )p.
Proof. 1. follows from the fact that Qp(C*®(M)) ~ Q(M) as o-equivariant bimodules over

C*® (M) whereas 2. follows from the classical case using Lemma 2.1. ]

2.3 Local index formula on toric noncommutative manifolds

In the case of the toric noncommutative manifolds introduced in [33] (cf. Section 2.2), the local
index formula of Connes and Moscovici [34] simplifies drastically. We refer to that paper or
Appendix A.7 for the general form of the local index formula.

Theorem 2.8. For a projection p € Mn(C®(Mg)), we have
1
I = —1 —2z 0 2k —2(k+2z)
ndex D, E{:egz tr <yp|D| ) +ch13£gtr (v(p 2)[D,p] ID|
k>1
where ¢, = (k —1)!/(2k)!.

Proof. As noted before, the twist Lg commutes with the action o of T™ on an operator T. In
fact, if T is homogeneous of degree 1, then Lg(T) is of degree T:

os(Lo(T)) = U(s) TU(r') U(s) ™" = U(s) T U(s) U(r") = e Lg(T),
with 17, = 1,0, so that v/ € T™.
We write the cocycles ¥ that define the local index formula in (A.7.1) in terms of the twist
Lo:
P (Lo(f0), La(f"), .., Lalf2) = Restr (yLo(® xo [D, f1](®) - xg [D, 24 (20 ) p| 2l +it2))
z=

where we extended the Xg-product to C*(Mg) JID, C*®(Mpg)] which can be done unambigu-
ously since D is of degree 0. Suppose now that f°, ..., f?* € C*(M) are homogeneous of degree
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0, ..., %% respectively, under the action of T™, so that the operator f© xg [D,f']--- xg[D, f?¥]

is a homogeneous element of degree r (which can be expressed in terms of the r%). It is in fact
a multiple of f°[D,f']--- [D, f?X] by working out the xg-product. Forgetting about this factor
—~which is a power of A~ we obtain from (2.2.1)

Lo(f°[D, f']---[D, f2) = D, f']- -+ [D, U (r.0pu1, . . ., 7O ).

Each term in the local index formula for (C*(Mg), H, D) then takes the form

Restr (yfO[D, 1'% [, 2 (e D~2leHer=ius)),

z—
for sy = 1.0y sothat s € T™. The appearance of U(s) here, is a consequence of the close relation
with the index formula for a T™-equivariant Dirac spectral triple on M. In [24], Chern and Hu
considered an even dimensional compact spin manifold M on which a (connected compact) Lie
group G acts by isometries. The equivariant Chern character was defined as an equivariant
version of the JL.O-cocycle, the latter being an element in equivariant entire cyclic cohomology.

The essential point is that they obtained an explicit formula for the above residues. In the case
of the previous T™-action on M, one gets

Restr (yfO[D, 1102 D, 2D 2=l s))

= T(lod + 1) lim €15+ b (0D, 1] [D, £24] (o2l s))
—

for every s € T™; moreover, this limit vanishes when |o # 0 (Thm 2 in [24]). O
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Chapter 3

The Hopf fibration on Sg

We now focus on two noncommutative spheres Sg and Sg, starting from the algebras A(Sg) and
A(Sg,) of polynomial functions on them. The latter algebra carries an action of the (classical)
group SU(2) by automorphisms in such a way that its invariant elements are exactly the poly-
nomials on Sg. The anti-symmetric 2 X 2 matrix 0 is given by a single real number also denoted
by 8. On the other hand, the requirements that SU(2) acts by automorphisms and that Sg
makes the algebra of invariant functions, give the matrix 6’ in terms of 0 as well. This yields
a one-parameter family of noncommutative Hopf fibrations. Moreover, there is an inclusion of
the differential calculi Q(Sg) C Q(Sg,), as defined in Section 2.2.3.

For each irreducible representation V(W := Sym™(C?) of SU(2) we construct the noncom-
mutative vector bundles E™ associated to the fibration Sg, — Sg. These bundles are described
by the C“(Sg)—bimodules of ‘equivariant maps from Sg, to VW' As expected, these modules
are finite projective and we construct explicitly the projections p,) € M4n(A(Sg)) such that
these modules are isomorphic to the image of p () in A(Sg)“n. In the special case of the defining
representation, we recover the basic instanton projection on the sphere Sg constructed in [33].
Then, one defines connections V = p,,)d as maps from F(Sg, EM) to F(Sg, EM) ® A(st) Q' (Sg).
The corresponding connection one-form A turns out to be valued in a representation of the
Lie algebra su(2). By using the projection p(y), the Dirac operator with coefficients in the
noncommutative vector bundle EM™ is given by Dy, = PmDpm). We compute its index by
using the very simple form of the local index theorem of Connes and Moscovici [34] in the case
of toric noncommutative manifolds as obtained in Theorem 2.8.

Finally, we show that the fibration Sg, — Sg is a ‘not-trivial principal bundle with struc-
ture group SU(2)’. This means that the inclusion .A(Sg) — A(Sg,) is a not-cleft Hopf-Galois
extension [62, 75]; in fact, it is a principal extension [14]. We find an explicit form of the so-
called strong connection [51] which induces connections on the associated bundles E™ as maps
from F(Sg,E(“)) to F(Sg,E(n)) ® A(s3) ng(A(Sg)), where Qfm(A(Sg)) is the universal differen-
tial calculus on A(Sg) (cf. Appendix A.3). We show that these connections coincide with the
Grassmann connections V = p,,)d on Q(Sg).

3.1 Construction of the fibration S}, — S}

3.1.1 Classical Hopf fibration

We review the classical construction of the instanton bundle on S* [2] taking the approach
of [66]. We generalize slightly and construct complex vector bundles on S* associated to all

73
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finite-dimensional irreducible representations of SU(2).
We start by recalling the Hopf fibration 71: S” — S*. Let

S = = (P1,P2,P3,p4) € C*: 1%+ hpol* + b3l + (hal> = 1},
S*:={z=(z1,22,20) € C*°BR: 2121 + 2522 + Zé =1},
SU2) :={w e GL(2,C) : w*'w =ww* =1, detw = 1}

1 2
:{W:<w2 W1>:w]w1+w2w2:1}.
—We W

The space S’ carries a right SU(2)-action:
S7 x SuU(2) —» 87,

((¢]\7¢2)¢3)7w4))w) — (¢1>7¢2)¢3)7¢4) <O W> .
It might seem unnatural to define this action in this way, mixing the {’s and {*’s. However,
this is only a labelling which is more convenient for the left action of Spin(5) on S” as we will
see later on (cf. equation (4.2.6)). The Hopf map is defined as a map 7t({) — (z) where

zo = Y101 + V302 — P33 — Py,
z1 = 20103 +P5s),  z2 = 2(—0bg +P23),

and one computes zjz1 + 25z, + z(z) = (Zangpa)z =1.

The finite-dimensional irreducible representations of SU(2) are labeled by a positive integer
n with n 4 1-dimensional representation space V(™ ~ Sym™(C?). The space of smooth SU(2)-
equivariant maps from S” to V™ is defined by

gou(z)(s7>v(n)) ={$:S" 5V o -w) =wp) (3.1.1)

It forms the C®(M)-module of smooth sections of the associated vector bundle S” x SU(Z)V(“) —
S%. We will now construct projections P as N x N matrices taking values in C>®(S%)), such
that 7°°(S* EM) == p(,,,C*(S*)N is isomorphic to Cgou(z)(s7,v(m) as right C*(S%)-modules.
As the notation suggests, E(™ is the vector bundle over S* associated with the corresponding

representation. Let us first recall the case n = 1 from [66] and then use this to generate the
vector bundles for any n. The SU(2)-equivariant maps from S” to VY ~ C? are of the form

_ (¥ ¥ V3 1o
Pl = <—1|)z> it <11)1> 2t <—¢4) K <1P3> fa (3.1.2)

where f1,...,f4 are smooth functions that are invariant under the action of SU(2), i.e. they are
functions on the base space S%.

A nice description of the equivariant maps is given in terms of ket-valued functions |£) on S”,
which are then elements in the free module € := CN ® C®(S”). The C*®(S”)-valued hermitian
structure (cf. Appendix A.4) on &£ given by (&,m) = )  &np allows one to associate dual
elements (& € £* to each |&) € € by (&|(n) == (&,m), Vn € €£.

If we define (1), [W2) € A(S7)* by

W) = (1,02, 03,04)"  [W2) = (=3, W], —bs, b3)",
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with t denoting transposition, the equivariant maps in (3.1.2) are given by

) = (2:5;:2) ,

where [f) € (C®(S$%)* := C* ® C>(S*). Since (Py[P1) = 8y as is easily seen, we can define a
projection in My4(C*®(S%)) by
Py = 1) (W1l + (b2) (W2l

Indeed, by explicit computation we find a matrix with entries in C*° (S%) which is the limit of the
projection (3.2.3) for © = 0. Denoting the right C*(S%)-module p(1)(C*®(5*))* by T(S4 EM),
we have

rsHEM) ~ Cgyp(s’,C?)

o =pmlf) & bdbuy= (§$;:§) -

For the general case, we note that the SU(2)-equivariant maps from S” to V™ are of the

form
(Ppalf)
¢ my(h) = : , (3.1.3)
(pralf)
where [f) € C®(SM*" and |¢py) is the completely symmetrized form of the tensor product
[P1)E KT @ 1)@ for k = 1,...,n + 1, normalized to have norm 1. For example, for the
adjoint representation n = 2, we have
[b1) = 1) @Ns),
1
[b2) = —= (1) @ [2) + [h2) @ 1)),

V2
[d3) = hb2) @ [b2).

Since in general, (¢y|d1) = dx1, the matrix-valued function

Py = 1) (b1l + [d2) (b2l + - -+ + [bnga) (il € Man (CP(S4))

defines a projection whose entries are in C®(S%), since each entry Y ki) (il is SU(2)-
invariant (cf. below formula (3.2.6)). We conclude that

Pr(C®(SH™) ~ Cgyp (s, V™)
(plf)
om) =Pwlf) & bm= :
<¢n+1|f>
3.1.2 The noncommutative spheres Sg and Sg,

With 0 a real parameter, the algebra A( Sg) of polynomial functions on the sphere Sg is generated
by elements zo = z{j, Zj,Z;.k, j =1,2, subject to relations

ZyZy = MwvZvZy,  ZuZy = Muzvzy, 202y = Anzizy, WV =0,1,2, (3.1.4)
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with deformation parameters given by
Mz=2An=A=¢e"0 Ap=Np; =0, j=1,2, (3.1.5)

and together with the spherical relation } |, zjz,, = 1. For 8 = 0 one recovers the x-algebra of
complex polynomial functions on the usual sphere S*.

The differential calculus O_(S‘e‘) is generated as a graded differential x-algebra by the elements
zy,z;, of degree 0 and elements dz,,, dzj, of degree 1 satisfying the relations:

dz"dz¥ + AMVdzVdz" = 0 dz*dz + AV*dzVdz" = 0; (3.1.6)
ZHdzY = AWVdzVzM, zHdzY = AVHdzVZH. o
with A"V as before. There is a unique differential d on Q(Sg) such that d : z,, — dz, and the
involution on Q(Sg) is the graded extension of zy, — z,.

With A/, = e29%5 and (0 ') a real antisymmetric matrix, the algebra A(SZ,) of polynomial

functions on the sphere Sg, is generated by elements P q,)%, a=1,...,4, subject to relations

Valy =Apleba,  Wabh =Apebiba, Wilbh = A, (3.1.7)

and with the spherical relation ) i =1. At 0 = 0it is the *-algebra of complex polynomial
functions on the sphere S7. As before, a differential calculus Q(Sg,) can be defined to be
generated by the elements g, of degree 0 and elements dipq, dip? of degree 1 satisfying
relations similar to the one in (3.1.6).

3.1.3 Hopf fibration

Firstly, we remind that while there is a 6-deformation of the manifold S3 ~ SU(2), to a sphere
Sg, on the latter there is no compatible group structure so that there is no 0-deformation
of the group SU(2) [32]. Therefore, we must choose the matrix BLW in such a way that the
noncommutative 7-sphere Sg, carries a classical SU(2) action, which in addition is such that
the subalgebra of A(Sg,) consisting of SU(2)-invariant polynomials is exactly A(Sg).

The action of SU(2) on the generators of A(Sg,) is simply defined by

1 2
K - (11)1,—11)§a11)3,—11’2) = (11)1)_11);,11)3’_"‘])2) <W O> ' W= < MLZ "

. l W1> . (3.1.8)
Here w! and w2, satisfying w'w' + w?Ww? = 1, are the coordinates on SU(2). By imposing that
the map w — o, embeds SU(2) in Aut(A(Sf,)) we find that Aj, =A%, =1 and Aj, = A)3 =
Ny =Ny =

The subalgebra of SU(2)-invariant elements in .A(Sg,) can be found in the following way.
From the diagonal nature of the action of SU(2) on A(Sg,) and the above formulee for A/, , we
see that the action of SU(2) commutes with the action of T? on A(Sg,). Since A(Sg,) coincides
with A(S”) as vector spaces, we see that the subalgebra of SU(2)-invariant elements in A(Sg,) is
completely determined by the classical subalgebra of SU(2)-invariant elements in A(S”). From
Section 3.1.1 we can conclude that

Invsy2) (A(Sg)) = CL 1, P15 + b5, —biba + o3, d1b} + b5, |
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modulo the relations in the algebra A(Sg,). We identify

zo = V1P + Vb2 —p3bs — Py
=271 +W302) =1 =1=2(P3P3 +Pida),
z1 = 2(wp3h1 +W3ha) = 2(W13 + Vs,
22 = 2(—pmhap] + ¥23) = 2(—Pda + Poh3). (3.1.9)
and compute that z1z] + zz5 + z% =1. Blimpgng commutation rules z1zp = Azpz7 and

21z = XZEZM we infer that A, = Ay3 = Ay = Nj5 = VA = 1 on Sg,. We conclude that
Invsy o) (A(SE)) = A(S}) for A, = €2 of the following form:

11 B 0 0 -1 1

A R T - ,elo o 1 -

w= |y BEYA o Bw=g g g (3.1.10)
ool -1 1 0 0

The relations (3.1.9) can be also expressed in the form,

Zy = leZ(Yu)abﬂr’b) Zﬁ = Z IPZ(’YTL) ablpb»
ab ab

with vy, the following twisted 4 x 4 Dirac matrices:

1] 0 00 o 0-1
o () () we2(B0%) e
-1 00 00

Note that vy is the usual grading given by

1 * *
Yo = —Z[Y1,Y1][Y2»Yz]-

These matrices satisfy the following relations of the twisted Clifford algebra [32]:

YuY~ + Amﬂ/vyu =0,
YuYy + Auyyyn = 40y (3.1.12)

The action o of T? on Sg is given as follows. For s € T? it maps z; — e?™Siz; while
leaving z¢ invariant. This action can be lifted to Sg, in the following way. There is a double
cover T2 of T2 coming from the spin cover Spin(5) of SO(5), given explicitly by the map
p:(s1,82) — (s1+s2,—s71+s2). Then T2 acts on the P's as:

Py eZms1 g

~. |2 e 271

CE Il IS DS (3.1.13)
Py e2mis2 1y

The classical counterpart of equation (3.1.9) shows that & is indeed a lifting to S” of the action
of T? on S*. Of course, this is inherent to the construction of the Hopf fibration Sg, — Sg in
that it is a deformation of the classical Hopf fibration S7 — $* with respect to an action of T?,
as one can easily see from the block-form of A" in (3.1.10).
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3.2 Associated modules

There is a nice description of the instanton projection constructed in [33] in terms of ket-
valued polynomials on Sg,. The latter are elements in the right A(Sg,)—module E=C*"®
A(Sg,) = A(Sg,)4 with a A(Sg,)—valued hermitian structure (cf. Appendix A.4) given by
(&m) = 2 &nb. To any &) € £ one associates its dual (§] € £* by setting (&](n) := (§,n),
vn e €.

Similarly to the classical case (see Section 3.1.1), we define a 2 x 4 matrix ¥ in terms of two
ket-valued polynomials 1) and [2) by

b
b2 P
Y= , = . 3.2.1
(hb1), b2)) by 0l (3.2.1)
IO
Then Y*W =T, so that the 4 x 4-matrix,
p =YY" = 1) (bl + hb2) (Wal,
is a projection, p? = p = p*, with entries in A(S§). The action (3.1.8) becomes
oow(¥) = Yw, (3.2.2)
from which the invariance of the entries of p follows at once. Explicitly one finds
1+ 2z 0 Z1 —uz5
1 0 142 %) uzj
P72 =z z5 1—zg O (3:23)
—Mz2  Hz 0 T-2

The projection p is easily seen to be equivalent to the projection describing the instanton on
S constructed in [33]. Indeed, if one defines

|$]> - (11)1)11)2)11’3) }‘ul)4)t) |$2> — (—11)#2(,11)7,—11)2, Hﬂ’g)t)

one obtains after a substitution z; +— —XZE exactly the projection obtained therein, that is,

1+ 20 0 z1 —Az%
~ 1 0 1429 z2 -z
P2l oz 1-zp 0

—Az2 —z 0 1—29

Notice the following form of the projection in terms of the Dirac matrices defined in (3.1.11)

[32].
Lemma 3.1. The matrices Yo := Yo, Y1 := By and V2 := wy5 satisfy the relations

?u?v + Avu?v?u = O>

e 1088 (3.2.4)
YuYy A Y3 Y = 401,

and the above projection (3.2.3) can expressed as

p=3(1+7Yo0zo + Vizi + ¥iz}) .
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Note the difference of (3.2.4) with (3.1.12) in the exchange of A, by Ay

We will denote the image of p in A(Sg)4 by F(Sg, E)= p.A(Sg)4 which is clearly a right A(Sg)-
module. Another description of the module F(S‘é, E) comes from considering “equivariant maps”
from S§, to C2 [44, 45], similar to (3.1.1). The defining left representation of SU(2) on C? is
given by SU(2) x C2 — C% (w,v) — w - v. The collection of equivariant maps from Sg, to C2,
denoted by A(Sé,) o C2, consists of elements ¢ € A(Sé,) ® C?, such that

(o ®@id)(d) = (id@p(w) ") (). (3.2.5)

Compare with its classical analogue in equation (3.1.1). It is a right A(Sg)-module (it is in fact
a A(Sg)—bimodule) since multiplication by an element in A(Sg) does not affect the equivariance
condition (3.2.5).

Since SU(2) acts classically on A(Sg,), one sees from (3.2.2) that the equivariant maps are
given by elements of the form ¢ := W*f for some f € A(Sg) ® C* (summation understood). In
terms of the canonical basis {e1, e2} of CZ, we can write ¢ = > (Ulf)®ey for [f) = [y, f2, T3, T4)",
with fq € A(Sg) (cf. Section 3.1.1). We then have the following isomorphism

rseE) =~ A(S§)X,C?
oc=plf) & ¢=Ff=) Wulf) D e
More generally, one can define the right A(Sg)—module F(Sg, EM)) associated with any irre-

ducible representation p) : SU(2) — GL(V™), with VW = Sym™(C?) for a positive integer
n. The module of SU(2)-equivariant maps from Sg, to V(™ is defined as

A(S§) B, Vi={f € A(S§) ® V1 (a4 @1d) () = (id @p (W) ) (F) }.

It is easy to see that these maps are of the form ¢ ) = } 1 (Pr[f) ® ey on the basis {e1, ..., eny1}
of V(W where now [f) € .A(Sg)411 and

1 _ _
[bx) = (Tk|1l’1>®(TL D @ )2 (k=1,...,n+1),

with ®s denoting symmetrization and ay are suitable normalization constants. These vectors
b)) € C* @ A(SE) = A(S§)*" are orthogonal (with the natural hermitian structure), and
with ai = (k:) they are also normalized. Then

Py = d1) (b1l +1d2) (bal + - + [br1) (Prs1l € Matan (A(S)) (3.2.6)

defines a projection p? = p = p*. That its entries are in A(Sg) and not in A(Sg,) is eas-
ily seen. Indeed, much as it happens for the vector ¥ in equation (3.2.2), for every i =
1,...,4™ the vector (\d>1>i,|d)2>i,...,\cl)n+1>i) transforms under the action of SU(2) to the
vector (Id)1>i, . \d)n+1>i) - p(m)(W) so that each entry 3 | [dx)i(dxl; of Py is SU(2)-invariant
and hence an element in A(Sg). With this we proved the following.

Proposition 3.2. The right A(Sg)—module of equivariant maps A(Sg/) Xo VM s isomorphic
to the right A(Sg)—module F(Sg,E(“)) = p(n)(A(Sg)4n) with the isomorphism given explicitly
by:

r(sg,EM™) ~ A(S§) R, VM

o =pPmlf) & bn= Z<¢k|f> ® ex.
k
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One can easily lift this whole construction to the smooth level by replacing polynomial
algebras by their smooth completions as defined in 2.2. One proves that the COO(Sg)—module
e (Sg, EM™) defined by p(n)(C®(S§))*" is isomorphic to C*(S3,) K, V™.

With the projections p () one associates (Grassmann) connections on the right C°°(Sg)-

modules F(Sg, EM)) in a canonical way:
V =pgmod:T(S§EM™) = I(S§,E™) @ 41) Q'(S3) (3.2.7)

where (Q*(Sg),d) is the differential calculus defined in the previous section. An expression for
these connections as acting on coequivariant maps can be obtained using the above isomorphism
and results in:

V(dx) = d(dx) + Axadr (3.2.8)

where Ay = (dylddy) € Q1(Sg,). The corresponding matrix A is called the connection one-
form; it is clearly anti-hermitian, and it is valued in the derived representation space, pJ; :
su(2) — End(V™), of the Lie algebra su(2).

3.2.1 Properties of the associated modules

Let us now discuss some properties of the associated modules, like hermitian structures and the
structure of the algebra of endomorphisms on them, as defined in Appendix A.4.

Let p be any representation of SU(2) on an n-dimensional vector space V. The C°°(Sg)
bimodule associated to V is defined by

£:=C®(S5) W, V= {f € C¥(S5/) ® V: (ay @ id) () = (id @p(w) ") () }.

As we have proved above, the module £ is a finite projective Cw(Sg) module. Note that the
choice of a projection for a finite projective module requires the choice of one of the two (left or
right) module structures. Similarly, the definition of a hermitian structure requires the choice of
a left or right module structure. In the following, we will always work with the right structure
for the associated modules. There is a natural (right) Hermitian structure on &, defined in
terms of the inner product of V as:

(f,9) == Zﬂgi. (3.2.9)

where we denoted f = ) . fi® e, g = ) ;9i ® e; for a basis {ei}{*; in V. One quickly checks
that (f,g) is an element in C‘X’(Sg), and that ( , ) satisfies all conditions of a right Hermitian

structure.

Remark 3.3. The bimodules C”(Sg,) Xy V are also of the type described in Section 2.2.2.
Indeed, the associated vector bundle E = S XoV on S# carries an action of T? induced from its
action on S”, which is obviously o-equivariant. By the very definition of C°°(Sg) and F(Sg,E)
it then follows that C“(Sg/) MoV ~ F(Sg,E). Moreover, the C*®(S%)-modules T'(S* E) posses
the homogeneous decomposition property of Definition 2.2. Indeed, from the explicit form of the
|bk) in equation (3.1.3), we see that there is a basis {ei}£1 of the module T(S* EM) given by:

(P1li
(Pre1li

which are homogeneous under the action of T2. A generic element ) ; eify with f; € C®(S%
can then clearly be decomposed into homogeneous elements.
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The dual module of £ is defined by
E={d:&—-C®(S§) : d(fa) = d(fla, aeC®(SP},

which is isomorphic to £ with the isomorphism given by the map f — (f,-). The representation
p on V induces a dual representation p’ on V’ by

(P W) (V) =V (pw) v); (W eV veV),
and we have
g~ C®(SG )Ry V= {d € C¥(S§) @V (o ®@id)(¢) = (id@p" (W) ) ()}

Let L(V) denote the space of linear maps on V, so that L(V) =V ® V’. The adjoint action of
SU(2) on L(V) is defined as the tensor product representation ad := p® p’ on V®V’. We define

C®(S§) Mag L(V) == {T € C®(S§,) @ L(V) : (0t ®1d)(T) = (id @ad(w) ")(T)} ,
and write T = Ti; ® ey; with respect to the basis {ejj} of L(V) induced from the basis of V.
Proposition 3.4. There is an isomorphism of algebras End(€) ~ C°°(S ) Baq L(V). 1
Proof. Recall that &£ ® oo (s4) &’ C End(€) densely (in the operator norm, cf. [65]). We define
a map from End(€) to C®(S§,) Maq L(V) by
f@f = fif] ® ey
On the other hand, C°°(Sg,) Kaq L(V) acts on & in the following way:
(T f) — Tyf; @ ey,

which is clearly a right C‘X’(Sg)—linear map with image in £. Hence, COO(SS,) K.q L(V) C
End(&). O

We see that the algebra of endomorphisms of £ can be understood as the space of sections
of the noncommutative vector bundle associated to the adjoint representation on L(V), exactly
as it happens in the classical case. In particular, we have a Hermitian structure on End(&)
defined by (3.2.9). For the skew-hermitian endomorphisms we have the following result.

Corollary 3.5. We have End®(&) ~ C%?(Sg,) K.q u(n), where C%?(Sg) denotes the algebra of
self-adjoint elements in COO(Sg,) whereas u(n) consists of skew-adjoint matrices in My (C) =~

L(V).

Proof. Note that the involution T — T* in End(€) reads in components Tyj +— T;i so that
End®(&) is given by elements X € C*® (Sg/) XMaa L(V) satisfying Xj; = —Xjj. Since any element in
C (Sg,) can be written as the sum of two self-adjoint elements, Xj; X% + 1X3], we can write
X=) X}i@iex+ ) XF®(ey—e) + X @ (iey +ie) = ZX ® 09,
i i#

where X are generic elements in Cg° (Sg,) and o are the generators of u(n) (fora=1,... n?).
O

We suppressed the subscript C*®° (S3) from End and will continue to do so.
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Example 3.6. Let us return to the instanton bundle £ = C“(Sg,)@pcz. In this case, End (&) ~
COO(Sg,) K.qa M2(C)). Since M2(C) decomposes into the adjoint representation su(2) and the
trivial representation C and because C“(Sg,) Xiq C ~ CO"(Sg), we conclude that

End(&) ~ I'(ad(S5,)) @ C*(Sd), (3.2.10)

where we have set T'(ad(S3,)) == C®(S§,) Maq su(2). The latter C*®(S§)-bimodule will be under-
stood as the space of (complex) sections of the adjoint bundle. It is the complexification of the
traceless skew-hermitian endomorphism C%(Sg/) Naq su(2).

3.2.2 Index of twisted Dirac operators

In this section, we shall compute explicitly the index of the Dirac operator with coefficients
in the bundles EM™) that is the index of the operator of Dy = Pm)(D @ Ian)p(n). We will
compute this index using the special form of the Connes Moscovici local index formula, as we
derived in Theorem 2.8. In our case of interest, the index of the Dirac operator on Sg with
coefficients in some noncommutative vector bundle determined by e € Ko(C (S‘é)), we obtain

Index De = (¢”,chu(e)) = Resz™" tr (ymp(cho(e))/D| ™)
z—=
+lRestr( nip(chy(e))|D727%)
2! z=0 Y7o !

1 42
+lejfgtr(YWD(ChZ(e))|D‘ ?)

Here 7tp is the representation of the universal differential calculus (cf. Appendix A.3) given by
o : QP (A(S3) — B(H), a%a'---86aP — a°[D,a']---[D,a"].

Let us examine at which quotients of Qun(A(Sg)) this representation 7tp is well-defined. Un-
fortunately, mp is not well-defined on the quotient Q(Sg) defined in the previous section. For
example already [D, «][D, «] # 0 whereas dada = 0 in Q(Sg3). This was already noted in [32]
and in fact

Q(S§) ~ o (QunlA(SF))) /7 (8]0)

where Jo := {w € Qun(.A(Sg))\ﬂD(w) = 0} are the so-called ’junk-forms’ [27]. We will avoid a
discussion on junk-forms and introduce instead a different quotient of Qun(A(Sg)). We define
QD(Sg) to be _Qun(.A(Sg)) modulo the relations

adpf —A(OB)x =0, (bx)p —ARSx =0,

oadB* — AR ) =0, (do*)p —ABSx™ =0,

adx — (dx)a =0, VaeA(Sg),
avoiding the second order relations that define Q(Sg). Using the splitting homomorphism one
proves that the above relations are in the kernel of mp, for instance, «[D, ] — A[D, Blac = 0

so that 7p is well-defined on QD(Sg). The differential calculus QD(Sg,) is the quotient of
Qun(A(Sg,)) by only the relations in (2.1.1) of order one, that is by the relations:

2467 = AV (62))zY  2%7 = MY(87))zh
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Lemma 3.7. The following formule hold for the images under mp of the Chern characters of
Py~

mip(cho(Py)) = n+ 1
mip(chi(py)) = 0

ro(cha(py)) = gn(nt T)(n + 2mp(chalpa))

up to the coefficients Wy = (—Uk(z,f!)!-

Proof. Recall that the projections p(,,) were defined by pn) = 2 1 [dx)(dxl, where |py) with
k=1,...,n+1, is given by

1 _ n
b)) = — )P @5 )N 6l = :
ax k—1
Before we start the computation of the Chern characters, we state the computation rules
in O_D(Sg,). Firstly, from the very definition of the vectors |$py) and the inner product in
ERcE®c - Q¢ &, we can express, for any k=1,...,n+1,

(Drlddr—1) = V(n—Kk)(k+ 1){W2loY7) (3.2.11)
(G1ddic) = V(n—k—1)(k+2)(b1[dw2) (3.2.12)
(OUsb) = (n—K— ) ilswr) + (k+ 1) (Walows)
= (n—2k—2){ilwn), (3.2.13)
by using the relation (\;|02) = —(11|0Y1). The previous are in fact the only nonzero ex-

pressions for (¢y|dd1). If we apply & to these equations, we obtain expressions for (d¢d|6dr)
in terms of U7 and \P. From this, we deduce the following result that will be central in the
computation of the Chern characters.

Lemma 3.8. The following relations hold in QD(Sg,):

n+1 1 2
D (odb{bildsdr) = cn(n+T)n+2) 3 (bildws) (bslow),
k,1=1 r,5=1
n+1 1 2
D (Dsd){dlsdm) (bmiddr) = Zn(n+1)n+2) 3 (heldb) (bslowbe) Wildr).
k,l,m=1 T,8,t=1

Of course, there will be similar formulee for (51 |dd1) (P1/ddy), ete.

The zeroth Chern character is easy to compute:

cho(Pm)) = tr(pm)) = Z<¢k|<l>k> =n+1
K

In the computation of chy(p)) we use the relation (d¢py/dp1) = —(Px|dd1), which follows from
applying the derivation & to (Gyld1) = i1 and the fact that in Qp(SE,), (GPildd1) commutes
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with any element in A(Sg,), in particular with (¢mi. Thus,

chi(p) = ) |bi) (PrldPr) (DUsDm) (bl + Y |bi) (3dkIEDm) (Dl

3 2 (100 s+ 501 50 + ) (5l (ol + 4 (k) 5

1 n+1

> ((5dmldPm) — [5dm) (5bml)

2
m=1
By using equation (3.2.13) and its analogue for [0 m)(ddm/, m=1,... n+1,

0P m) (0dm| = (k+ 1) (W1[d1) + (N —k — 1) (2[d2),
we find that

e (p) = 3n(n -+ 1) (1151) + (2l5t2)) = Tnin+ el (p).

Note that this equation holds in the differential subalgebra QD(Sg). Since chi(p (1)) was shown
to vanish in [33], we proved the vanishing of the first Chern character in QD(Sg). The vanishing
of chi(p(1)) can also be seen from the explicit form of (1) and 3).

A slightly more involved computation in QD(SS,) shows that

:
cha(pmy) = 7 Z {8((Drldd1) (P1IDm) (Pmlddr)) + (3DicldD1) (P1ISDm) (DmldDr)
+(3bildb1) (5d1Id i) + 8((Sdrldd1) (Plddy)) }.
And by using Lemma 3.8 we finally get

:
cha(pm)) = gn(n + 1) (n + 2)cha(pmy),

as an element in Q4D(Sg). O

Combining this with the simple form of the index formula in Theorem 2.8 while taking the
proper coefficients, we find that
1411 4y,
Index Dy | = ﬂign(n +1)(n+ Z)EZ{fg tr (yrp(cha(py)))D| )
where for the vanishing of the first term, we used the fact that Index D = 0, since the first
Pontrjagin class on $* vanishes. Thm 1.2 in [34] allows one to express the residue as a Dixmier
trace. Combining this with 7tp(ch2(p(7))) = 3y (as computed in [33]), we obtain

3+ Restr(|D[™"7%) = 6 Tro(ID| ™) =2

since the Dixmier trace of [D|™™ on the m-sphere equals 8/m! (cf. for instance [49, 65]). This
combines to give:

Proposition 3.9. The index of the Dirac operator on Sg with coefficients in E™ is given by:

Index Dy, = %n(n + 1) (n+2).

Note that this coincides with the classical result.
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3.3 The structure of the noncommutative principal bundle

In this section, we apply the general theory of Hopf-Galois extensions [62, 75] to the inclusion
.A(Sg) — .A(Sg,). Such extensions can be understood as noncommutative principal bundles.
We will first dualize the construction of the previous section, i.e. replace the action of SU(2)
on A(SZ,) by a coaction of A(SU(2)). Then, we will recall some definitions involving Hopf-
Galois extensions and principality ([14]) of such extensions. We show that A(S3) — A(Sg,) is
a not-cleft (i.e. not-trivial) principal Hopf-Galois extension and compare the connections on
the associated bundles, induced from the strong connection, with the Grassmann connection
defined in Section 3.1.

The action of SU(2) on A(Sg,) by automorphisms can be easily dualized to a coaction Ag :
A(Sg,) — A(Sg,) ® A(SU(2)), where now A(SU(2)) is the unital complex *-algebra generated
by w!, W' w? W? with relation w'w' + w?w? = 1. Clearly, A(SU(2)) is a Hopf algebra with

comultiplication
A W] 1/\)2 R W1 W2 ® W1 \/\)2

antipode S(w') = W', S(w?) = —w? and counit e(w') = ¢(W') = 1,e(w?) = e¢(W?) = 0. The
coaction of A(SU(2)) on A(S},) is given by

wl w2 0 0
* * * * w2 w' 0 0

Agr: (11)1 ) _11)2)11')3» _1])4) — (11)1 ) _1-])2>1p3v _1b4) ® 0 0 W1 WZ
0 0 —w? W

The algebra of coinvariants in A(Sg,), which consists of elements p € A(Sg,) satisfying Ar(p) =
p ® 1, can be identified with A(Sg) for the particular values of 6{]- found before, in the same
way as in Sect. 3.1.

The associated modules F(Sg, EM)) are described in the following way. Given an irreducible
corepresentation of A(SU(2)), p(n) : v 5 ASU((2)) @ VY with VY = Sym™(C2), we denote
Pm) (V) = V(o) ® v(1). Then, the module of coequivariant maps HomP) (V(n),A(Sg,)) consists
of maps ¢ : VW — A(S7,) satisfying

d(v(1)) ® Sv(o) = Ard(v); v e CL

Again, such maps are C-linear maps of the form ¢ ,)(ex) = (px[f) on the basis {eq,...,enq1} of
V(M in the notation of the previous section. Also, Proposition 3.2 above translates straightfor-
wardly into the isomorphism HomPm) (VM) A(SE)) ~ P (A(Sg))““ for the projections defined
in equation (3.2.6).

Before we proceed, recall that for an algebra P and a subalgebra B C P, P ®g P denotes the
quotient of the tensor product P ® P by the ideal generated by expressions p ® bp’ — pb ® p’,
for p,p’ € P,b € B.

Definition 3.10. Let H be a Hopf algebra and P a right H-comodule algebra, i.e. such that
the coaction Agr : P — P ® H is an algebra map. Let B denote the algebra of coinvariants,
B := Coinva, (P) :={p € P: Ar(p) =p ® 1 }. One says that B — P is a Hopf-Galois extension
if the canonical map

X: PP —P®H, p' KB p— pIAR(D) :p/p(o) @P1) (3.3.1)

1s bijective.
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We use Sweedler-like notation for the coaction: Agr(p) = p(0)®p(1). The canonical map is left
P-linear and right H-colinear and is a morphism (an isomorphism for Hopf-Galois extensions) of
left P-modules and right H-comodules. It is also clear that P is both a left and a right B-module.

Classically, the notion of Hopf-Galois extension corresponds to freeness of the action of a
Lie group G on a manifold P. Indeed, freeness can be translated into bijectivity of the map

X:PxG—=PxgP, (p,g)— (p,p-9),

where P xg P denotes the fibred direct product consisting of elements (p,p’) with the same
image under the quotient map P — P/G.

For a Hopf algebra H which is cosemisimple, surjectivity of the canonical map (3.3.1) implies
its bijectivity [88]. Moreover, in order to prove surjectivity of x, it is enough to prove that for any
generator h of H, the element 1®h is in the image of the canonical map. Indeed, if X(gx®pgy) =
1®gand x(ht®gh{) =T®h for g,h € H, then x(gxhi®sh{g;) = gxhix(1®sh{g;) = 1®hg,
using the fact that the canonical map restricted to 1®g P is a homomorphism. Extension to all
of P®p P then follows from left P-linearity of x. It would also be easy to write down an explicit
expression for the inverse of the canonical map. Indeed, one has x (1 ® hg) = gxhi @8 h{gy
in the above notation so that the general form of the inverse follows again from left P-linearity.

Proposition 3.11. The inclusion A(Sg) — A(Sg,) 1s a Hopf-Galois extension.

Proof. Since A(SU(2)) is cosemisimple, we can rely for a proof of this statement on the previous
remarks. On the other hand, it is straightforward to check that in terms of the ket-valued
polynomials defined in (3.2.1) we have

X(Za<1|)l|a ®.A(S‘e‘) Wb1)a) =1 ®W1§ X(Z<1p1|a ®A(Sg) Wb2)a) =1 ®W2§

a

X(Za<¢2|a ®A(Sg) Wb1)a) = —1 ®W2§ X(Z<1|)2|a ®A(Sg) W2)a) =1 ®W1.

a

O]

In the definition of a principal bundle in differential geometry there is much more than the
requirement of bijectivity of the canonical map. It turns out that our ‘structure group’ being H =
A(SU(2)) which, besides being cosemisimple has also bijective antipode, all additional desired
properties follows from the surjectivity of the canonical map which we have just established.
We refer to [85, 14] for the full fledged theory while giving only the basic definitions that we
shall need.

For our purposes, a better algebraic translation of the notion of a principal bundle is encoded
in the requirement that the extension B C P, besides being Hopf-Galois, is also faithfully flat.
We recall [63] that a right module P over a ring R is said to be faithfully flat if the functor P ®xg-
is exact and faithful on the category rM of left R-modules. Flatness means that the functor
associates exact sequences of abelian groups to exact sequences of R-modules and the functor
is faithful if it is injective on morphisms. Equivalently one could state that a right module P
over a ring R is faithfully flat if a sequence M’ — M — M” in gRM is exact if and only if
PorM' - PorM — P®rM” is exact.

As mentioned, from the fact that H = A(SU(2)) is both cosemisimple and has also bijective
antipode, the faithful flatness of A(S},) as a right (as well as left) A(Sg)—module follows from
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the surjectivity of the canonical map ([88], Th. I).

One says that a principal Hopf-Galois extension is cleft if there exists a (unital) convolution-
invertible colinear map ¢ : H — P, called a cleaving map [36, 85]. Classically, this notion is
close (although not equivalent) to triviality of a principal bundle [37]. In [15] (cf. [52]) it is
shown that if a principal Hopf-Galois extension is cleft, its associated modules are trivial, i.e.
isomorphic to the free module BN for some N. In our case, we can conclude the following.

Proposition 3.12. The Hopf-Galois extension A(S3) — A(Sg,) is not cleft.

Proof. This is a simple consequence of the nontriviality of the Chern characters of the projection
P(n) as seen in Sect. 3.2.2. Indeed, this implies that the associated modules are nontrivial. [

Summing up what we have shown up to now, we have the following.

Theorem 3.13. The inclusion A(Sg) — A(Sé,) is a not-cleft faithfully flat A(SU(2))-Hopj-
Galois extension.

An important consequence is the existence of a so-called strong connection [51, 36]. In fact,
the existence of such a connection could be used to give a more intuitive definition of ‘principality
of an extension’ [14]. Let us first recall that if H is cosemisimple and has a bijective antipode,
then a H-Hopf-Galois extension B — P is equivariantly projective, that is, there exists a left
B-linear right H-colinear splitting s : P — B ® P of the multiplication map m : B&® P — P,
mo s =idp [85]. Such a map characterizes a strong connection.

Definition 3.14. Let B — P be a H-Hopf-Galois extension. A strong connection one-form is
a map w:H — QJmP satisfying

1. Xow=1® (id—¢), (fundamental vector field condition)
2. Ay pyow = (w®id) o Adg, (right adjoint colinearity)
3. dp —poywpm)) € (Ql B)P, VpeP, (strongness condition,).

Here Ag : P — P ® H, Ar(p) = p(o) ® p(1), is extended to Ay (p) on Q! PCP®@Pina
natural way by
Aot )P @P) = Doy @P0) @P(1)P (1)
and Adg(h) = h(2) ® S(h(1))h(3) is the right adjoint coaction of H. Finally, the map X : P®P —
P ® H is defined like the canonical map as X(p’ @ p) = p/p(o) QP
As shown in [14] (cf. [12, 53]), a strong connection can always be given by amap £ : H — P®P
satisfying

(1) = 11,
x(t(h)) = Tah,
{®id)oA = (id®AR)ol,
(idl)oA = (AL®id) o, (3.3.2)

where A{ :P - H®P, p— S*]pm ®@ 7P (o). Then, one defines the connection one-form by

w:h—={h —eh)T®I.
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Indeed, if one writes £(h) = h{V @ h{2 (summation understood) and applies id ®e€ to the second
formula in (3.3.2), one has h{Vh(? = ¢(h). Therefore,

w(h) = h{Vsh2

where & : P — Qme, p— 1®p—p® 1. Equivariant projectivity of B < P follows by taking
as splitting of the multiplication the map s: P - B® P, p — po)l(p(1))-
For later use, we prove the following Lemma, analogous to the strongness condition 3. above.

Lemma 3.15. Let w be a strong connection one-form on a H-Hopf-Galois extension B — P
with the antipode of H invertible. Then

6p + w(si1p(1))p(0) € P'O'JmB) VP €P.

Proof. By writing w in terms of { it follows that dp + w(S*]pm)p(O) reduces to the expression
—p1+ l(S_1p(1))p(0). From the second property of { in (3.3.2), it follows that this expression
is in the kernel of X. Since X is an isomorphism, &p + w(qum)p(o) is in the ideal generated
by expressions of the form p ® bp’ —pb ® p’. In other words, it is an element in PQ! (B)P.
Finally, it is not difficult to show that

(id @AR) (50 + w(S 'p1))p() = (8P + (S 'p(1))P(0)) ® 1

from which we conclude that 5p + w(S™'p(1))p (o) is in fact in PQ (B). O

In our case, the existence of a strong connection follows from [85]. However, we will write
an explicit expression in terms of the inverse of the canonical map. If we denote the latter when
lifted to P ® P by T it follows that £(h) = T(1 ® h) satisfies the same recursive relation found
before for x ™! (proof of Proposition 3.11 above): if £(h) = hy ® h{ and {(g) = gx ® g, then

{(hg) = g1 @ h{gy. (3.3.3)

It turns out that in our case the map { : H — P ® P defined in this way defines a strong
connection.

Proposition 3.16. On the Hopf-Galois extension A(Sg) — A(S},), the following formule on
the generators of A(SU(2)),

twh) =Y Wila®@b1)a; W) =3 [Wila® Wh2)g (3.3.4)
E(WZ) = Za<ll)2|a ® |1p1>a; e(wl) = Za<ll)2|a ® |1p2>a'

define a strong connection.

Proof. We extend the expressions (3.3.4) to all of A(SU(2)) by giving recursive relations, using
formula (3.3.3). Recall the usual vector basis {r*'™: k € Z, m,n > 0} in A(SU(2)) given by

dm._ [ (D)MW EWA™@A k>0,
T = —1)“(W2

)™ MW )Rk <O0. (3.3.5)
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The recursive expressions on this basis are explicitly given by

kM) = YTy A ST M, R (P s + PR s, k>0,

)
) = ol (PMPS A PP YT+ Dl (PG + st (rEM3, k<0,
e B A R U G N U G R T Gt T
{(whkmntT) —P2(TF™ )P+ P — Pal (T3 + 3T s, (3.3.6)

( k—1,mn

while setting £(1) =1 ® 1. In essentially the same manner as was done in [11] (although much
simpler in our case) we prove that £ defined by the above recursive relations indeed satisfies all
conditions of a strong connection. O

The strong connection on the extension A(Sg) — A(Sg,) induces connections on the asso-
ciated modules in the following way [52]. For ¢ € HomPm (V™) A(S))), we set

Vawl(d)(v) = d3b((v) + w(vig))db(va)).

Using the right adjoint colinearity of w and a little algebra one shows that V,(¢) satisfies the
following coequivariance condition

Vl®)(vi) © Svie) = Aar ) (Vald)(v)
so that
Vo : HomPm (VW] A(SZ)) = HomP™ (VY Q1 (A(S5))).

In fact, from Lemma 3.15 it follows that V, is a map
Vi : Hom® (VM A(S5,)) — HomPm) (VI A(SE,)) @ 458) Qi (A(S3))-

This allows one to compare it to the Grassmann connection of equation (3.2.7). It turns out that
the connection one-form w coincides with the connection one-form A of equation (3.2.8), on
the quotient Q! (Sg,) of an(A(Sg,)). More precisely, let {e](gl)} be a basis of V™, and el(zf) the
corresponding matrix coefficients of A(SU(2)) in the representation p ). An expllclt expression

for w(e](:f)) can be obtained from equations (3.3.6); for example w(ekl ) (brlovy), k, 1=1,2.

By using these and formulae (3.2.11)-(3.2.13), one shows that

m(w(el)) = A = (dilddy),

where 7T : Qun(A(SG,)) — Q(Se,) is the quotient map.
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Chapter 4

Gauge theory on Sg

In this chapter, we put the noncommutative instanton discussed above in the setting of a non-
commutative Yang-Mills theory on S‘é. The Hopf subalgebra Ug(so(5)) is made of twisted
infinitesimal symmetries under which the basic instanton is invariant. We construct a collection
of (infinitesimal) gauge-nonequivalent instantons, by acting with a twisted conformal symme-
try on the basic instanton associated canonically with the noncommutative instanton bundle
constructed previously. A completeness argument on this collection is provided using an index
theoretical argument, similar to [4]. The dimension of the “tangent” of the moduli space can be
computed as the index of a twisted Dirac operator and it turns out to be equal to its classical
value which is five.

4.1 Yang-Mills theory on S}

We introduce the Yang-Mills action functional on Sg together with its equations of motion. We
will see that instantons naturally arise as the local minima of this action.

Let & = F(Sg, E) for some o-equivariant vector bundle E on $%, so that there exist a projection
S MN(C‘X’(Sg)) such that & ~ p(COO(Sg)N. Recall from Appendix A.4 that a connection V
on & = F(Sg, E) for some vector bundle E on $%, is a map from & to £ ® Q(Sg). The Yang-Mills
action functional is defined in terms of the curvature of a connection on £, which is an element in
End e (Sg)(é’, 5®Q2(Sg)). Equivalently, it is an element in EndQ(Sg | (5®Q(Sg)) of degree 2. We
define an inner product on the latter algebra as follows. An element T € EndQ(Sg)(S ® Q(Sg))

of degree k can be understood as an element in pMN(Qk(Sg))p, since £ ® Q(Sg) is a finite
projective module over Q(Sg). A trace over internal indices together with the inner product
defined in (2.2.6), defines the inner product (-,-); on EndQ(sg)(S ® Q(Sg)). In particular, we
can make the following definition.

Definition 4.1. The Yang-Mills action for a connection V on € with curvature F is defined by
YM(V) = (F, F)2 :J'» trxg(F xg F).

In [27] (cf. [65]) a Yang-Mills action was introduced on Connes’ differential forms (see above)
taking values in the endomorphisms of £, using instead the inner product (2.2.7). However, in
Lemma 2.7 we showed that both inner products coincide which allows us to take the following
result from [27, VI.1]. Recall from Appendix A.4 that a gauge transformation is given by a
unitary endomorphism of £.
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92 CHAPTER 4. GAUGE THEORY ON S§

Lemma 4.2. The Yang-Mills action is gauge invariant, positive and quartic.

In physics, the Yang-Mills equations are obtained from the Yang-Mills action by a variational
principle. Let us describe how this principle works in our case. We consider a linear perturbation
Vi = V+to of a connection V on £ by an element o« € End(€, E® oo (s )Q_1 (Sg)). The curvature

F, of V4 is readily computed as Fy = F+ t[V, «] + O(t?). If we suppose that V is an extremum
of the Yang-Mills action, this linear perturbation should not affect the action. In other words,

we should have

d
—|  YM(Vy) =0.
3t (Vi) =0

If we substitute the explicit formula for F¢, we obtain

(IV, o, F), + ([V,ad, F), =0,

using the fact that (-,-)2 defines a complex scalar product on End(&,€ ® Q(Sg)). Positive

definiteness of this scalar product implies that (F¢, Fy) = (F¢, F), which when differentiated with
respect to t, setting t = 0 afterwards, yields ([V, oc],F)2 = ([V, oc],F)z; hence, ([V,«],F)2 = 0.
Using the fact that o was arbitrary, we derive the following equations of motion

[V*,F] =0,
where the adjoint of [V, ] is defined with respect to the inner product ( , )2, i.e.

([V*, o, B)z = ((X, v, B])Z

for « € End(&,€E ® Q3(Sg)) and B € End(€,E ® Q](Sg)). From Lemma 2.6, it follows that
[V*, F] = %g[V, xgF], so that the equations of motion can also be written as the more familiar
Yang-Mills equations:

[V, #gF] = 0. (4.1.1)

Note that connections with a selfdual or anti-selfdual curvature xgF = +F are special solutions
of the Yang-Mills equation. Indeed, in this case the latter equation follows directly from the
Bianchi identity, Proposition A.12, stating that [V, F] = 0. We call such connections instantons
on S%.

0

We will now establish a connection between the Yang-Mills action functional and the so-
called topological action [27, VI.3] on Sg. Suppose £ is a finite projective module over COO(Sg)
defined by a projection p € MN(COO(Sg)). The topological action for £ is given by a pairing
between the class of p in K-theory and the cyclic cohomology of C“(Sg). For computational
purposes, we give the following definition in terms of the curvature of a connection on £

Definition 4.3. Let V be a connection on £ with curvature F. The topological action is given
by

Top(€) = (F, #oF)2 = } rotr(F)

where the trace is taken over internal indices.
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Let us show that this does not depend on the choice of a connection on £. Since two
connections differ by an element « in Endcm(sg)(é' ,E® Q1(Sg)), we have to establish that

(F/,%gF’)2 = (F,*gF)2 where F’ is the curvature of V' := V + «. By definition of the inner
product (-,-)2 we then have

(F'yx0F" )2 = (F, e[V, al)2 + ([V, &, %eF)2
= (F) [V*) *GOC])Z + ([v*) *90('])}:)2

which vanishes due to the Bianchi identity [V, F] = 0, Proposition A.12.
The Hodge star operator *g splits QZ(Sg) into a selfdual and anti-selfdual space,

Q2(S3) = Q2(S§) @ Q2 (SP).

This decomposition is orthogonal with respect to the inner product (-,-)> which follows from
the property («, )2 = (B, ®)2, so that we can write the Yang-Mills action functional as

YM(V) = (F+, F+)2 + (F,, F,)Z.
Comparing this with the topological action,

Top(g) = (F+aF+)2 - (F—>F—)2a

we see that YM(V) > Top(€), with equality holding if and only if xgF = +F. We conclude that
the instantons correspond to the absolute minima of the Yang-Mills action functional.

4.2 Construction of SU(2)-instantons on S§

In this section, we construct a set of charge 1 SU(2) instantons on Sg, by acting with a twisted
infinitesimal conformal symmetry on the basic instanton on Sg constructed in [33]. We will find
a five-parameter family of infinitesimal instantons. Then we show that the ‘tangent space’ of
the moduli space of irreducible instantons at the basic instanton is five-dimensional, proving
that this set is complete. Here, one has to be careful with the notion of tangent space to
the moduli space. As will be discussed elsewhere [67], it turns out that the moduli space is a
noncommutative space given as the quantum quotient space of the deformed conformal group
SLe(2,H) by the deformed gauge group Spg(2). It turns out that the basic instanton of [33]
is the only classical point in this moduli space of instantons. We perturb this connection Vg
linearly by sending Vo — Vo + tx where t € R and « € End(£,€ ® Q](Sg)). In order for
this new connection still to be an instanton, we have to impose the selfdual equation on its
curvature. After deriving this equation with respect to t, setting t = 0 afterwards, we obtain
the linearized selfdual equation to be fulfilled by «. It is in this sense that we are considering
the tangent space to the moduli space of instantons at the origin V.

Let us start with a technical lemma that simplifies the discussion.

Lemma 4.4. There is the following isomorphism of right COO(Sg)—modules:
€ @ oo (s1) QS8) = Q(SF) D oo s €.

Consequently, End(&, &€ B oo (s4) Q(Sg)) ~ Q(Sg) ® oo (s4) End(&).
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Proof. This follows from Corollary 2.4 and Remark 3.3, together with the observation that the
C*®(S*)-module Q(S*) has a T2-homogeneous basis. O

We let Vo = p od be the canonical connection on the projective module £ = F(Sg, ®su(2)
C?) = p(C>®(S3))?*, with the projection p of (3.2.3). It can be written on C*®(S7,) X, C2~ &
as (cf. (3.2.8))

V() €& ®Coo (5491) Q] (Sg)
(Vof)i = dfy + wyfj,

with w = WYId¥ a 2 x 2-matrix with entries in Q' (Sg,), satisfying Wy = wj; and ) ; wy = 0.
We will refer to w as the gauge potential.

Remark 4.5. Note here that the entries wi; commute with all elements in C>®(SZ,). Indeed,
from (3.2.1) we see that the elements in wi; are T-invariant and hence central (as one forms)
m Q(Sg,). Since also d commutes with the action of T?, we conclude that the connection YV
commutes with the action of T?.

Remark 4.6. In Section 3.2, we constructed projections p(y) for all modules F(Sg, Xgu(z) CM)
over C‘X’(Sg) associated to the irreducible representations C™ of SU(2). The induced Grassmann
connections V(()n) = pmd were written as d + w ) when acting on C>®(S4,) X, C™, with w ()
an n x N matriz with values in Q'(S%,). A similar arqument as above then shows that all W)
have entries that are central (as one forms) in Q(S},). In particular, this holds for the adjoint
bundle associated to the adjoint representation on su(2) ~ C3 (as representation spaces), from
which we conclude that Véz) coincides with [V, -] (since this is the case if 8 =0).

The curvature Fy = V% = dw + w? of Vy is an element of End(&) ®C°°(S‘e‘) O_Z(Sg) that
satisfies the selfdual equation *gFo = Fo [1, 32|, hence this connection is an instanton.

We aim at constructing all connections V on £ whose curvature satisfies this selfdual equa-
tion. We can write any such connection in terms of the canonical connection as in equation
(A4.4), ie. V =Vo+ « with « a one-form valued endomorphism of £. We are particularly
interested in SU(2)-instantons, so we impose that « is traceless and skew-hermitian. Here the
trace is taken in the second leg of End(£) ~ P K,q M2(C). When complexified, this gives an
element o € Q](Sg) ® oo (s1) Iad(SZ,)) = Q' (ad(Sg)) (cf. Example 3.6).

Moreover, we impose the following irreducibility condition on the instanton connections. As
usual, a connection on £ is called irreducible if it can not be written as the sum of two other
connections on £. We are interested only in the irreducible instanton connections on the module

£.

4.2.1 Infinitesimal conformal transformations

The noncommutative sphere Sg can be realized as a quantum homogeneous space of the quantum
orthogonal group: SOg(5) [94, 32]. In other words, A(Sg) can be obtained as the subalgebra of
A(SOg(5)) consisting of the elements that are coinvariant under the natural coaction of SOg(4)
on SOg(5). For our purposes, it turns out to be more convenient to take a dual point of view
and consider an action instead of a coaction [89]. We obtain a twisted symmetry action of
Ug(so(5)) on Sg and its lift to Sg, and will see that the above instanton Vg is invariant under
this infinitesimal quantum symmetry.
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Different instantons are obtained by a twisted symmetry action of Ug(so(5,1)). Classically,
so(5,1) is the conformal Lie algebra consisting of the infinitesimal diffeomorphisms leaving
the conformal structure invariant. We construct the Hopf algebra Ug(so(5,1)) by adding 5
generators to Ug(so(5)) and describe its action on Sg together with its lift to Sg,. The induced
action of Ug(so(5,1)) on Q(Mg) leaves the conformal structure invariant. We are then ready to
act with Ug(so(5,1)) on Vo which eventually results in a five-parameter family of instantons.

Let us start with the construction of the twisted symmetry Ug(so(5)). The eight roots of the Lie
algebra so(5) are two-component vectors 1 = (11, 12) of the form r = (£1,%1),r = (0,£1),vr =
(£1,0). There are corresponding generators E;. of so(5) together with two mutually commuting
generators Hy, H, of the Cartan subalgebra. The Lie brackets are

[Hi,Hp] =0, [Hj,E] =nEy, [E_,E;J=7iHy+12Hy, [EEv] =NopwErpy,  (4.2.1)

with Ny, =0 if r+ 1’ is not a root. The universal enveloping algebra U(so(5)) is the algebra
generated by elements {Hj, E;} modulo relations given by the previous Lie brackets'. The
twisted universal enveloping algebra Ug(so(5)) is generated as above (i.e. one does not change
the algebra structure) but is endowed with a twisted coproduct, Ag : Ug(so(5)) — Ug(so(5)) ®
Ug(so(5)) which, on the generators E;, Hj, reads

Ae(Er) - Er & AT H2 + }\_TZH] 0y Er»
Ae(Hj) :Hj®H+H®Hj. (4.2.2)

This coproduct allows to represent Ug(so(5)) as an algebra of twisted derivations on both Sg
and Sg/ as we shall see below. With counit and antipode given by

e(Er) =¢(H;) =0,
S(Ey) = —AMEATTR - S(Hj) = —H;, (4.2.3)

the algebra Ug(so(5)) becomes an Hopf algebra [23]; at the classical value of the deformation
parameter, 0 = 0, one recovers the Hopf algebra structure of U(so(5)).

We are ready for the representation of Ug(so(5)) on Sg. For convenience, we introduce
“partial derivatives”, 9, and 0}, with the usual action on the generators of the algebra A( Sg):
Oulzv) = dyv, 0u(zy) = 0, and 0},(z}) = v, 0} (zv) = 0. Then, the action of Ug(so(5)) on
A(S3) is given by the following operators,

H] :Z1a] —Z?a}k, HzZZzaz—Zzaz
E141 =2207 — 2103, Ej11 =1230] — 2102, (4.2.4)
Eppo= %2(2205? —2z100), Eo 1= %2(22053 —2200),

and E_. = (E,)*, with the obvious meaning of the adjoint.

Remark 4.7. Note that the operators Hy and Hy are the infinitesimal generators of the action
of T? on S§ as defined above equation (3.1.13).

!There are additional Serre relations; they generate an ideal that needs to be quotiented out. This is not
problematic and we shall not dwell upon this point here.
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These operators (not the partial derivatives!) are extended to the whole of A(S}) as twisted
derivations via the coproduct (4.2.2),

Er(ab) = mAg(E)(a®b) = Er(a)A ™ (b) + A7 (a)E,(b),
H;(ab) = mAg(H;)(a ® b) = Hj(a)b 4 aH;(b), (4.2.5)

for any two elements a,b € A(Sg). With these twisted rules, one readily checks compatibility
with the commutation relations (3.1.4) of A(Sg). We can also write this twisted derivation
using the quantization map Lg defined above as follows. For a € A(S%) a polynomial on $* and
T € Ug(so(5)) we define a twisted action by

T-Lg(a) =Lg(t-a)

where t is the classical limit (8 = 0) of T and t - a is the classical action of ¢(so(5)) on A(S%).
One checks that both of these definitions of the twisted action coincide (cf. [89]). With these
twisted rules, one readily checks compatibility with the commutation relations (3.1.4) of A(Sg).

The representation of Ug(so(5)) on Sg given in (4.2.4) is the fundamental vector represen-
tation. When lifted to Sg one gets the fundamental spinor representation: as we see from the
quadratic relations among corresponding generators, as given in (3.1.9), the lifting amounts to
take the “square root” representation. The action on Ug(so(5)) on A(Sg) is constructed by
requiring twisted derivation properties via the coproduct (4.2.5) so as to reduce to the action
(4.2.4) on A(S@) when using the defining quadratic relations (3.1.9). This action can be given
as the action of matrices I'’s on the \’s,

Yo Z FTapPp; Y ZFabﬂ)TJ (4.2.6)
o o

with the matrices I' = {Hj;, E;} given explicitly by,
0 0 °8 0
— = —no 4.2.
Ei141 <0 8_1) : Ei1 ( b o) (4.2.7)
0
0

and T := oTo~! with

0 —1 0
o=(10 >
(e 4

Furthermore, we have E_. = (E,)*. Notice also that for 6 =0, I = —Tt. There is the following
beautiful correspondence between these matrices and the twisted Dirac matrices introduced in
(3.1.11):

205, v1l = 2H, 20v5,v2l = 2H;
iyl =+ WEa vy = (m+HBEG
1y1,v0l = V2E 10 12, vl = V2[Eq 11

Remark 4.8. Compare the form of the matrices Hy and Hy with the lifted action & of T2 on
S as defined in (3.1.13). One checks that G is given by e™\(S1Fs2)Hit(=si+s2)H2) geting on the
spinor (Pq).
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Remark 4.9. The matrices yi (cf. (3.1.11)) satisfy the following relations under conjugation
by o:

(ovooe N =vo  (oyio N =yiA™  (oy20 )t =yaA™ (4.2.8)

With the twisted rules (4.2.5) for the action on products, one checks compatibility of the
above action with the commutation relations (3.1.7) of A(S). In fact, because of the form of

T and the property WYa2 = oqp\y, for the second column of ¥, we have that Ug(so(5)) acts on
Y by left matrix multiplication by T', and by right matrix multiplication on ¥* by the matrix
transpose I't as follows

\yai — Z Fab\l’bi, \P;{a — Z \y?bFab-
b a

Proposition 4.10. The instanton gauge potential w is invariant under the twisted action of
Ug(so(5)).

Proof. From the above observations, the gauge potential transforms as:
W = WY o Y (TAT 2 4 Am2H )y,

where A™"tH is understood in its representation (4.2.7) on S7,. Direct computation for ' =
{H;, Ey} shows that A H2 4 Am2HiT = 0, which finishes the proof. O

The conformal Lie algebra so(5,1) consists of the generators of so(5) together with dilation
and the so-called special conformal transformations. On R* they are given on a local chart
{X\}u=1,..4 by the operators Zuxua/axLL and 2x, Y, %v0/d%y — 3 x3(9/9x), respectively
[70].

In the definition of Up(so(5,1)) we do not change the algebra structure (i.e. one takes the
relations of U(so(5,1))), as we did in the case of Up(so(5)). We thus define Ug(so(5,1)) as
the algebra Ug(so(5)) with five generators Hp, Fy,, v = (£1,0), (0, £1) adjoined, subject to the
relations of Up(so(5)) of equation (4.2.1) together with the (classical) relations:

[Ho,Hi] =0, [Hj,FJ=mF, [HoFl=V2E, [HoE = J5Fy,

whenever v = (£1,0), (0, +1), and

[F+, Fr] = 2r1Hy + 2r2Ha, [Er, Fr] = NT‘,T‘/F'FFT‘/)
[FT) Fo] = Nr,r’Er+r’ [E_r, FJ = \/iHo,

with N;.,/ as before and ]A\VIT,T/ =0if r+ v’ is a root of so(5,1) but not of so(5). Although the

algebra structure is unchanged, the Hopf algebra structure of Ug(so(5,1)) gets twisted. This
structure is given by equations (4.2.2) and (4.2.3) together with

Ag(Fr) =Fr @A™ Hz 4 A~ "2H ® Fr, S(F,) = _m2H FAT Hz’
Ap(Ho) =Ho® 1+ 1® Ho, S(Ho) = —Ho,
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and €(F;) = ¢(Hg) = 0. The representation of Ug(so(5,1)) on Sg is given by (4.2.4) together
with

Ho = 00 — 2z0(2000 + 2101 + 2707 + 2202 + 2505),

FLO = 267 —21(2000 + 2101 + Z}k T + XZzaz + )\Zzaz),

FOJ = Zaz —22(z000 + 21071 + Z}k i'f + 2207 + Zzaz),
and F_. = (F)*. The introduction of the A’s in Fq o is necessary for the algebra structure of
Up(so(5,1)) (as dictated by the above Lie brackets) to be unchanged with respect to U(so(5,1)).

Since Hp and F, are quadratic in the z’s, one has to be careful when deriving the above Lie
brackets and use the twisted rules (4.2.5). For instance, on the generator z,, we have

[E_1-1,F10l(z2) = E_1 _1(—Az122) + Fro(2])
= —AE_11(z1)A™2(z2) + AM (29)E_1 1(22)) + Fr0(z)
=—2520+212] + 2 — z212] = Fo_1(22)
Again, the operators Hy, F, are extended to the whole of A(S‘é) by the analogue of (4.2.5)
in the case of F,. and Hy, i.e.
Fr(ab) = Fr(a)A M2 (b) + A2 (a)Fy (D),
Ho(ab) = Ho(a)b + aHo(b).

for any two elements a,b € A(Sg). Equivalently, Ug(so(5,1)) is defined to act by
T-Lo(a) =Le(t-a)
for T € Ug(so(5,1)) deforming t € U(so(5,1)) and a € A(S?).

Lemma 4.11. 1. The twisted action of the Hopf algebra Ug(so(5,1)) on A(Sg) can be ex-
tended to the differential calculus (Q(Sg),d) by defining it to commute with the exterior

derivative:
T -dw=d(T -w).

for T € Ug(so(5,1)), w € Q(Sg).

2. Under this twisted action, the Hopf algebra Ug(so(5,1)) leaves the Hodge xg-structure of
Q(Sg) mvariant:
T (xow) = *¢(T - w) ,

Proof. 1. is Lemma 3 in [89] and 2. follows from the fact that T(Lg(f)) = Lo(t - f) for f €
A(S*) and t € U(so(5,1)) the classical limit (8 = 0) of T € Ug(so(5,1)). Then from the fact
that d commutes with the action of Ug(so(5,1)), we find that the latter algebra leaves the
Hodge *g-structure of Q(Sg) invariant since U(so(5, 1)) leaves the Hodge s-structure of Q(S%)
invariant. ]

Thus, the Hopf algebra Ug(so(5,1)) consists of the infinitesimal twisted conformal transfor-
mations on Sg.

In the same manner as before, the action of Ug(so(5,1)) on Sg can be lifted to Sg,. It can
be written as in (4.2.6) in terms of matrices I’s on the J’s:

Yo ) Tabe; Wi Y Tali
b b
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where in addition to (4.2.7) we have the following matrices I' = {Hy, Fy}

Ho = 3(—zol4 + o),
F1o=3(—ziIA "2 +v7),
Fo1 = 3(—z2+A"My,),

F_ = (F:)*" and T'= oTo~". Notice the reappearance of the twisted Dirac matrices v, and v},
of (3.1.11) in the above expressions. N
As before, Ug(so(5,1)) acts on ¥ by left matrix multiplication by I and on ¥* by T, i.e.

Wai — Z Fab\l’bi, \yi*a — Z Fab\yzjb-
b a

Here we have to be careful with the ordering between T and W* in the second term since the I's
involve the (not-central) z’s. There are the following useful commutation relations between the

z’s and V: " "

z1¥ai = (A72) apWoiza, 2Wai = (A7) apWizo, (4.2.9)
21V, =Y A ez, 2%, = YA )paza.
with A= understood as 4 x 4 matrices.

Proposition 4.12. The instanton gauge potential w = V*dV¥ transforms under Ug(so(5,1)) as
w — w + dwy, where

dwg := Ho(w) = —zow — %dzoﬂz + Wy dV,

dwi :=Fiio(w) =—z1w — %dm I, +¥* vy d¥,
dwy = Fo +1(w) =—zw — %dzz I, + ¥* v, dV¥,
dwsi=TF_1o(w) = —wzy — +dzy L +¥* v} dY,
dwy :=Fo_1(w) = —wzp — %diz L+WY* vy3 dYy,

with vy, v}, the twisted 4 x 4 Dirac matrices defined in (3.1.11).
Proof. The action of Hp on the instanton gauge potential w = W*dW¥ takes the following form
Ho(w) = Ho(W*)dY + W*d(Ho(¥)) = W* (—zols + vo)d¥ — Jdzo¥*V,

since zg is central. Direct computation results in the above expression for dwyp. Instead, the
twisted action of F; on w takes the form,

Friwig > TaoWi (AT M) qedWej + (A1) oWy FacdWes + (A2H) Wi, (dTae) We
a,b,c
where we used the fact that lt{j = oH; o= —H;. Let us consider the case r = (+1,0). Firstly,
note that the complex numbers (A~"2) . commute with Wi so that from the definition of T
and I', and using (4.2.9), we obtain for the first two terms:

—z1(W*d¥)y + Wi (ov10 oA M) cad¥as + 3Wi (V1) bed W

The first term forms the matrix —zjw whereas the second two terms combine to give W*y;dV¥,
due to relation (4.2.8). Finally, the term Wi, (dlqc)¥¢; reduces to —%dzﬂ{’fb\l’bj = —%dzﬂlz
using equation (4.2.9). The formulas for r = (—1,0) and r = (0,41) are established in like
manner. O
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At first sight, the above infinitesimal gauge potentials dw; do not seem to satisfy (dwi) =
(dwi)ik and ), (dw;i)k = 0. i.e. they are not su(2)-gauge potentials. However, this is only due
to the fact that the generators F, and Hy are the deformed analogues of the generators of the
complexified Lie algebra so(5,1) ®g C. One recovers su(2)-gauge potentials by acting with the
real generators %(FT + F5), %(Fr — Ff) and Hp. One checks that the resulting gauge potentials
are dwo, %(6&)1 +dws), %(6(»1 —bw3s), %(6&)2 + dwy) and zli(éwz — dwy), which are traceless
skew-hermitian matrices with values in Q' (Sg,).

The above transformation of the gauge potential w under the twisted symmetry Ug(so(5,1))
induces a natural transformation of the connection Vo to Vi := Vo + tdw; for i =0,...,4
and t € R. Let us see if these new connections are (infinitesimal) instantons, i.e. if their
curvature is selfdual. We start by writing V4 ; in terms of the Grassmann connection on & ~
p(A(Sg))4. Using the explicit isomorphism (Proposition 3.2) between this module and the
module of equivariant maps A(S§) X, C?, we find that Vi = pd +tday with 8o = pyo(dp)p —
IWdzoW* and

Sy = pyi1(dp)p — JWdz1¥W*,  daz = py;(dp)p — JWdzjw*,
Sz = pya(dp)p — JWdzoW*,  Sos = py5(dp)p — JWdzz¥*,

Note that da; are 4 x 4 matrices with entries in the one-forms Q' (Sg) satisfying pday = doip =
pdaip = dwy, as expected from the general theory on connections on modules in Appendix A .4).
Indeed, using relations (4.2.9) one can move the dz’s to the left of W at the cost of some p’s,
yielding expression like dzi p € M4(Q' (Sg)).

The curvature Fy; of the connection Vyj is given by (cf. equation (A.4.5))

Fii = Fo+ tpd(So) + O(t2).

In order to check selfduality of this curvature (modulo t?), we will express the curvature in terms
of the projection p and consider Fy; as a two-form valued endomorphism on & ~ p(A(S‘é))4.
Proposition 4.13. The curvatures Fyi of the connections Vii (i = 0,...,4) are given by
Fei=Fo+ toF; + O(t?), where Fo = pdpdp and 5Fy = —2zFo,

§F1 = —2z:AMFy;  8F3 = —2z5A T2,
§F2 = —22,M"Fy;  8F4 = —2z5AHIT,,.

Proof. A small computation yields the following expression for F; = pd(dx;) as an endomor-
phism on £ taking values in Qz(Sg):

8Fi = p(dp)vi(dp)p — pyildp)(dp)p,

where we introduced y3 = y7 and y4 = v3, and used the fact that p(dp)p = 0. We then use the
crucial property p(dpyi+vidp)(dp)p =0 for alli =0,...,4 to deduce that 6F; = —2py;dpdpp.
This can be expressed as 6F; = —2py;ipdpdp using the property dp = (dp)p + pdp. Finally,
pyip = Y(W*vi¥)¥*, so that the result follows from the definition of the z’s in terms of the
Dirac matrices (cf. above equation (3.1.11)) together with the commutation relations between
them and the matrix ¥ in equation (4.2.9) O

Corollary 4.14. The connections Vi are (infinitesimal) instantons, i.e. xgF¢i = Fyi modulo
t2.
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Proof. This follows directly from the above expressions for 0F; and selfduality of Fy. It also
follows from Lemma 4.11 stating that Ug(so(5,1)) acts by conformal transformation therefore
leaving the selfdual equation xgFy = Fo for the basic instanton Vg invariant. O

Let us now establish that the obtained connections Vi are not gauge equivalent to V.
Recall that an infinitesimal gauge transformation is given by [V, X] for X € F(ad(Sg,)); we
want to show that dwj is orthogonal to [Vg, X] for any such X, i.e. that

([Vo, X],dwy)2 =0,

with the natural inner product on Q1(ad(Sg,) = Q1(Sg) oo (s4) F(ad(Sg,)). From Remark

4.6, we see that this means that (Véz)(X),éwi)z = (X (Véz))*(éwi))z should vanish for all X.

Now dw? coincides with its classical counterpart since F(ad(Sg,)) is isomorphic to I'(ad(S”))
as vector spaces and also V(()Z) coincides with its classical counterpart (Remark 4.6). Hence,

(Véz))*(éwi) = 0 because it vanishes in the classical case [4].

4.2.2 Local expressions

In this section, we will obtain “local expressions” for the instantons on Sg in the following sense.
We define the algebra A(Rg) of polynomials on the 4-plane R‘é as the x-algebra generated by
(1, (o satisfying

C1C2 = ACa(; G165 = NG5

with A as above. In the case 8 = 0 (A = 1), one recovers the *-algebra of polynomials on the
usual 4-plane R*. Again, it is possible to define this algebra as the fixed point algebra as before
(ARY ® A(T%))C@T ], where the torus T? acts as 0 : (i — €25 ;. In particular, we can
define the algebra C* (Rg) of smooth functions on Rg.

In this smooth algebra, the element (1+ (%)~ with || := (3C1 + 50, clearly exists. Let us
define the elements z,, (up=1,2,3) by

=261+ Zo= (01— +IgH) (4.2.10)

One sees that the z,, satisfy the same relations as the generators z,of A(S3) (cf. (3.1.4)). The
difference is that the classical point zo = —1,z; = z;" =0 of Sg is not in the spectrum of z,,. We
interpret the noncommutative plane ]Rg as a “chart” of the noncommutative 4-sphere Sg and
the above equation (4.2.10) as the inverse stereographical projection. In fact, one can cover Sg
by two such charts with domain Rg, with transition on Rg\{O}, where {0} is the classical point
Cj:C;-“:Oong.

There is a differential calculus (Q(Rg),d) on Rg, defined as in Section 2.2. Explicitly,
Q(Rg) is the graded *-algebra generated by the elements C* of degree 0 and dCH of degree 1
with relations:

dCHdY + AMVACYACt = 0;  dCdlY + AvHdAYdAlt = 0;
CHACY = AVdeYey, MY = avrdet.
There is a unique differential d on Q(]Rg) such that d : (" — d¢*. The involution w — w*

for w € Q(Rg) is the graded extension of (" — ", i.e. it is such that (dw)* = dw* and
(wiwy)* = (=1)P pzwiw}* for wy € Qpi(Rg).
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Moreover, there is a Hodge star operator g mapping Qp(Rg) to Q4_p(]Rg), and is obtained
from the classical Hodge star operator as before. In terms of the standard Riemannian metric
on R%, we have the following useful formulas for %g on two-forms:

*9d(1dCy = —dC1dCy; xgd(1d(y = —d(2d(5; x9dC1dC5 = d1dC (4.2.11)

which are the same as the formulas for * on R* (remember that we do not change the metric in
an isospectral deformation).

Since the stereographical projection from S* onto R? is a conformal map commuting with the
action of T?, it makes sense to investigate the form of the instanton connections on Sg obtained
in Proposition 4.12 on the local chart ]Rg. As in [64], we first introduce a “local section” of the
principal bundle Sg — Sg on the local chart of Sg defined in (4.2.10). Let u = (ug,uz) be a
complex spinor of modulus one, ujuj +uju, =1, and define

(K) —P <E) ’ @i) =P <_§C2 u%) (ﬁ;) : (4.2.12)

Here p is a central element in C*®(R@) such that p? = (1 +¢[?)~" and the commutations rules
of the uy’s with the (i’s are dictated by those of the ;:

Wl = pGur, uwal =nGu, j=1,2.

The right action of SU(2) rotates the vector u while mapping to the “same point’ of Sg, which,
from the choice in (4.2.12) is found to be

20103 +P5hs) =21, 2(—VTPs +P203) =22, 2(P7r +U5P2) — T =2z,
which is in the local chart (4.2.10), as expected.
w -

By writing the unit vector u as an SU(2) matrix, u = (uz ur ), we can write
1

(I 0\ [u . NI
‘Jf—p<0 Z><u>, w1ch—(ﬂjczﬁg1>.

One can check by direct computation that the gauge potential takes the form
w =p 'dp uu + pur Z*dZu + u'du
and that its curvature F = dw + w? satisfies:

1 ddC; — dCodCs 2d¢;dg
Fu* = p?dZ2*dZ = - ] 2 2 :
ubu' =pid2idZ = sy ( 2d0d0 | —dGdd —d@d&;)

It is immediate from (4.2.11) that this curvature is selfdual, as expected.

The explicit local expressions for the transformed gauge potentials and their curvature can
be obtained in a similar manner. Let us work out the local expression for dwy, being the most
transparent one. A direct computation shows that

dwpy = —2pdpuu — 2p*uF Z*d Zu,
which implies for the transformed curvature:
Fio = Fo + 2t(1 — 2p?)Fo.

It is clear that this rescaled curvature still satisfies the selfdual equation; it is also in concordance
with Proposition 4.13, since zg = 2p? — 1.
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4.2.3 Moduli space of instantons

We will closely follow the infinitesimal construction of instantons in [4]. This will eventually
result in the dimension of the ‘tangent space’ to the moduli space of instantons on Sg; it will show
that the collection of instantons constructed above is in fact the complete set of infinitesimal
instantons on Sg.

Let us start by considering the following family of connections on S%,

vt:VO‘I't(X

where « € Qf(ad(Sg,)). For V{ to be an instanton, we have to impose the selfdual equation
xgFy = F¢ on the curvature Fy = F% +1t[V, o] + O(t2) of V4. This leads, when differentiated with
respect to t, setting t = 0 afterwards, to the following linearized selfdual equation

Pf[v()a OC] - 0»

with P_ := %(1 — *g) the projection onto the anti-selfdual 2-forms. Here [V, & is an element
in Q%(T'(ad(S5,))) = Q2(S§) ® oo (s1) I'(ad(S§,)) by Proposition A.13 and because

Vo, olij = datij + Wik — XixWyj

has vanishing trace. This is due to the fact that wixoug = xjwik.

If the family were obtained from an infinitesimal gauge transformation, then we would have
had & = [V, X], for some X € r(ad(Sg,)). Indeed, [V, X] is an element in Q](ad(Sg,)), for the
same reasons as before. Now P_[Vy, [V, X]] = [P_Fo, X] = 0, since Fy is selfdual. Hence, we
have defined an element in the first cohomology group H' of the so-called selfdual complex:

0 — Q%ad(SZ,)) 2 Q'(ad(SZ,)) 2 Q2 (ad(S5,)) — 0

where dg = [V, ] and dq := P_[Vy,-]. Note that these operators are Fredholm operators, so
that the cohomology groups of the complex are finite dimensional. The complex can be replaced
by a single Fredholm operator

45+ dp: Q' (ad(S5) — Q%ad(S5,)) @ Q% (ad(S5,)) (4.2.13)

where df is the adjoint of dp with respect to the inner product (2.2.6).

Our goal is to compute h! = dim H' by calculating the alternating sum h® —h'! 4+ h? from
the index of this Fredholm operator. The vanishing of h® and h? follows from the following
observation. By definition, H® consists of the covariant constant elements in F(ad(Sg,)). Since

[Vo, -] commutes with the action of T? and coincides with Véz) on F(ad(Sg,)) (cf. Remark 4.6),

we see that [V, T] = Véz)(T) = 0 coincides with the corresponding classical equation. Since

classically there are no covariant constant elements in I'(ad(S”)) for an irreducible selfdual
connection on £, we conclude that h® = 0. A completely analogous argument for the kernel of
the operator dj shows that also h? =0.

4.2.4 Dirac operator associated to the complex

The Fredholm operator dj + dj defined in (4.2.13) can be replaced by a Dirac operator on the
spinor bundle S with coefficients in the adjoint bundle. For this, we need the following lemma,
which is a straightforward modification of its classical analogue [4]. Recall that the Z?-grading
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vs induces a decomposition of the spinor bundle S = S;®S_. Note that S coincides classically
with the charge —1 (anti-)instanton bundle. Indeed, the Levi-Civita connection has anti-selfdual
curvature, when lifted to the spinor bundle and restricted to negative chirality spinors. Also,
ST coincides with the charge 1 instanton bundle. Note that then Remark 3.3 implies that the
C*®(S*)-modules I'(S* S*) have the homogeneous decomposition property of Definition 2.2.

Lemma 4.15. There are the following isomorphisms of right C“(Sg)-modules:

QYSH) ~T(Sg, 8T ®8) ~T(S§,ST) ® oo (s4) rSg,S7)
0°(Sg) ® Q2(S3) = T(S8,5 ©S5) =T(S§,57) @cwe (s (S8, 87)

Proof. Since this is true in the classical case, we have to establish equivariance of the isomor-
phisms under the action of T?. The result then follows from Lemma 2.3. By definition, the
action of T2 on S* is lifted to an action of T2 on the spinor bundle § such that it coincides on
the endomorphism bundle End(S) ~ ST ®S~ with the underlying action of T? on the cotangent
bundle A'. A completely analogous statement holds for the second isomorphism. O

Let us for the moment forget about the adjoint bundle ad(Sg/). The operator d* + P_d
can be understood as a map from Q'(S%) — QO(S*) & Q2 (S*), since Q(Sg) ~ Q(S*) as vector
spaces and both d and * commute with the action of T? (see Section 2.2.3). Under the above
isomorphisms, this operator is replaced by the Dirac operator with coefficients in S~ [4], i.e.

D' :NS*"STes ) -T(sY s ©8).

If we take into account the twisting by the adjoint bundle, we see that this involves merely a
multiplication by the projection p(;) defining the adjoint bundle ad(Sg,). Hence, the operator
djy + dj is replaced by the following Dirac operator:

D:T(S§,ST®S™ ®ad(S§)) = N(Sg,S™ @S~ ®ad(S5)),

with coefficients in the vector bundle S™ ® ad(Sg,) on Sg.
Let us now compute the index of this Dirac operator using the Connes-Moscovoci local index
formula. It is given by the following pairing:

Index D = (¢*,ch(S~ @ ad(S§))) = (¢*,ch(S™) - ch(ad(S3))).

Recall the following representation of the Chern characters as operators on the Hilbert space

H:
2k)! 1
np(chy(e)) = (—Uk( o D (mles,) — 780D, miley )1+ D, ey, )]
In Section 3.2.2, we computed the image of the Chern characters under mp of all modules
associated to the noncommutative principal bundle S%, — Sg. In particular, we found for the

adjoint bundle that

np(cho(ad(S§))) =3,  mp(chi(ad(S§))) =0,  mp(cha(ad(S§))) =4(3ys).

The Chern character of the spinor bundle $~ can be computed as follows. Note that S~
coincides classically with the charge —1 instanton bundle. Indeed, the Levi-Civita connection
has anti-selfdual curvature, when lifted to the spinor bundle and restricted to negative chirality
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spinors. We conclude from T?-equivariance that then also F(Sg, S7) is isomorphic to the basic
(anti-)instanton bundle I'(S§, xgy(2) C?) on S§. It then follows from [33] (cf. Section 3.2.2) that

mp(cho(87)) =2, mp(chi(87)) =0, mp(cha(87)) = —3vs.
Combining both Chern characters and using the local index formula on S§, we find that

Index D = 6 Res z " tr(ysDI#) + 0+ 1(2-4 -3 1)Res tr(3yZD| %) =5,
z= z=

similar to the computation done in Section 3.2.2.
For the moduli space of instantons on ng this implies the following.

Theorem 4.16. The tangent space at the base point Vo to the moduli space of (irreducible)
SU(2)-instantons on Sg is five-dimensional.
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Chapter 5

Towards Yang-Mills theory on Mg

As alluded to before, let us now describe how the just constructed Yang-Mills theory on Sg can
be generalized to any four-dimensional toric noncommutative manifold Mg.

Suppose P — M is a principal G bundle on M, where G is a semisimple Lie group. We
assume that M is a four-dimensional Riemannian manifold equipped with an isometrical action
o of the torus T2. For the construction to work, we assume that this action can be lifted to an
action & of a cover T? — T2 on P, while it commutes with the action of G. As in Section 2.2,
we define the noncommutative algebras C*°(Pg) and C*(Mpg) as the vector spaces C*(P) and
C*® (M) with star products defined with respect to the action of T2 and T? respectively, like in
(2.2.2). The action o« of G on the algebra C*®(P) defined by

induces an action of G by automorphisms on the algebra C®(Pg), because the action of T2
commutes with the action of G on P. This means that also the inclusion C* (M) C C*(P)
as G-invariant element in C*(P) extends to an inclusion C*®(Mg) C C*®(Pg) of G-invariant
element in C*®(Pg). Notice that the action of G translates trivially into a coaction of the Hopf
algebra C®(G) on C*(Pg).

Proposition 5.1. The inclusion C*®(Mg) — C*®(Pg) is a principal C*(G) extension.

Proof. As in Section 3.3, it is enough to establish surjectivity of the canonical map
X 1 C*(Pg) ®coo(my) € (Pg) — C=(Pg) @ C*(G);
f/ & coo (Mg) fi— f/AR(f) = f/f(o) ® f(])

Principality then follows from the cosemisimplicity of the Hopf algebra C*(G) [88]. Note that
in the classical case, the canonical map from x(© : C®(P) ®coo (m) CF(P) — C*(P) ® C*(G)
is bijective by the very definition of a principal bundle. Moreover, there is an isomorphism of
vector spaces:

T:C®(Pg) ®coo(Mmy) CF(Po) — C¥(P) ®coo (My) C(Po)

f/ & oo (Mg) f— Z f; & coo (M) a'-re(f)

where f" = ) _f/ is the homogeneous decomposition of f" under the action of T2. Compare
with the proof of Lemma 2.3. We claim that the canonical map is given as the composition
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x = X9 o T, hence, it is bijective. Indeed,
X o T(f @cx (ma) ) = D_ Fiwe(f(0)) @ )
T

=f'xo fi0) @ f()
= X(f' ®coo (mp) )

since the action of T2 on C® (Pg) commutes with the coaction of C*®(G). O
We define noncommutative associated bundles as before by setting
£ =C®(Pg) K, V:= {f € C*(Pg) ® V(g ®id)(f) = (id@p(g) ") (f)}

for a representation p of G on V. These C®(Mg)-bimodules are finite projective since they
are of the form of the modules defined in Section 2.2.2 (cf. Remark 3.3). Moreover, the corre-
sponding classical C*(M)-modules C*(P) X,V have the homogeneous decomposition property
of Definition 2.2. Indeed, let f € C*°(P) X, V and write in a basis of V:

()

so that f' € C®(P) satisfies og(f') = p(g)i;f). Suppose that f' = 5 i as a sum of T2
homogeneous elements in C®(P), i.e. so that oy(f}) = e?™*7fl for t € T2. Since XgoOt = 010Xy,

we find that o o
OCQ(Z elmt-rf;) — Z p(g)ijeth-rf)r'

for t € T2 and g € G. By linear independence of the exponentials, we derive ocg(f'}) = p(g)i,-fjr,
and conclude that C*°(P) X, V has the homogeneous decomposition property.

Moreover, Proposition 3.4 generalizes to the statement that End(£) ~ C*®(Pg) Kaq L(V),
where ad is the adjoint representation of G on L(V). Also, one identifies the adjoint bundle as the
module arising from the adjoint representation of G on g C L(V), i.e. T'(ad(Pg)) := C*(Pg)XaaG.

For the Yang-Mills action, we again define an inner product on Endceo (apy)(€, € ®coo (My)
Q(My)) for a (right) finite projective C*(Mg)-module £ as in Chapter 4 and define the Yang-
Mills action for a connection V on £ in terms of its curvature F by

YM(V) = (FF)2

This is a gauge invariant, positive and quartic functional. The derivation of the Yang-Mills
equations (4.1.1) on Sg does not rely on the specific properties of Sg and continues to hold
on Mg. The same is true for the topological action, and YM(V) > Top(£) with equality
if xgF = 4+F. In other words, the minima of the Yang-Mills action are given by instanton
connections.

The explicit construction of instanton connections on Sg in Section 4.2.1 can of course not
be generalized to a manifold Mg. However, local expressions could in principle be obtained on
a “local chart” Rg of M, if T? acts on the corresponding local chart R* of M.

The generalization of the infinitesimal construction of instantons on Sg to any toric noncom-
mutative manifold Mg remains still to be understood. A crucial point here is to establish that
the commutator [V, -] for a ‘base point’ instanton connection Vg on £ defines a connection on
the adjoint bundle Py x g g.



Epilogue

We considered several noncommutative spheres, together with the symmetries they describe or
the symmetries they carry.

In the first part, we discussed the quantum group SU4(2) and constructed a noncommutative
spin geometry on it. A central guiding principle was the invariance or equivariance with respect
to two quantum symmetries, given by Ug(su(2)). An interesting phenomenon occurred involving
the real structure; we found that two conditions of Connes’ noncommutative spin geometry,
namely the commutant property and first-order condition, are only satisfied up to infinitesimals
of arbitrary order.

In the second part, we discussed two spheres as the central ingredients of a noncommutative
SU(2) Hopf fibration S5, — Sg. We constructed a Yang-Mills theory on the space S%, and
understood instantons as the minima of the Yang-Mills action functional. By an action of
twisted conformal symmetries on the Hopf fibration S5, — Sg we constructed all infinitesimal
charge 1 instantons on Sg. A completeness argument is provided by computing the index of a
certain twisted Dirac operator, which gives the dimension of the tangent to the moduli space.

An interesting open problem involving the spin geometry of SUq(2) is the computation of
the spectral action on SUg4(2). In general, let (A,H,D,]) be a real spectral triple and set
Da =D + A+ JAJ* where A € QL(A). Then Connes’ spectral action is given by

S(D,A) = try (x (%))

where try is the usual trace in the Hilbert space H, A a “cut off parameter” and x a suitable
function which cuts off all eigenvalues of DZA larger than A?. For a treatment of the spectral
action principle, we refer to [29] (see also [65]) and to [21, 22| for the derivation of the Standard
Model Lagrangian from the spectral action. It would be interesting to compute this spectral
action in the case of the abovely constructed almost real spectral triple on SUq(2). The main
problem in this computation is the understanding of the “adjoint representation” of QE(.A)
on H defined by A + JAJ* in the case that ] does not fulfill the commutant property and the
first-order condition. A deeper understanding of this might also shed light on the apparent
failure of Poincaré duality [19].

Concerning Part II, it would be interesting to develop the set of ADHM data describing
instantons on the noncommutative plane R§ (as in Section 2.1) and confront it with the ADHM
data on the Moyal plane, as described by Nekrasov and Schwarz in [76]. Here the complex
coordinates (M, (" satisfy [CM, (**] = 0. This would possibly lead to more insight into the
global structure of the moduli space, and could be extended to instantons of higher charge.

Finally, it remains to be understood how noncommutative instantons serve in quantum Yang-
Mills theory on toric noncommutative manifolds. However, since even a classical mathematical
definition of quantum Yang-Mills theory does presently not exist — this is in fact one of the Clay
Mathematics Institute Millennium Prize Problems — this seems to be a formidable task.
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Appendix A

Some concepts from noncommutative geometry

We recall some of the basic concepts that appear in Connes’ noncommutative geometry. For
more details, the reader should consult his book [27] and the books [49] and [65]. Also motivation
for the definitions below can be found in these books as well as in the text.

A.1 C*-algebras

Let A be an algebra over C. We say that this is a normed algebra if it is equipped (as a vector
space) with a norm satisfying the following multiplicative property

labl| < [[all[b] (A.L1)

for all a,b € A. A Banach algebra is a normed algebra which is complete in the norm topology.

Definition A.1. A C*-algebra is a Banach algebra A, which is also a x-algebra such that for
all a € A one has
la*all = [la%.

It follows from this definition that ||a*|| = ||a|| for all a € A.

Example A.2. The algebra C(X) of continuous functions on a Hausdorff topological space
forms a C*-algebra equipped with the supremum norm

Ifllcc = sup [f(x)].
xeX

Definition A.3. A Hilbert space H is a vector space with a hermitian inner product, which is
complete in the associated norm. If (-,-) denotes the inner product on H, the associated norm
is given by |[x|| = (x,X)"/? where x € H.

The algebra B(H) of bounded operators consists of linear operators T on H for which there
is a constant C > 0 such that || Tx|| < C||x||. The operator norm of a bounded operator is given
by

1T = sup (Tl Il < 1}.
xeH
The involution on B(H) is given by the adjoint with respect to the inner product on H, i.e. for
T € B(H), its adjoint is given by the unique operator T* € B(H) satisfying (Tx, ) = (x, T*{)
for all x,V € H.
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It is not difficult to check that B(H) is a C*-algebra. The contrary is also true, i.e. any
C*-algebra can be realized as a subalgebra of B(H); the GNS-construction (see for example the
textbooks [78, 57]) allows to construct a Hilbert space H from a C*-algebra A in such a way
that A becomes isomorphic to a subalgebra of B(H).

We also define the C*-algebra of compact operators.

Definition A.4. An operator T on H is said to be compact if for every € > 0, there exists a
finite dimensional subspace E C H such that ||T|gL]|| < €.

The set IC(H) will denote the set of all compact operators on the Hilbert space H. One
can easily verify that it is a C*-algebra equipped with the operator norm; it is in fact a closed
two-sided ideal in B(H). There is the following notion of order of a compact operator.

Definition A.5. For any « € R", a compact operator T € K(H) is said to be an infinitesimal
of order o if its singular values pun(T) satisfy un(T) = O(n~%).

Another useful concept is a pre-C*-algebra which is defined as follows.

Definition A.6. A subalgebra B of a unital Banach algebra A is said to be stable under holo-
morphic function calculus if whenever b € B is invertible in A, b~' € B.

A pre-C*-algebra is a subalgebra of a C*-algebra that is stable under holomorphic function cal-
culus.

An example of a pre-C*-algebra is provided by the algebra C® (M) of smooth functions on

a manifold M, which is a subalgebra of the C*-algebra C(M) of continuous functions on M.

A.2 Noncommutative spin geometries

The basic ingredient of a noncommutative spin geometry is a spectral triple.

Definition A.7. A spectral triple (A, H, D) consists of a x-algebra of bounded operators on a
Hilbert space H, together with a self-adjoint operator D on H satisfying

1. The resolvent (D —A)~', A ¢ R, is a compact operator
2. The commutator [D,a] =D -a—a-D is a bounded operator for all a € A.

The triple is said to be even if there is a Zy grading of H, namely an operator T on 'H with
I'=T* and T2 =1, such that

D +DI' = 0,
fTa—all = 0, for all a € A.

If such a grading does not exist, the triple is said to be odd.

The basic example is the commutative spin geometry of a Riemannian spin manifold given
by the triple

e A =C*®(M), the algebra of smooth functions on M.
e H =12%(M,S), the Hilbert space of square integrable sections of a spinor bundle S — M.

e D, the Dirac operator associated with the Levi-Civita connection.
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If the manifold is even dimensional, there is a grading defined by ' := —yy2...y3mM where

v* are the Dirac matrices satisfying {y!, v} = dY.

A noncommutative spin geometry is a spectral triple satisfying some additional properties,
as defined in [29]. They are needed for Connes’ reconstruction theorem, providing an equivalence
between Riemannian spin manifolds and spectral triples satisfying these properties for which the
algebra is commutative. We will spell out only the properties used in the text which are finite
summability, regularity and reality (including the commutant property and first condition).

A spectral triple is said to be nt-summable (or to have spectral dimension n) if the compact
operator |[D|™™ is an infinitesimal of order 1 (cf. above). A noncommutative integral is then
provided by the Dizmier trace [41] try,: K(H) — C, constructed in such a way that

1. Compact operators of order 1 are in the domain of the Dixmier trace.
2. Compact operators of order > 1 have vanishing Dixmier trace.
It is defined as

N—-1
. 1
trw(T) = lewm % U»n(T) (A.2.1)

where T is a compact operator and Lim, a generalization of the usual limit procedure, in
order to obtain finite results, even for divergent (but bounded) series )} pn(T). If T is a com-
pact operator of order 1, then the partial sums of singular values on = ) oy Hi(T) satisfy
on ~ CInN as N — oo and the Dixmier trace filters out the coefficients C. In this way, we
can define a noncommutative integral on the algebra A by tr(a|/D|™™). In the case of the
canonical spectral triple (C®(M),L?(M,S),D) on a Riemannian spin manifold, it reduces to
the ordinary Riemannian integral: tr(f|D|™™) = fM fdv for a smooth function f on M and dv
the Riemannian measure.

A spectral triple is said to be real if there exists an anti-unitary operator J : H — H, such
that J2 = +1, JD = +DJ, with the signs depending on the spectral dimension of the spectral
triple. We impose the following conditions:

[a,Jb*] " =0, (commutant property)
(D, al,Jb*] '] =0, (first-order condition)

for all a,b € A. The map a — Ja*J~ ! defines a right action of A on H and the commutant
property states that H is an A-bimodule, whereas the first-order condition states that the left
action of [D, A] on H commutes with the right action of A.

The real structure ] is usually related to Tomita-Takesaki theory [92], which states that
for a weakly closed *-algebra M of operators on a Hilbert space H, which admits a cyclic and
separating vector!, there exists an antilinear isometric involution J : H — H, which conjugates
M onto its commutant

M':={S € B(H): ST =TS,¥T € M},

ie. JMJ* = M.

Note that a vector P € H is cyclic for M if M1 is dense in H. It is called separating if for any T € M,
Tp = 0 implies T = 0.
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A.2.1 Regularity and abstract differential calculus

A spectral triple is called regular (or smooth) if the algebra generated by A and [D, A] lies
within the smooth domain (;,_,Domd™ of the operator derivation 5(T) := [D|T — T|D|. This
condition permits to introduce the analogue of Sobolev spaces H® := Dom(1+D?)%/2 for s € Rg.
Let H*® = (4o H?®, which is a core for [D|. Then T: H*® — H™ has analytic order < k if T

extends to a bounded operator from H*S to HS for all s > 0. It turns out that A(H™®) C H™.

Assume that |D| is invertible —which is a generic case of the D used in this paper (for a
careful treatment of the noninvertible case, see [16]). The space OP* of operators of order < «
consists of those T: H® — H* such that

o0
ID|~*T ¢ ﬂ Domd™.
n=1

(Operators of order o have analytic order o). In particular, OP® = (%°_; Domd™, the algebra of
operators of order < 0 includes A U [D, A] and their iterated commutators with |D|. Moreover,
[D2,0P% ¢ OP*"! and OP™ := (), OP* is a two-sided ideal in OP°.

The algebra structure can be read off in terms of an asymptotic expansion: T ~ Zjoio T
whenever T and each Tj are operators from H* to H*; and for each m € Z, there exists N

such that for all M > N, the operator T — Z;\i 1 T; has analytic order < m. For instance, for
complex powers of |D| (defined by the Cauchy formula) there is a binomial expansion:

DETI~ Y @ 5(T) D=,

k=1
We define the dimension spectrum as follows.

Definition A.8. The dimension spectrum of a reqular spectral triple (A, H,D) is the subset
> C C of singularities of the meromorphic functions

Co(z) = tr(b|D[77)
where b is an element in the algebra generated by 5%(A) and 8%([D, A]) for all k > 0.

A.3 Noncommutative differential forms

Let A be an algebra with unit over C. The universal differential algebra Q.,(.A) is the graded
algebra generated by a € A of degree 0 and symbols da, a € A of degree 1, such that

d(ab) = (ba)b + adb &(xa+ Bb) = ada+ Pdb; (a,be A, «,p € C).

We can write Qun(.A) as a direct sum of subspaces Qh,(A) generated by linear combinations of
apday - --dap. Furthermore, there is the isomorphism of vector spaces

A0 A% ~ QP (A), (A.3.1)
where A := A/CI. The operator & is defined on Q.,(.A) by

d(apday---dap) = dapday - - - day,
d(day---dap) =0.

By construction, the algebra Qy;,(.A) is also a A-bimodule. As the name suggests, the universal
differential algebra satisfies the following universal property.
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Proposition A.9. Let (Q,d) be a graded differential algebra and let p be a morphism of unital
algebras. Then, there exists a unique extension of p to a morphism of graded differential algebras

p:Qun(A) — Q such that pod =dop.

An example of a frequently used differential calculus in the text and more generally, in
noncommutative geometry, is Connes’ differential calculus [27]. Let (A, H,D) be a spectral
triple. The A-bimodule _Q%(.A) of Connes’ differential p-forms is made of classes of operators
of the form . . ‘ .

w=) a)D,d}l---[D,d], a €A,
j

modulo the sub-bimodule of operators

{> D, bJD,b)]---[D,b]_4]: bl € A bID,b}]---[D,b]_;]=0}.
j
The exterior differential dp is given by

)

dD[Zaé[D,a%]“-[D,aL]} =) [D,a)llD,d}]--[D,d}].
j

In the case of the canonical triple (C*° (M), H,D) of a Riemannian spin manifold M, this
differential calculus is isomorphic to the de Rham differential calculus.

A.4 Modules and connections

We recall some basic definitions on modules and connections thereon. We derive a general
Bianchi identity for the curvature of such connections and link with gauge theory.

A.4.1 Modules

Let A be an algebra over the complex numbers C.

Definition A.10. A right module £ is a vector space over C that carries a right representation
of A, i.e. there is a map £ x A > (n,a) — na such that

n(ab) = (ma)b,
n(a+b) =na+nb,
Mm+&a=na+é&aq,

for anyn, & €& and a,b € A.

There is the natural notion of a morphism of (right) A-modules as linear maps that respect
this structure. Thus, a morphism between two (right) A-modules £ and F is a linear map
p: & — F that is also right A-linear:

p(na) = p(n)a; meé&ac A

Left modules and morphisms of left modules are defined similarly. A bimodule over an algebra
A is both a left and a right .A-module such that the left and right action of A commute:

(an)b = a(nb); Yneé& abe A
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Given a right A-module, we define its dual module £’ as the collection of all morphisms from &
into A, where A is seen as the trivial right A-module; in other words:

E={¢p: oAl dMma)=dMm)a, ne acA}.

Definition A.11. A right A-module £ is said to be finite projective if there exists an idempotent
p =p? € Mn(A) such that € ~pAN as right A-modules.

Here Mn(A) =~ Mn(C) ®c A denotes the algebra of N x N matrices with entries in A
whereas AN := C™ ®¢ A which can be thought of as the set of N-dimensional vectors with
entries in A, and is clearly a right A-module.

A.4.2 Connections

Let us suppose we have an algebra A with a differential calculus (QA = ®,QPA,d). We now
review the notion of a (gauge) connection on a (finite projective) module £ over A with respect
to the given calculus; we take a right module structure.

A connection on the right A-module £ is a C-linear map

ViERaAQPA— ER4QPTA,
defined for any p > 0, and satisfying the Leibniz rule
V(iwp) =(Vw)p+ (—NPwdp, YVweéER4QPA, pecQA.
A connection is completely determined by its restriction
V:iE—Eo Q' A,

which satisfies
Vna)=(Vn)a+n®qda, Yvne&,acA,

and which is extended by the Leibniz rule. It is again the latter property that implies that the
composition,
VZ=VoV:E@4QPA— E@4QP2A,

is QA-linear. Indeed, for any w € £ @ 4 QP A, p € QA,

V3(wp) =V ((Vw)p + (—1)Pwdp)
= (VZw)p + (=P (Vw)dp + (=1)P(Vw)dp + wd?p
= (VZw)p .

The restriction of V2 to & is the curvature
F: & E@40%4, (A.4.1)
of the connection. It is A-linear, F(na) = F(n)a for any n € £, a € A, and satisfies
Vim®ap) =Fmp, ¥nee, peQA.

Thus, F € End4(&,€ ®4 Q%A), the collection of (right) A-linear endomorphisms of £, taking
values in the two-forms QZ?A.
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In order to have the notion of a Bianchi identity we need some generalization. We let
Endoa(€ @4 QA) be the collection of all QA-linear endomorphisms of £ ® 4 Q. A. This forms
an algebra under decomposition, as one can easily check. The curvature F can be thought of as
an element of Endo4(€ ® 4 QA). There is a well defined map

[V, .] : Endog(E®4 QA) — Endog(€ @4 QA)
V,T:=VoT—(—D)TTov. (A.4.2)

where T is of order |T| with respect to the Z2-grading of Q.A. Indeed, for any w € E&4QPA | p €
QA,

Notice that [V, -] acts as a graded derivation on the algebra of Q.A-linear endomorphisms, i.e.
[V,SoT]=[V,S]oT+ (—1)SIS[V,TI.

Proposition A.12.
The curvature F satisfies the Bianchi identity,

[V,Fl=0.
Proof. Since F € EndgM(c‘: ®4 QA), the map [V, F] makes sense. Furthermore,
[V,Fl=VoV:—V?oV=V-V’=0.
([

To our knowledge and rather surprisingly, there is no presence in the literature of the notion
of a noncommutative Bianchi identity. The one given in [71] or [65] works only when the algebra
A is commutative.

Connections always exist on a projective module. On the free module £ = CN ®@¢ A ~ AN,
a connection is given by the operator

Vo=I®d:CN®cQPA— CNoc QP4 .

With the canonical identification CN @¢c QA = (CN @c A) @4 QA ~ (QA)N, one thinks of
Vo as acting on (QA)N as the operator Vo = (d,d,--- ,d) (N-times).

For a generic projective module £ one has a canonical inclusion map, A : €& — AN, which
identifies £ as a direct summand of the free module AN and a canonical idempotent p : AN — &
which allows to identify £ = pAN. Using these maps as well as their natural extension to &-
valued forms, on £ a connection Vy is given by the composition

E@,0PA 2 CVec0PA B4 cNgePtla 2 04004
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(we have also used canonical identifications for the free module). This connection is called the
Levi-Civita or Grassmann connection and is explicitly given by

Vo=po(Il®d)oA

although one simply indicates it by
Vo = ]:)d. (A43)

In fact, the existence of a connection on the module £ is completely equivalent to it being
projective [35]. Furthermore, the space C(&) of all connections on £ is an affine space modeled
on End4(€,€ ®4 Q' A). Indeed, if V1, V, are two connections on &, their difference is A-linear,

(Vi—=V2)ma) =((Vi—=V2)n))a, Vnef,acd,
so that Vi — V> € End4(€,€ @4 Q' A). Thus, any connection can be written as
V=pd+a, (A.4.4)

where « is any element in End4(£,€ ®4 Q' A). The “matrix of 1-forms” o as in (A.4.4) is
called the gauge potential of the connection V. The corresponding curvature F of V is given by

F = pdpdp + pdoc + «? . (A.4.5)

Let us now suppose that the algebra A is involutive with involution denoted by *. We shall
also extend this to the whole of QA by requiring that (da)* = da* for any a € A. A Hermitian
structure on the module £ is a map (-,-) : € ® &€ — A with the properties

(a, &) = a*(&gm) ,
M, & " =Em) ,
Mmm)>0,mm) =0 & n=0,

for any n,& € € and a € A (an element a € A is positive if it is of the form a = b*b for some
b € A). The Hermitian structure is naturally extended to a linear map from €@ 4 QAXE® 4 QA
to QA by

Meosw E@ap) = (N me)p, VnEcfasQA, w,pc QA (A46)

A connection V on £ and a Hermitian structure (-,-) on £ are said to be compatible if the
following condition is satisfied [27],

(Vn, &) +(n,VE) =dm, &) , Yn&ef .
It follows directly from the Leibniz rule and (A.4.6) that this extends to
(Vn, &) + (=), VE) =d(m, &) , YN Eef@4QA. (A.A.7)

Compatible connections always exist. Indeed, any Hermitian structure on & = pAN can be
written as (m,&) = Z]N:ﬂ]}kf,j with 1 = pn = (M1, -+ ,nn) and the same for & Then the
Grassmann connection (A.4.3) is easily seen to be compatible,

dm, &) =(Von, &) + (, Vo) .
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For a general connection (A.4.4), the compatibility with the Hermitian structure reduces to
(o, &) + (n,a&) =0, Vm,Ee€,
which just says that the gauge potential is skew-hermitian,
o =—x.

We still use the symbol C(£) to denote the space of compatible connections on &.

Let Endg 4(€ @4 Q.A) denote the space of skew-hermitian elements in Endos(€ ®4 Q.A)
with respect to the Hermitian structure (A.4.6), i.e. those elements T € Endoa(€ ®4 Q.A)
satisfying

(Tn, &) + (, TE) = 0; Wm,Eef.

Proposition A.13. The map [V, .| defined in (A.4.2) restricted to Endg, 4(€ ® 4 Q.A) defines
a derivation

[V, .1 ¢ End$ (€ ©4QA) — Ends, 4 (€ @4 QA)

Proof. Suppose that T is an element in End, 4 (€ ® 4 Q.A) of order [T|. Since [V, T] is Q.A-linear,
it is enough to show that

([V,Tn, &) + (, [V, TIE) = 0; wm,Eeé.

For this, note that T satisfies

(T, &) + (=1 n, Te) =0,
forn, & € £ ®4 QA. This yields together with equation (A.4.7):

(V, T, &) + (n, [V, TIE) = (VTn, &) — (=T (TVn, &) + (, VTE) — (—1) T (n, TVE)
= <VTn,£>—<Vn,T£>+<n,VTE,>—(— )T (Tn, V&)
d(<Tn,£>+<n,T£>)

A.4.3 Gauge transformations
An A-linear map T: £ — & is said to be adjointable if it admits an adjoint, i.e. there exists an
A-linear map T*: £ — &
(T, &) =(n,Tg) , Vn,Eeé.

The collection End4(€) of all A-linear adjointable maps is an algebra with involution; its
elements are also called endomorphisms of £. The group U(E) of unitary endomorphisms of £
is given by

UE) ={ueEndy(&) | uu* =u'u=1de} .

This group plays the role of the infinite dimensional group of gauge transformations. It naturally
acts on compatible connections by

(W, V)= V¥ =u*Vu, Yuel(€), VecClE), (A.4.8)
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where u* is really u* ®id g 4; this will always be understood in the following. Then the curvature
transforms in a covariant way
(W, F) = F*=u"Fu

since, evidently, F* = (V%)% = w*Vuu*Vu* = u*V2u = u*Fu.
As for the gauge potential, one has the usual affine transformation

(u, o) = o™ :=updu + u*ou . (A.4.9)
Indeed, for any n € &,

Vi¥m) = u(pd+ «)un =u'pd(un) +uoun
= u'pudn+ up(dun + u*oun
= pdn+ (Wpdu+uou)n using up =pu
= (pd+a"m,

which yields (A.4.9) for the transformed potential.

We now describe the ‘tangent’ of the gauge group U(E) as the vector space of infinitesimal
gauge transformations. For X € End(€) we define a family {u}tcr of elements in U(E) by
Uy = 1+ tX, so that X = (0uy/0t)—o. Unitarity of uy becomes (1 + t(X + X*) + O(t?)) = 1.
If we take derivatives with respect to t, putting t = 0 afterwards, we find X = —X*. In other
words, for ut to be a gauge transformation, X should be a skew-hermitian endomorphisms of
£. In this way, we understand End%(€) as the set of infinitesimal gauge transformations. Note
that this is a real vector space, and that its complexification End%(€) ®g C can be identified
with End4(&).

The action of an infinitesimal gauge transformation on a connection can be derived as follows.
Let the above gauge transformation u act on V as in (A.4.8). Since (0(uVuj)/ot)—o = [V, X],
we conclude that an element X € End%(€) acts infinitesimally on a connection V by [V, X].

A.5 K-theory of C*-algebras

We briefly review some of the notions of K-theory of C*-algebras, while referring to [10] and
[84] for more details.

The group Ko(A) of a unital algebra A is defined as the so-called Grothendieck group of
certain equivalence classes of projections p = p? = p* in M (A) := [J>_; Mn(A). There is the
following Murray-von Neumann equivalence relation between two projections p € My (A) and
q € My (A):

P ~o q if there exists an m x n matrix u € Mun(A) s.t. p =u*u,q = uu*.

The collection of equivalence classes of projections in My, (A) is an abelian semigroup, with

addition given by
-+ = (59)]-

Definition A.14. The Grothendieck group G(S) of an abelian semigroup (S, +) is the collection
of equivalence classes [(x,y)] for x,y € S where (x,y) ~ (x',y’) if there exists a z € S such that
x+y’'+z =x'+y+z. The addition in G(S) is induced from S by (x,y)+(x",y’) = (x+x',y+y’)
and is well-defined, whereas 0 = [(x,x)] is the identity element.
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Notice that the construction of the integers Z from the natural numbers N is a special case
of this construction.

Definition A.15. The group Ko(A) is the Grothendieck group of the abelian semigroup con-
sisting of Murray-von Neumann equivalence classes of projections in Mg (A).

It is useful to think of an element in Ky(.A) as the formal difference between two Murray-von
Neumann classes of projections, [p] —[q]. Compare this with the expression of an integer as the
difference between two natural numbers.

The group Ki(A) is defined as follows. Let Uso(A) = Un_q Un(A) with Un(A) the algebra of
unitary elements in My, (A). We define a binary operation @& on Uy (A) by

uav=(§7)

Two unitary elements uw € Un(A), v € Un(A) are equivalent, write u ~; v if there exists a
natural number k > max{m, n} such that u®T}_,, is homotopy equivalent to v Ty, in Uy (A).

Definition A.16. The group K;(A) is the group consisting of equivalence classes of unitaries

U € U (A) with addition given by [u] + [v] = [u® v].

A.6 Cyclic cohomology

We summarize here the cyclic cohomology of an algebra A, referring to [71, 27] for more details.
A cyclic n-cochain on an algebra A is an element @ € C}(A), the collection of (n+1)-linear
functionals on A which in addition are cyclic, A = ¢, with

A(p(aO) ar,..., an) = (_1 )n(p(an, ap, ..., an—])-
There is a cochain complex (C3(A) = @,, Cr(A), b) with (Hochschild) coboundary operator
b: C™(A) — C™1(A) defined by

n+1

n
be(ap,ar,...,ans1) = Z(—U](P(ao, ey 45Aj4 1, - Angr) + (1) T @(ang1ap, ar, ..., an).
i—0

j
The cyclic cohomology HC®(A) of the algebra A is the cohomology of this complex,
HC™(A) := H™(C3(A), b).

Equivalently, HC®(.A) can be described [27, 49] by using the second filtration of a (b,B) bi-
complex of arbitrary (i.e., noncyclic) cochains on A. Here the operator B decreases the degree
B: C"(A) — C™1(A), and is defined as B = NBy, with

(BO(P)(GO»- . '»aTl*]) = (p(1»a0v' s an71) - (_1)n(P(aO,- . -»anfh])

—_

n—

(Nq))(a()»' ] anf1) = Z(_])(n—]))w(a]) -+ An-1, Ao, . . .,Clj,]).

j=0

It is straightforward to check that B2 = 0 and that bB + Bb = 0; thus (b+ B)? = 0. By putting
together these two operators, one gets a bicomplex (C*(A),b,B) with CP~9(A) in bidegree
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(p, q). To a cyclic n-cocycle one associates the (b, B) cocycle @, (b+ B)@ = 0, having only one
nonvanishing component @ given by @y o:= (—1)/ 2y,

Dually, there is the following construction of cyclic homology. We let Co(.A) be the complex
consisting of chains over the algebra A, that is in degree n, Cn(A) := A®MH1) There is the
obvious pairing between C*®(.4) and C4(.A) and one defines the Hochschild operator b : C,(A) —
Cn_1(A) and the boundary operator B : Cy,(A) — Cy41(A), by dualizing the above maps on
C*(A). They satisfy b?* = 0,B? = 0,bB + Bb = 0; thus (b + B)? = 0. We define the cyclic
homology HC®(A) as the second filtration of the (b, B) bicomplex of chains.

A.6.1 Pairing of cyclic cohomology with K-theory

There is a pairing between the cyclic cohomology and the K-theory of an algebra A [27]. For
p € Ko(A), the Chern character is defined as an even cycle ch(p) = ), chy(p) with for k =0,

cho(p) = tr(p);
whereas for k # 0

2k)! 1
Chk(’P) = (*])k( k') Z(pioh - Eéioh ) & Piiy ® Piiy Q- ®pizk10'

The pairing between Ko(A) and cyclic cohomology is then given by the natural pairing between
(even) cycles and cocycles:

([$V™, [pl) = Y b (ch(p)).
k

Note that due to the isomorphism (A.3.1), the Chern character can also be defined by

L (2K)! 1

(=15 = 5)(8p)%) € QF(A).

In the odd case, we have the following definition of the Chern character. For u € K;(A) we
define an odd cycle ch(u) = ), chy(u) with

chy(p) :

chi(u) := Z(—1 Rut gy, ® - @ug)! ® Uiyy 4o -

xizk+1
k>0

The pairing between K1(.A) and cyclic cohomology is then given as

(@4, [ul) = > &7 (chi(w))
k

A.7 The local index formula of Connes and Moscovici

Let (A, H, D) be a regular spectral triple, as defined above. The local index formula of Connes
and Moscovici [34] expresses the index of twisted Dirac operators in terms of cocycles in the
(b, B) bicomplex, which are easier to compute. Recall that a Fredholm operator in a Hilbert
space is an operator with a finite dimensional kernel and cokernel.

We will be interested in the indices of the following two Fredholm operators. Suppose that
(A,H,D) is even. If p € Mn(A) is a projection (so that [p] € Ko(.A)), then the operator
D, = p(D ® In)p is a Fredholm operator on the Hilbert space H ® CN. This follows from
the fact that Dy, is essentially a finite dimensional extension of the elliptic operator D. We are
interested in the index of this so-called twisted Dirac operator Dy.
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Theorem A.17 (even case). (a) An even cocycle V™ = 3 |-, 2% in the (b,B) bicom-
plex of A, is defined by the following formule. For k =0,

¢°(a) := Res z ! tr(ya|D|~%%);
whereas for k # 0

d)Zk(aO, o aZk) — Z Ck,oc];{:e)g tr (’yaO[D, al](oq ). .. D, aZk](fxzk)‘D|—2(|oc\+k+z)) (A.7.1)
X

where

Croa = (=¥ (k + o) (ol (01 + 1) (01 + a2 +2) - (o 4+ - + o + 2K))

and TU) denotes the j’th iteration of the derivation T — [DZ%,T].
(b) The index is given by the natural pairing between cyclic cohomology and K-theory:
Index Dy = ([¢pVM, [p]).

In the case that (A, H,D) is an odd spectral triple, we take a unitary u € Mn(.A) (defining
an element [u] € K1(A)) and define Dy, = (P ® In)u(P @ In), where P = (1 + SignD). Again,
Dy, is a Fredholm operator on H ® I and we are interested in the index of Dy,.

Theorem A.18 (odd case). (a) An odd cocycle $°d4 = 2 k>0 G2 in the (b, B) bicomplex
of A, is defined by the following formule:

d)2k+1 (ao, o a2k+1) — Z Ck,aljfg tr (aO[D, a1](oc1 ). D, a2k+1](fx2k+1 )|D|72(\fxl+k+z)+1)
o«

where
Crooc = (=) (k + ol + 1) (ol (o1 + 1) (o1 + 02 +2) -+ (@1 + -+ + otpeer + 2k + 1))

and TO) denotes the j’th iteration of the derivation T — [DZ,T].

(b) The index is given by the natural pairing between cyclic cohomology and K-theory:

Index D, = ([d)Odd], [ul).
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