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Abstract

We analyse the NC-space underlying the quantum group SU,(2) from the
spectral point of view which is the basis of noncommutative geometry,
and show how the general theory developped in our joint work with H.
Moscovici applies to the specific spectral triple defined by Chakraborty
and Pal. This provides the pseudo-differential calculus, the Wodzciki-type
residue, and the local cyclic cocycle giving the index formula. The cochain
whose coboundary is the difference between the original Chern character
and the local one is given by the remainders in the rational approximation
of the logarithmic derivative of the Dedekind eta function. This specific
example allows to illustrate the general notion of locality in NCG. The
formulas computing the residue are ”local”. Locality by stripping all the
expressions from irrelevant details makes them computable. The key fea-
ture of this spectral triple is its equivariance, i.e. the SUg(2)-symmetry.
We shall explain how this leads naturally to the general concept of invari-
ant cyclic cohomology in the framework of quantum group symmetries.

Introduction

Operator theoretic Local Index Formula
Dimension Spectrum of SU,(2), (¢ =0)

The Local Index Formula for SU,(2), (¢ =0)
The 7-Cochain

Pseudo-differential calculus and the cosphere bundle on SU,(2) ,
q €]0,1]

Dimension Spectrum and Residues for SU,(2), ¢ €]0,1]
The local index formula for SU,(2), ¢ €]0,1]

Quantum group Symmetries and Invariant Cyclic Cohomology



1 Introduction

In noncommutative geometry a geometric space is described from a spectral
point of view, as a triple (A4, H, D) consisting of a %-algebra A represented in
a Hilbert space H together with an unbounded selfadjoint operator D, with
compact resolvent, which interacts with the algebra in a bounded fashion. This
spectral data embodies both the metric and the differential structure of the
geometric space.

An essential ingredient of the general theory is the Chern character in K-
homology which together with cyclic cohomology and the spectral sequence
relating it to Hochschild cohomology, were defined in 1981 (cf. [[},[B],[H]). The
essence of the theory is to allow for computations of differential geometric nature
in the non-commutative framework.

While basic examples such as the non-commutative tori were analysed as early
as 1980 (cf. [ﬂ]), the case of the underlying NC-spaces to quantum groups has
been left aside till recently, mainly because of the ”drop of dimension” which
occurs when the deformation parameter ¢ affects non-classical values ¢ # 1.
Thus for instance the Hochschild dimension of SU,(2) drops from the classical
value d = 3 to d = 1 and these NC-spaces seem at first rather esoteric.

A very interesting spectral triple for SU,(2), ¢ # 1, has been proposed in [B]
Thus the algebra A is the algebra of functions on SU,(2) and the representation
in H is the coregular representation of SU,(2). The operator D is very simple,
and is invariant under the action of the quantum group SU,(2). (The Anzats
proposed in a remark at the end of [§] provides the right formula for |D| but
not for the sign of D as pointed out in [[[7)).

Our purpose in this paper is to show that the general theory developped by
Henri Moscovici and the author (cf. @]) applies perfectly to the above spectral
triple.

The power of the general theory comes from general theorems such as the local
computation of the analogue of Pontrjagin classes: i.e. of the components of
the cyclic cocycle which is the Chern character of the K-homology class of D
and which make sense in general. This result allows, using the infinitesimal
calculus, to go from local to global in the general framework of spectral triples
(A, H, D). The notion of locality which is straightforward for classical spaces
is more elaborate in the non-commutative situation and relies essentially on
the non-commutative integral which is the Dixmier trace in the simplest case
and the analogue of the Wodzicki residue in general. Its validity requires the
discreteness of the dimension spectrum, a subset of C which is an elaboration
of the classical notion of dimension. At an intuitive level this subset is the
set of ”dimensions”, possibly complex, in which the NC-space underlying the
spectral triple manifests itself non-trivially. At the technical level it is the set
of singularities of functions,

¢p(z) = Trace (b|D|~7) Rez>p, beB. (1)



where b € B varies in a suitable algebra canonically associated to the triple and
allowing to develop the pseudo-differential calculus.

Our first result is that in the above case of SU,(2), the dimension spectrum is
simple and equal to {1,2,3} C C. Simplicity of the dimension spectrum means
that the singularities of the functions (f]) are at most simple poles. It then
follows from the general results of [E] that the equality,

][P = Res,—¢ Trace(P|D|™?) (2)

defines a trace on the algebra generated by A, [D, A] and |D|?, where z € C.
Our second result is the explicit computation of this functional in the above
case of SU4(2). In doing so we shall also determine the analogue of the cosphere
bundle in that example and find an interesting space Sj. This space is endowed
with a one parameter group ~; of automorphisms playing the role of the geodesic
flow, and is intimately related to the product Dg L X Dﬁ_, of two NC-two-disks,
while the coproduct gives its relation to SU,(2). The formulas computing the
residue will be ”local” and very simple, locality by stripping all the expressions
from irrelevant details makes them computable.

Our third result which is really the main point of the paper, is the explicit
formula for the local index cocycle, which owing to the metric dimension 3 is a
priori given by the following cocycle,

prfa®,at) = [ aD,a D = 1 [ V(D01 DI )
+3 f V(DY) DI
and,
@3(a®,at,a? a®) = 1—12 ][ a®[D,a'][D, a?|[D,a®] |D| 3, (4)

where V(T') = [D?,T] VT operator in H. We shall begin by working out the
degenerate case ¢ = 0 with a luxury of details, mainly to show that the numerical
coefficients involved in the above formula are in fact unique in order to get a
(non-trivial) cocycle. The coboundary involved in the formula (theorem 3) will
then be conceptually explained (in the section "n-Cochain”) and the specific
values ((0) = —1 and ((—1) = —3 of the Riemann Zeta function will account
for the numerical coefficients encountered in the coboundary.

We shall then move on to the general case ¢ €]0,1[ and construct the pseudo-
differential calculus on SU,(2) following the general theory of [[J]. We shall deter-
mine the algebra of complete symbols by computing the quotient by smoothing
operators. This will give the cosphere bundle S} of SU,(2) already mentionned
above. The analogue of the geodesic flow will give a one-parameter group of
automorphisms y; of C°°(S7). We shall also construct the restriction morphism
r to the product of two non-commutative 2-disks,



r:C(Sy) — COO(D,?+ X D,?,) (5)
We shall then show that the dimension spectrum of SU,4(2) in the above spectral
sense is {1,2, 3} and compute the residues in terms of the symbol p(b) € C*°(S)

of the operator b of order 0. If one lets p(b)° be the component of degree 0 for
the geodesic flow -, the formulas for the residues are,

][ bID|® = (1 @ 1) (rp(b)°)

][b|D|—2
][ bID|~" = (70 ® 70)(rp(5)")

where 7 is the above restriction map to D}, x D7 . The algebras C*>°(Dg,.) are
Toeplitz algebras and as such are extensions of the form,

(1 ® 70+ 70 @71)(rp(b)°)

0—>S—>C°°(D§i)i>coo(51)—>0 (6)

where the ideal S is isomorphic to the algebra of matrices of rapid decay. The
functional 7, is the trace obtained by integrating o(x) on S!, while 79 is a
regularized form of the trace on the ideal S. Due to the need of regularization,
Tp is not a trace but its Hochschild coboundary (which measures the failure of
the trace property) is easily computed in terms of the canonical morphism o.
A similar long exact sequence, and pair of functionals 7; make sense for A =
C>(SU4(2)). They are invariant under the one parameter group of automor-
phisms generated by the derivation 0, which rotates the canonical generators
in opposite ways. Using this derivation together with the second derivative of
o(x) to define the differential we then show how to construct a one dimensional
cycle (in the sense of ([f])) whose character is extremely simple to compute.
This shows how to bypass the shortage of traces on A = C*°(SUy(2)) to obtain
a significant calculus.

Our main result (theorem 5) is that the local formula for the Chern character
of the above spectral triple gives exactly the above cycle, thus completing the
original computation. Another quite remarkable point is that the cochain whose
coboundary is the difference between the original Chern character and the local
one is given by the remainders in the rational approximation of the logarithmic
derivative of the Dedekind eta function. The computation of this non-local
cochain is very involved.

One fundamental property of the above spectral triple is its equivariance ([E])
under the action of the quantum group SU,(2). In the last section we shall use
this example to obtain and explain in general a new concept of quantum group
invariance in cyclic cohomology.



2 Operator theoretic Local Index Formula

Let (A,H,D) be a spectral triple. The Fredholm index of the operator D
determines (in the odd case) an additive map K;(A) — Z given by the equality

©([u]) = Index (PuP),u € GL1(A) (1)

where P is the projector P = #, F = Sign (D).
This map is computed by the pairing of K;(A) with the following cyclic cocycle

7(a®, ..., a") = Trace (a°[F,a']...[F,a"]) Val € A (8)

where F' = Sign D and we assume that the dimension p of our space is finite,
which means that the characteristic values py of (D +4)~! decay like k1P,
also n > p is an odd integer. There are similar formulas involving the grading
v in the even case.

The cyclic cohomology HC™(.A) is defined as the cohomology of the complex of
cyclic cochains, i.e. those satisfying

Ylat, ... a" a’) = (=1)" ¥(d°,...,a"), Val € A, 9)
under the coboundary operation b given by:

n

B¥)(a,...,a" ™) = "(=1)7 P(a’,...,al T, . a"T)  (10)

0
+(=D" @™t a0, Vel € A.

Equivalently, HC™(A) can be described in terms of the second filtration of the
(b, B) bicomplex of arbitrary (non cyclic) cochains on A, where B : C™ — C™~1
is given by
(Bop)(@®,...,a™ N =p(1,a°,...,a™ ) — (=1)™p(a’,...,a™ 1)
B=ABy, (A¢)(a’,....a™ )= (1) g(al,... o/t (11)

To an n-dimensional cyclic cocycle ¢ one associates the (b, B) cocycle ¢ €
ZP(F1 C), n = p— 2q given by

(*1)[71/2] (n!)il Y= Pp,q (12>

where ¢, 4 is the only non zero component of ¢.

Given a spectral triple (A, H, D), with D~ € £>) the precise normalization
for its Chern character in cyclic cohomology is obtained from the following cyclic
cocycle 7,, n > p, n odd,

m(a%,...,a") =\, TY (a°[F,a"]...[F,a"]) , Val € A, (13)



where F' = SignD, A\, = V2i (-1)~ =2 I'(2+1) and
1
T (T) = 3 Trace(F(FT + TF)) (14)

If one wants to regard the cocycle 7, of (E) as a cochain of the (b, B) bicomplex,
one takes (@) into account and use instead of A,, the normalization constant

fin = (=) ()= A, = V2 @

It is difficult to compute the cocycle 7, in general because the formula ([L3)
involves the ordinary trace instead of the local trace f and it is crucial to
obtain a local form of the above cocycle.

In [[L] we obtained the following general formula for the Hochschild cohomology
class of 7,, in terms of the Dixmier trace :

en(a’,...,a") =\, Try, (a°[D,a']...[D,a”] |D|™") , Va’ € A. (15)

The problem of finding a local formula for the cyclic cohomology Chern charac-
ter, i.e. for the class of 7, is solved by a general formula [E] which is expressed
in terms of the (b, B) bicomplex and which we now explain.

Let us make the following regularity hypothesis on (A, H, D)

a and [D,a] € NDomd*, Va € A (16)

where ¢ is the derivation 6(7T") = [|D|, T] for any operator T

We let B denote the algebra generated by 6% (a), 6*([D, a]). The usual notion of
dimension of a space is replaced by the dimension spectrum which is a subset
of C. The precise definition of the dimension spectrum is the subset ¥ C C of
singularities of the analytic functions

¢p(z) = Trace (b|D|™%) Rez>p, beB. (17)

Note that D may have a non-trivial kernel so that |D|™*® is ill defined there.
However the kernel of D is finite dimensional and the poles and residues of the
above function are independent of the arbitrary choice of a non-zero positive
value |D| = ¢ on this kernel. The dimension spectrum of a manifold M consists
of relative integers less than n = dim M it is simple. Multiplicities appear for
singular manifolds. Cantor sets provide examples of complex points z ¢ R in
the dimension spectrum.

We assume that ¥ is discrete and simple, i.e. that (, can be extended to C/%
with simple poles in 3. In fact the hypothesis only matters in a neighborhood
of {z,Re(z) > 0}.

Let (A, H, D) be a spectral triple satisfying the hypothesis ([Lg) and (7).

We shall use the following notations:

V(a) =[D?ad] ; a®) = Vk(a) , Va operator in H .



The local index theorem is the following, @]

Theorem 1.

1. The equality
][P = Res,—¢ Trace(P|D|™?)

defines a trace on the algebra genmerated by A, [D,A] and |D|?, where
ze€C.

2. There is only a finite number of non—zero terms in the following formula
which defines the odd components (¢n)n=1,3,.. of a cocycle in the bicomplex

(b, B) of A,

on(a®, ... a") = ch,k][aow,al](kﬂ . [D,a™) ) DT 2R el e A
k

where k is a multi-index, |k| = k1 + ... + kn,

k= (—DF 20k k)7 (Ry+1) . (Bybhat. . +hntn)) " T (|/<;| + g) .

3. The pairing of the cyclic cohomology class (pn) € HC*(A) with K1(A)
gives the Fredholm index of D with coefficients in K;(A).

For the normalization of the pairing between HC* and K (A) see [LJ]. In the
even case, i.e. when H is Z/2 graded by ~,

v =7~ 72:1, ya=ay Va€A vD = —D~,

there is an analogous formula for a cocycle (), n even, which gives the Fred-
holm index of D with coefficients in K. However, (g is not expressed in terms
of the residue f because the character can be non-trivial for a finite dimensional
‘H, in which case all residues vanish.

To give some concreteness to this general result we shall undertake the compu-
tation in an example, that of the quantum group SU,(2). Its original interest is
that it lies rather far from ordinary manifolds and is thus a good test case for
the general theory.

3 Dimension Spectrum of SU,(2): Case ¢ = 0.

Let ¢ be a real number 0 < ¢ < 1. We start with the presentation of the algebra
of coordinates on the quantum group SU,(2) in the form,



afat+ B =1, aa’+¢°B8" =1, af = qfa, af* = qf*a, f5" =B (18)

Let us recall the notations for the standard representation of that algebra. One
lets H be the Hilbert space with orthonormal basis e( ") where n € %N varies
among half-integers while 4,j € {-n,—n+1,...,n}.

Thus the first elements are,

0 1/2) . . 11
680)’67(lj/)717j€{555 PR

The following formulas define a unitary representation in H,

n . (3 n—1
aez(-j) =a4(n,i,j)e, ( 1,j)_; +a_(n,i,5) Z( w‘)—% (19)
noi
ey = by (i el + ()3

where the explicit form of a+ and b4 is,

i (1- q2n72j+2)1/2(1 _ q2n72i+2)1/2

ay(n,i,j) =q (1 — gnt2)1/2(1 — gint4)1/2 (20)
. (n . ) _ (1 _ q2n+2j)1/2(1 _ q2n+2i)1/2
-\, 7 (1 — gin)1/2(1 — gan+2)1/2
and 2n—2j+2)1/2 2n+2i+211/2
(1 = n—2j 1— n+21
N ¢ (I—¢ )
by(n,i,j) = —¢"" 1- 4n+2)1/2(1 gin+1)1/2 (21)
. (n . ) i (1 _ q2n+2j)1/2(1 _ q2n—2i)1/2
—(n,7,7 q (1 — g4n)1/2(1 — gAn+2)1/2
Note that a_ does vanish if i = —n or j = —n, which gives meaning to
a_(n, ]) ( %J),% for these values while zf% ¢ [f (nf %) ,n— 5] orj — ¢
[— (n — %) ,n— %] Similarly b_ vanishes for j = —n or i = n.

Let now as in ([ﬂ]), D be the diagonal operator in H given by,

D(e{) = (280(n — i) — 1) 2n e} (22)
where dg(k) = 0 if k # 0 and J,(0) = 1. It follows from [f] that the triple
(A, H, D) (23)

is a spectral triple.



In order to simplify we start the discussion with the case ¢ = 0. We then have
the simpler formulas,
at(n,i,7) =0 (24)
a_(n,i,j)=0if i=—-norj=-n
a_(n,i,j)=1if i # —n and j # —n

bi(n,i,j) =0if j # —n (25)
bi(n,i,j)=—-1if j=-n

b_(n,i,j)=0if i % —norj=-n

b_(n,i,j)=1if i=—-n,j# —n

Thus for ¢ = 0 the operators a and § in H are given by,

n_1
acjy = 6-(,12-),1 if i>-n,j>-n (26)
=573
and aez(-?) =0ifi=—-norj=—n.
ﬁez(.;?) =0 it i#-n and j#-n (27)
nil . .
ﬁe(_n%j = e(f(ni)%),jfé if j#-n (28)
and ()
(n)y _  \nt3
Bei—n = il —(n+1)" (29)

By construction 83* = 3* is the projection e on the subset {i = —n or j = —n}
of the basis.

Also « is a partial isometry with initial support 1— e and final support 1 = aa™.
The basic relations between o and 3 are,

ca+BB=1, ac* =1, aB=af* =0, 86" =55. (30)
For f € C>(SY), f = anei"e, we let
FB)=DFnB"+> BT+ foe (31)
n>0 n<0

and the map f — f(f3) gives a (degenerate) representation of C*°(S1) in H.

Now let A be the linear space of sums,

a= Z a*kfkg(ﬁ) o + Z e of + Z )\;C a*F (32)

k,0>0 >0 k>0



where A and ) are sequences (of complex numbers) of rapid decay and (fi¢) is
a sequence of rapid decay with values in C>°(S%).

We let A be the C* algebra in H generated by « and 3.

Proposition 1. The subspace A C A is a subalgebra stable under holomorphic
functional calculus.

Proof. Let o be the linear map from A to C>°(S*) given by,

o(a) = Z Neut + Z Nou~* (33)

>0 k>0

where u = € is the generator of C*=°(S'). Let J = Kero. For a € J one has
a=>a**frpa’ and the equality,

o freaa® g o = 640 o g gre o (34)
shows that J is an algebra and is isomorphic to the topological tensor product
C®(SH®S=C>(,S) (35)

where S is the algebra of matrices of rapid decay.

Since S is stable under holomorphic functional calculus (h.f.c.) in its norm
closure K (the C* algebra of compact operators), it follows from [B9) that 7 is
stable under h.f.c. in its norm closure J C A.

The equalities af(3) = 0Vf € C°(S!) and aa* = 1 show that 7 is stable under
left multiplication by a* and «. It follows using () that A is an algebra, J a
two sided ideal of A and that one has the exact sequence,

0—J— A2 C®(S" —0. (36)

By construction A is dense in A. Let us check that it is stable under h.f.c. in
A. Let a € A be such that a=! € A. Let us show that a=! € A.

Let 0, be the derivation of A given by,
Owx=q, 0,3=0. (37)

The one parameter group exp(itd,) of automorphisms of A is implemented by
unitary operators in H (cf.(fd) below) and extends to A. Moreover A is dense
in the domain,

Dom ¢’ = {zx € A; dlx c A} (38)
in the graph norm.

Since a=! € Dom &, we can, given any € > 0, find b € A such that,

[5(b—a" ] <e  j=0,1,2. (39)

10



Thus, given € > 0, we can find b € A such that, with z = ab,
[03(x =D < j=0,1,2. (40)
For ¢ small enough it follows that if we let o(z~!)) be the Fourier coefficients

of o(z71),
c= Za(m71)2 a + Za(m71)2 o™ " (41)

n>0 n<0

is an element of A, invertible in A, such that,
o(c) = O'(SC_l) . (42)

(Since one controls n?o(x~1)" from ||0(x=1 —1)]|.)

Thus o(zc) = 1 and since zc is invertible in A ( by #d), @) and 1 —2ce g
the stability of J under h.f.c. shows that (zc)™! =y € A. Then abcy = 1 and
=bcyc A O

Our next result determines the dimension spectrum of the spectral triple (A, H, D)
defined above in (3),

Theorem 2. The dimension spectrum of the spectral triple (A, H, D) is simple
and equal to {1,2,3} C C.

Thus we let B be the algebra generated by the
6(a), 6*([D,a)]), a € A, k€N (43)

where 0 is the unbounded derivation of £L(H) given by the commutator with
1D,
o(T)=|D|T-T|D|. (44)

(It is part of the statement that the elements in (i) are in the domain of §*.)
For b € B we consider the function,

¢p(s) = Trace (b|D]™?) (45)

where we take care of the eigenvalue D = 0 by replacing |D| by an arbitrary
e > 0 there. The statement of the theorem is that all the functions (3(s) which
are a priori only defined for Re (s) > 3, do extend to meromorphic function on
C and only admit simple poles at the 3 points {1,2,3} C C.

To prove it we shall first describe the algebra B. We let,
F =SignD (46)

so that F' = 2P — 1 where P is the orthogonal projection on the subset {i = n}
of the basis. Concerning the generator a one has,

§(a) =—a, §(a*)=a", [F,a] =0. (47)

11



It follows that [D,a*] = Fé(a*) = Fa* = o*F. Thus «[D,a*] = aa*F = F,
F=a[D,a"]. (48)

This shows that F' € B.

Concerning the generator  one has

6(8) = PK, 6(8") = —K(3° (49)

where K is the multiplication operator,

K(eff)) = k(n.ij) ey’ (50)
with
k(n,i,j) =0 unless i = —n or j=-n (51)
k(n,i,—n)=1.
Thus the support of K is e = 3*(3 and,
K*=e. (52)
We let e = % (K — BK(3*). It is the orthogonal projection on the subset of the
basis {¢ = —n and j = —n}. For each m one lets,
em = Meg ™ (53)

and the e,, are pairwise orthogonal projections such that,

Zem:e. (54)

meZ

We let £ be the algebra of double sums with rapid decay,
L= {Z A Fem: A € 5} (55)

(where ~¢ = g*¢ for £ > 0).
One has §(e,) = 0, [K, 8] = 2e083, Ke,, = sign(m)e,, and using ([i9),

0(B™) =np"K modulo L. (56)
Thus £ is invariant (globally) under 6. Also for any f € C°°(S!) one has
(K, f(B)] €L (57)
and the algebra By,
Bo = {fo(B) + f1(B) K + h; fj € C¥(S"), he L} (58)

12



is stable by the derivation 4.

A similar result holds if we further adjoin the operator
Fy =eF = Fe. (59)
Indeed e = %(Fl — BF13*) is the projection on the element {eé%} of the

basis and the e, = ["e(3*™ are pairwise orthogonal projections on the one
(n/2)

dimensional subspaces spanned for n > 0 by €n/2 —n/2 and forn < 0, n = —k,
by o(F/2)
~k/2,k/2"
We let,
L= {Z Aam € 2 A € 5} . (60)
One has,
[E () eLl  Vfele(s (61)

and Fl,C/ = E/Fl = ﬁl.
Also e, < e, for each n so that ££' C £ and £'L C £’ which shows that the
su,

L'=L+r (62)
is an algebra.

Thus the algebra generated in eH by the 6% (f), f € C>°(S') and F}, is contained
in the algebra B;

By ={fo+ iK+ foFy +h; f €C=(SY), he L"}. (63)
Note that F1K =1+ 2(K — F}) so that we do not need terms in F; K.
We then let B be the algebra of double sums,
B = {Z a** b o + Ao + AlF} (64)

where by € By and the sequence (bye) is of rapid decay while Ay, Ay are sums
of rapid decay of the form,

A= g ago/JrE a_pa*k.
>0 k>0

Since F' commutes with o and o* it commutes with A;. Thus one checks that
B is an algebra, that it is stable under § and contains both F' and A, thus it
contains B.

Let then b € B and consider the function,
¢p(s) = Trace (b|D]™%) (65)

which is well defined for Re (s) > 3.

13



There is a natural bigrading corresponding to the degrees in a and 3. It is
implemented by the following action of T? in H,

V(u,v) egfe) =expi(—u(k+£)+v(k—1)) egfe) . (66)

Note that both k 4 ¢ and k — £ are integers so that one gets an action of T?.

The indices k, ¢ are transformed to k — %, {— % by «, so that

V(u,v) a(egfg) =expi(—u(k +£—1)+v(k — 1)) 04(61(:2)
and we get, |
V(uv)aV(—u,—v) = e"a. (67)
The indices k, ¢ are transformed to k + %, l— % by £ and,

V(u,0) B(e")) = expi(—u(k + £) +v(k — £+ 1)) B(el™)
so that, |
V(u,v) BV (~u, —v) = ”f. (68)
Moreover, since V' is a multiplication operator it commutes with |D]|, D, and
F=2P—1.

Using the restriction of this bigrading to B (which gives bidegree (0,0) for
diagonal operators, (1,0) for a and (0,1) for 3) one checks that homogeneous
elements of bidegree # (0, 0) satisfy (,(s) = 0, thus one can assume that b is of
bidegree (0,0).

Any b € B9 is of the form,

b= Z a*F b ¥ +ag + a1 F (69)

where ag, a1 are scalars and (by) is a sequence of rapid decay with by € B%O’O).

Elements c of B;O’O) are of the form,

c=X+MK+XF|+h (70)

where \; are scalars and h € £7(9). Finally elements of £”(®:9) are of the form,

h=> hnen+ > hi,el, (71)

where (hy,) and (h],) are scalar sequences of rapid decay.

The equality,
|D|? a*F = o**(|D| + k)? zeC (72)

is checked directly (k > 0).
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Using a*a** = 1 it follows that with b as in @),

Trace (b|D|™%) = Trace ((ap + a1 F) |D|7%) + Z Trace (b (|D] +k)7°%). (73)
k>0

Now for h as in ([1]) one has

Trace (h[D|7*) = hnTrace (e, |D|~*) + Y _ ki, Trace (e}, |D|*).

Moreover
o) In|—1 1
Trace (en | D|~%) Z |n|+€ S CED =
£=0 0

In|-1
But > h, | > T%) = p1(s) is a holomorphic function of s € C and similarly,
0

since Trace (e}, |D|™%) = #, the function pa(s) = > k. Trace(e,, |D|™*) is
holomorphic in s € C. Thus modulo holomorphic functions one has,

Trace (hD|~*) ~ (3 hn) ¢(s) (74)

Next,

2n+1

nS

Trace (e|D|™%) = =2¢(s—1)+¢(s)+e° (75)

OM8

Trace (K |D|™°) = Z Z sign(n)__ C(s)+e°

= IR
and with F' = 2P — 1 we also have,
Trace (eP|D|™%) = ((s) +&~°. (76)
Thus, with ¢ as in (f0) we get,
Cels) = AC(s = 1) + uC(s) + p(s) (77)

where A, u are scalars and p is a holomorphic function of s € C.

A similar result holds for

Z Trace (b (| D] + k)™°).
k>0

For instance one rewrites the double sum

1
hp k Trace (e, (/D] + k)™%) = hoke 77—
2 (em(ID] + k) n% (ETENIE
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S k] o= acls) +ls)

where a = Y hy,, , and p is holomorphic in s € C.

Finally
Trace (P |D|~*° C(s—=1)+¢(s)
0
and
= (n + 1
Trace (|D|™*) =Y ~———=((s —2)+2((s — 1) +((s).
0
Thus we conclude that for any b € B one has
G(s) = A3 (s = 2) + A2 ((s = 1) + A ¢(s) + p(s) (78)

where the A; are scalars and p is a holomorphic function of s € C, thus proving
theorem 2.

4 The Local Index Formula for SU,(2), (¢ = 0).

In this section we shall compute the local index formula for the above spectral
triple. Since the dimension spectrum is simple and equal to {1,2,3} C C the
cyclic cocycle given by the local index formula has two components ¢; and @3
of degree 1 and 3 given, up to an overall multiplication by (22'77)1/2, by

prla’,at) = [ alD,a D = 1 [ V(D0 DI (79)
+3 f V(DY) DI
and, .
w3(a’,a',a?, a®) = D ][ a’[D,a'|[D, a?|[D,a®] |D| 3. (80)

With these notations the cocycle equation is,
bp1 + Bps = 0. (81)
The following formulas define a cyclic cocycle 7 on A,

(o™, z) = 71 (z, %) = 7 (!, 2) = 71 (x,a!) =0, (82)
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for all integers k, [ and any x € A,
ri(a* f(B)al, 0t g(B)a’) =0 (83)
unless ¢/ = k, k' = ¢ and

(™ F(B)at,a*g(B)a*) = — [ 1.

T

Let g be the 0-cochain given by wo(a** f(3)af) = 0 unless k = £ and,

1

colo F(8)a) = k) 5= [ f b (84)
where p(j) = £ —j — _j Finally, let 2 be the 2-cochain given by the pull back
by o of the cochaln T [ fofify df on C>(S).

Our next task is to prove the following result,

Theorem 3. The local index formula of the spectral triple (A, H, D) is given
by the cyclic cocycle 71 up to the coboundary of the cochain (po,p2).

The precise equations are,

©1 = 11+ bpo + Bea, 03 = by . (85)

The proof is a computation but we shall go through it in details in order to get
familiar with various ways of computing residues and manipulating ”infinitesi-
mals” in the sense of the quantized calculus. In other words our purpose is not
concision but rather a leisurly account of the details.

4.1 Restriction to C>(f3)

Let us first concentrate on the restriction of the cocycle ¢ to the subalgebra
C>(0) generated by § and §*. To see the subspace of H responsible for the
non-triviality of that cocycle we follow the action of 3 on the vectors,

3
N

f_n:e_é,% n>0, neN. (86)
and,
Gn=ell) s n>0,neN (87)
For n > 0, (@) shows that B(§_) = {_(n—1) = §{—ny1, With B(§-1) = eO 0 = &.
Next, B(€) = B(ef) = —€(y)a)_1jp = —&1, and for n > 0 (B9 shows that
B(&n) = —&nt1. Thus,
B(&n) = —sign(n) &1 (sign(0) =1) (88)
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We let £2(Z) = Ho C H be the subspace of H spanned by the &, and rewrite
the above equality as,
B =-UH on (*(Z) CH (89)

where H is the sign operator and U the shift,
Uén = &n+1 - (90)

The operator D also restricts to the subspace ¢?(Z) = Ho C ‘H and its restriction
Dy is given by,
Do&pn = Sign(n) |7’L| En =nén vn. (91)

The unitary W = €% (Pol=DP0) commutes with Dy and conjugates U to —UH,
WUW* = —-UH (92)

Thus the triple (8, Ho,Dp) is isomorphic to,

<ei0, L2(SY), (—i) %) : (93)

In particular the index and cyclic cohomology pairings with the restriction to
‘Ho are non trivial and we control,

Ress=1 Tracey, (5% [Do, 8] |Do|™°) = 2. (94)

This however does not suffice to get the non-triviality of the restriction of ¢ to
C>(0) since we need to control the residues on eH where, as above e is the
support of 3. To see what happens we shall conjugate the restriction of both
0§ and D to the orthogonal complement of Hy in eH with a very simple triple.
Let us define for each k € N the vectors,

ktn
ktn

'fr(zk) =€, — (k) n =0
’ 2

2

so that §ék> = e@é%ﬁkﬂ.

For n > 0 one has

k4+n
)

5(5(—@1) = 5 <€(_(21642r ),n2k> = eg(kg;;f)l)’nflfk = g(f()nfl) = §£k73+1 .

For n =0,
k k Al k
) = L o) = = ) (e =



and,

= <l(_)> = i) gy = -6,

PERI

Thus, as in @) we have,

BEN) = —sign (n) &7, . (96)
Now ﬁ(ez(-;-n)) = 0 unless ¢ = —m or j = —m and for any m € %N the vectors
6(_"72,]‘ and eEsz) are of the form 57@. Indeed in the first case one takes n =

m + j, k = m — j which are both in N, and 5(_]2 = e(_77727j. In the second case

n=m+1i, k=m—iareboth in N and &) =™ .

1, —

We then let Hj be the span of the 57@, n € Z and

H =P Hi = 2(2) ® *(NF). (97)

E>1
The operator D restricts to H' and is given there by,
D' =|Dy|®@14+1®N (98)

where N is the number operator Ney = key.
Also §is —UH ® 1 and we can conjugate it as in (BJ) back to U & 1.
Thus the triple (8, H’, D’) is isomorphic to

(U®1, 2(Z) @ 2(NT), |Do|®1+1® N) (99)

The metric dimension is 2 in this situation, and the contribution ¢’ of H’ to
the restriction of ¢ to C°°(8) only has a one dimensional component ¢} which
involves the two terms,

dilatat) = [alD' a7 = f VD) D, @ e o)
(100)
Since D’ is positive, it is K-homologically trivial and the above cocycle must
vanish identically on C*°(3). As we shall see this vanishing holds because of
the precise ratio —i of the coefficients in the local index formula.
To see this, we need to compute the poles and residues of functions of the form
Trace ((T' ® 1) |D'|~*) for operators T in ¢?(Z). For that purpose it is most
efficient to use the well known relation between residues of zeta functions and
asymptotic expansions of related theta functions. More specifically, for A > 0
and Re(s) > 0, the equality,

1 [ dt
A0 = “tAys 2 101
r<s>/o © N (101)
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gives

1 e L dt
Trace (T ®1)|D'|7%) = F—/ Trace (T ® 1) e tP)t* =

1 dt
= / Trace (Tet1Poly (t—l) t° <
ot _

Thus if we assume that one has an expansion of the form Trace (T'e~tP0l) =
2 + b+ ct+ 0(t?) one gets, using

1
et — 1

1 1 t
= 4~ 4ot? 102
t 2 12 0(t%) (102)

the equality modulo holomorphic functions of s, Re(s) > 0,

Trace (T @ 1)|D/| %) ~ L/O oty &

T'(s) t’
where,
_a (b — %) a b
<p(t)—t2+ ; +12 2+c.

One has fol te % = é, thus one gets 2 poles s = 2 and s = 1, and the expansion,

He—s a a 1
Trace (T 1) D7) ~ sy + (b— 5) O R
so that,
Ress—z2(Trace (T'® 1)|D'|7%)) = (103)
Resg—1(Trace (T @ 1)|D'|7%)) = b — (104)

o |

Let us compute ¢} (3*,3). The first term in ([00) is o 5*[D’, B]|D'|~*. Thus
we take T = U*[|Dy|,U]. One has [|Dy|,U] =UH, T = H and

Trace (Tet1Poly Zsagn e~tnl = — Z e 14 Zeftk =1. (105)
1 1
Thus in that case a =0, b =1 and,
fowapr -t (106)

The second term in ([[00) is f 3*V/([D’, 8]) |D'|~ where V is the commutator
with D’2. If we let as above § be the commutator with |D’|, one has

VT = §(T)|D'| + |D'| (T).
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Thus, permuting |D’| modulo operators of lower order, we get,
Fovw =z f o) (107)

To compute the r. h. s. we take T = U*§%(U) and look at the residue at s = 2.
One has 6(U) =UH, §*(U) = (UH)H =U and T = 1. Thus

Trace (Te~t1Poly = Ze‘tln‘ :1+226_t”
zZ 1
2 2
=1 ~Z ot
+ et—1 ¢ +0(t)

so that a = 2, b = 0. Thus we get,
][ F°8(1D', B)) | D'| 2 = Res—o(Trace (U"52(U) @ 1) [D'|*) =2 (108)
Thus we get,
5 D.BIDI" =1, 5D 1D - (109)

and ¢} (8%, 3) = 0 precisely because of the coefficient =% in ([L00).

One proceeds similarly to compute ¢} (8, 3*). The first term in ([[00) comes from
T = UG§(U*). In the canonical basis &, of £>(Z) one has Us(U*) e, = (|n — 1| —
In|) e, = —sign (n — 1), and Trace (Te~1P0l) = S (—sign (n — 1)) e "l = 1.
Thus,

fmmmwTeL (110)

Since U§*(U*) = 1 the computation of the second term of ([[0]) is the same as
above and we get,

fﬁ WWflfﬂv N IDI? = (111)
so that ¢} (8, 5*) = 0.

Let us now take n > 0 and compute ¢} (3™, 7). The first term of ([[0() involves
T = U*§(U™). One has,

S(U™) =UHU" '+ UHU" ? 4.+ U'HU™ I .-+ U"H = Y U/HU"
j=1
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One has U** HU*e; = sign(k + /) e¢ and,

k
Trace (U** HU*e~!1Pol) = Trace (He *1Pol) 4+ 22 el w142k +0(1).
1

Thus,
Trace (U*"5(U™) e~ H1Pol) ~ zn:(Z(n—j)—i—l)—i—O(t) = §(2k+1)+0(t) =n’+0(t),
j=1 k=0
and (n > 0)
f oot =, (112)

Now modulo finite rank operators one has §(U") = nU"H and 6(U") = n?U",
thus as above,

][ B V([D',B") |D'| 7% = 4n?, (113)
so that ¢} (8*", ") = 0.
Finally the computation of ¢} (6™, 5*") involves T = U™§(U*"™). One has

Un(s(U*n) - _ Z UkHU*k ,
k=1
and U HU**¢, = sign (¢ — k) ¢, so that,

k—1
Trace (UNHU ™ e~ 1P0l) — Trace (He 1P0) = —2) " e™¥
0

and,
Trace (U* HU e~ 1P0l) ~ 1 — 2k 4 0(1).
Thus,
Trace (Un(S(U*n) e_t‘D0|) - _ ZTI‘&CG (UkHU*ke—t\Do\)
k=1
~ =) (1= 2k) +0(t) ~ n® +0(t)

k=1

and,

][ ﬁn [D/’B*n]|D/|71 :nQ- (114)
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Also as above,
F oo s ) = an (115)
so that we get the required vanishing,
¢1=0

What is instructive in the above computation is that this vanishing which is
required by theorem 1, involves because of the factorisation (@) terms such as
"Trace(H)” which appear in equation ([[05) and are similar to eta-invariants.
We have thus shown that ¢1 = 71 on C*°(), or equivalently that,

][ s D, " D7 — i][ 8" v([D, ") |D|~* = 2n. (116)

4.2 Restriction to the ideal 7

Let us extend this computation to J = Kero. The component (3 vanishes

on J and we just need to compute ¢; = gago) - %5051) + %90&2). We begin

by (pgo) (W, p) =+ ¢/[D,u]|D|7!, and need only consider the case where p =

a*kpral and p' = a** g7 o’ are monomials. (As above 37" = *" and 3° = e).
With F'= 2P — 1 one has [F,a] =0 and

[D,a!] = —tFa' = —ta'F (117)
and
[D,a**] = kFa*™ = ka*™* F . (118)
Thus,
[D,,LL] _ [D,Oz*k] 6710/ + Oz*k[D,ﬂn] aé + Oz*kﬂn[D,O/]
koz*kFﬂnO/ +Ot*k[D,6n] O/ —Ea*kﬂ”Fo/,
so that

(D, 4] = o™ (kFB" + [D, "] — £8"F) o (119)

The bigrading (5d) shows that f W[D,u]|D|~! vanishes unless both total de-
grees are 0, i.e.
(+0 —k—kK =0,n =-n. (120)

The element X = (kFg™ + [D, "] — ¢{B"F) satisfies eXe = X so that the
product L
,U//[D,,U,] — a*k ﬁn CYZ a*kXo/,
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vanishes unless ¢ = k. Combining with ([20) we get £ = k', and can assume
that ' = a**p*"af. Then p/'[D,u] = o**4** X o’ so that we just need to
compute,

][ Oz*eﬂ*nXOte |D|71 )
Now by (fJ) one has,
D] a* = a™|D| ™ — ta™|D| 72 + 0(ID|?) (121)
Thus,

Fuwaiort = [erxipt - fprxip az)

where

X = (kFB" +[D, "] — (5" F).

Note that a, a® have now disappeared so that we can compute using the sub-
spaces Hp and H’ of eH. Note also that on H’ one has F' = —1 since P = 0. Only
H' matters for f *"X |D|72. One has f 3*"kF3"|D|"* = —k f,,|D|~* since
F ~—1,and { g*"(—(B"F)|D|™% = EJCH,|D|_2. Also f B**[D, "] |D|=2 =0
since JCLz(Sl)U_n[|DO|a U™ |Do|~! = 0. Thus,

Fomxipz=@-n{ oI, (123)
H/
One has
][ﬁ*nX|D|_1 :][ﬁ*nk’Fﬁn|D|_l+][ﬁ*n[D,ﬁn] |D|—1 _E][eF|D|—1

where the f- are on H'@Ho. One has f;, 8*"FB"|D|™" = 0 and ,, F|D|~! = 0.
On H’ one has F = —1, thus,

frampaolt = <k f o (124)

and
- e][ eF|D|™'=¢4 |D|7! (125)
H/

so that,

fomxiort = famp ot e-nf ot 0

We now need to compute —% + p/'V([D, p]) |D|~® with p, x/ monomials in J
as above.
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Since |D|~% is order 1 on J we can replace the above by —1 - 1/6([D, ]) |D|~2
where §(z) = [|D|, z]. Moreover, using ([[19),

8([D, p)) = d(a** X at) = ka** Xof + a**6(X) o — bt X ot

5([D,u)) = (k — ) a™* Xl + a*5(X) ot (127)
with X = kFB" + [D, g"] — ("F.
As above for <p§0) we get that <p§1) vanishes unless ¢/ = k, k' = ¢, n’ = —n so
that p/ = a**3*"a* and we can replace p/§([D, u]) |D|~2 by
(k=0 p" X D7+ 5*8(X) |D| 2. (128)
Now by ([2d),

]lﬂ*”X D2 = (¢~ k) { D2
H/

Moreover one has § §*"6(F3")|D|~? = £ 8*6(8"F) |D|~? = 0 since only the
f on H' matters and JCLz(sl) U="[|Do|,U™]|Do|~* = 0. Thus,

-1 fuv@@apprt = —gE—oe-n{f o

2
1 *M n -2
5 [ oo a2)
Since <p§2) =0 on J we get,
o1 (4 1) ][6*" BIDI 4 (¢ k) ]1 DI ==t 4 D
o k— 0\ (¢ — 27_ *"5 n 2
3(=0(=0f b= =5 f 50,6101
Now by ([L16),
foropit = farspaniot =m s0)
Thus we get,
oy =2+ (k)L DI - L@ —w) L o (3
H’ H’

Let us show that 7 is cohomologous to 71 on J. Indeed, let p(k) be an arbitrary
sequence of polynomial growth and ¢g be the 0-cochain given by,

wo(a**pma’) = 0 unless k = ¢, wo(a*F3%a*) = p(k). (132)
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Then
(bpo) (', 1) = o' 1) — o(pp)

and both terms vanish unless k = ¢/, k¥’ = £, n’ = —n. Moreover in that case

,U/H'/ — a*kﬁnaﬂa*k’ﬁnlo/’ — a*kﬁoak

while
W =aogmaF ot et = ot 50t
so that
(bpo) (1, 1) = p(£) = p(k) -
Thus, with,

1
pk) = f (D= 502 f pf? (133)
H/ 2 Hl

we have, on the ideal 7,
p1=T1+byo. (134)

Let us now extend this equality to the case when only one of the variables pu, i
belongs to the ideal 7.

Assuming first that p belongs to the ideal 7, we just need to compute @1 (1, )
for p=a*3% L and 4/ = o K =0 —k>0o0rp/ =a’ if 0/ =k—10>0.
One has by (1), [D,u] = o**Xa!, X = (k — £) °F since [D,3°] = 0 and
[F,3°] = 0. Thus, for ¥’ >0,

][u'[D,u] D" = ][ o (ks — ) P Fa |DI™! = (k— ) ][ "B Fal |D|!

since k + k' = £.
For k' < 0, ¢/ =k — £ > 0 one gets

][o/’a*k(k —0)B°Fa’ D7 = (k — e)f o3°Fal D]
Thus in both cases we get, using,
][oz*eﬂOFo/ D™t = ][QOF|D|*1 - e][ BoF |D|*

- |D|’1+€][ |D|~2 (135)
H’ H’

the formula,
][u’[D,u] ID|™h = (¢~ k) H,|D|71 + (k= 1) H,IDIJ- (136)

One has
5([D, ) = 5((k = £) a** B Fal) = (k = 0)*a™* g Fa
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so that
][u'mD,u]) D2 = —(k - 0)? f D2, (137)
"
Thus

1
o) = (€—k) H,|D|-1+(6<k—6>+5<k—f>2) [ b
= (L—k) |D|*1+1(k2—£2) |D|72.
Hl 2 H/

Now one has 7 (¢/, ) = 0 and,

beoo (1, 1) = @o(i' 1) — o) = ol 8%a’) — o(a™*3%a*) = p(€) — p(k) .

Thus we check that,

o1(p's ) = 71(p's ) + bpo (i, ) - (138)

Let us now assume that p/ belongs to the ideal 7. We take p' = ok’ ﬁoael and
ptobea™ if k=0 —k >0and of if ¢ = k' — ¢ > 0. Assume first £ > 0. One
h%lD,,u] = ka**F and £ p/[D,p]|D|7" = k f o*¥ 8°%* F|D|~!. Thus using

(33 we g,
fuoiort =k (= f prtaw f pr2).

But k = ¢ — K’ so that,
Fuloa ot = o) f pItare - [ prE s
H’ H’
Also 6([D, u]) = k?a**F and
N R e L
H/
Thus
’ / / —1 19! / 1 2 —2
ert o =0 = ) f [0+ (K -1+ 302) f o
H/ 2 Hl

One has

1 1 1 1
k//g/*k/ _k2:k/£/7k/ —6’*]{3’2:—/2*— 12
( )5 ( )+ 5 ( ) =5 -Gk
so that,
1
orlut o) = (=) f DI g f Dt o)
H/ 2 H/
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Now p/p = a** 3%* | uu' = a*¥ 824" so that,
boo(1's 1) = o' 1) = o) = o™ B2k ) — o (@™ 8%") = p(K') —p(¢') .
Thus, since 71 (1, u) = 0, we get,

o1(p', 1) =1 (p's ) + (bpo) (1, 1) - (141)

Next, let us assume that £ = k' — ¢’ > 0. Then u = of, [D,u] = —¢a’F, and
WD, u) = —La*¥ 3%* F so that by ([35),

Fuwior =—e(=f prtaw { pr2).

Fumaiort =@ -y prtere - f o e

One has 6([D, u]) = ¢?a'F and,

][M'a([p,u])mr? _ z?fa*k’goak’pmrl

= e[ =g -ep { .
H’ H’

Thus as above the coefficient of £, [D| ™2 in @1 (', ) is k' (¢ k') + 5 (K’ —')* =
12 _ Lg2 and
2 2 ;

1, 1 _
P ) = (K =) f DI 45 (2 =k f DI (143)

Thus, as above we get,

1(u's 1) =T (p's ) 4 beo(p', 1) - (144)

Before we proceed, note that ([L39) which defines ¢q is only determined up to
the addition of an arbitrary constant to p. As it turns out this constant will
play a role and will be uniquely specified by equation (@) with the value %
Also in order to show that the above computation was largely independent of
the specific numerical values of 4,,|D|~! and 4,,|D|~? we did not replace these

expressions by their values which are,
|ID|7! = —1 ][ |ID|72 =2. (145)
H H

(To get () we use (@) and () and compute
Tracey (e HPl) = (Z e—t|k|> <ie—t6>

kEZ
14 2 1 2 1Jr
et —1 et —1 2t
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Thus (up to an additive constant), (L33) gives,

p(j) =~ +5%) (146)

We extend the definition of ¢g to A by ¢o(1) = 0 while, as above, ¢g(a) vanishes
if the bidegree of a is # (0, 0).

4.3 Three dimensional components

It follows from ([[44) that ¢ = 1 — 71 — by vanishes if one of the arguments is
in J and thus v (ag,a;) only depends on the symbols o(a;) € C°>°(S!) where

0—J — A2 C®0SY —0 (147)

is the natural exact sequence, with o(a) = u and o(8) = 0.
But the same holds for the component 3,

@3(@0,@1,@2,0{3) = ][ ag [D,al] [D,ag] [D,a3] |D|_3. (148)

Indeed if one of the a; belongs to the two sided ideal J one is dealing with
a trace class operator since |D|~3 is trace class on the support of 3. Thus
w3(ao, a1, a2, a3) only depends on the symbols f; = o(a;), and is given by,

-1

903(%,@1,@2,@3) = o

[, forissian. (149)

where [/ = %. Since F' = 2P — 1 introduces a minus sign, we use (L1§) and

can replace [D, a;] by —if}, so that () follows from,

][ |ID|7% =1. (150)

Thus to get the complete control of the cocycle ¢ it remains only to compute
B(a¥,a™) and p(a*, at).
Let us compute ¢(a”, a**). One has

bo (¥, o) = po(aFa®) — po(a™*ar) = — pg(a*ak)
Let A\, = @o(a**ak), then
Mo — i1 = go(@* Hara — 1) a*1) = —go(a* 1% 1) = —p(k — 1)
since a*a — 1 = —3°. We get,

k—1

M= (G+5%) =

0

kS
— 151
T3 (151)

wl
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and,
Kk
bcpo(ozk, oz*k) =-3 + 3 (152)

Let us compute ¢; (o, a**). With ¢, = 5050) — %5051) + %5052), one has,

@go)(ak,a*k) = ][ "D, a*||D|7t = ][ kaka™ F|D|7t = k][ F|D|!
using ([[1§). Next,
oV @k a) = [ V(D DI =k f FV (@) D]
But V(z) = |D|d(x) + &(z) |D| = 6%(z) + 26(x) |D| and 6?(a**F) = k2a**F,

thus,
oM (aF, o) = k3]l F|D|™® + 2k? ][ F|D| 2

Finally,
A0 = fatvr(D.a) Dl
= 4][ a*8%([D,a**))|D| 73 = 41@3][F|D|*3.
Thus,
prlafa®) = & f PIDt - S8 [ FiDp?

1 1
+ (_Zk3 - §k3)][F|D|‘3. (153)

One has f F|D|™3 = —1 and thus the term in &% is 7%3. Thus the term in k3
in 1) =y — 1 — by is, using ([153),

11 k3
1

As we shall see now, this 15 corresponds exactly to the coefficient % in the

universal index formula (theorem 1).
Indeed the term in k2 corresponds to the cochain 3 given in terms of the
symbols fo, f1 by,

¥3(ao,a1) = ﬁ/fof{"de- (155)

Let us compute bi3 where we only involve the symbols. One has

fofifs" = fo(fifo)" + fafofi” = fo(=3f1'fs — 3f1f3)
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thus we get,

1
ba(ao,ar,az) = 5 [ Fol=367 5~ 35147 do.

We have,

1 1
Boga(an,ar,az) =~ [ 1300 = 5 [ falsi 5+ s a6,

This is already cyclic so that,

3
Ba(an,ar,az) = 5 [ Falfi 15+ 87 do.

and we get,
b1/13 + B(pg = 0.

In fact,
Y3 = Bya , @3 = bpa,

where 9 is given by,

-1 1
pa(ag,ar,az) = > 2 /fof{ 5 do.

Let us now compute { F'|D|~2. One has,

and,

Thus we get, since F' = 2P — 1,

and by a similar computation,

][F|D|_1:1.

72k+k3
3 127

This gives,
v(a*, o)

The computation of 1)(a’*, af) is entirely similar and gives ¢ (a’*, o)

3
%. We thus have ¢ = —%1/11 + %’lﬂg where,
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Y1(ap,a1) = /f0f1d9 (166)

It just remains to see why adding a constant to p allows to eliminate —%1/11 from

4. This follows from ([[51)) and ([[59) i. e.
k—1
bpo (o, a* Zp (167)
0

Thus addlng to p gives ¢ = 12¢3 and ends the proof of theorem 3. O
We shall now understand the conceptual meaning of the above concrete com-
putation.

5 The n-Cochain.

In this section we shall give two general formulas. The first will provide the
conceptual explanation of theorem 3, and of the cochain (¢g, ¢2) which appears
there. The second will prepare for the computation of the local index formula
in the general case ¢q €]0, 1].

The explanation of theorem 3 and of the cochains,

pole £(5) a?) = (§ =) g [ rao, (168)

pa(ao, ai,az) = /f0f1 5 d0, fj =o(ay), (169)
24 27i
is given by the following,

Proposition 2. Let (A, H, D) be a spectral triple with discrete simple dimension
spectrum not containing 0 and upper bounded by 3. Assume that [F,a) is trace
class for all a € A. Let 1 (ag, a1) = Trace(ao[F, a1]).

Then the local Chern Character (p1,ps) of (A, H, D) is equal to 71 + (b + B)yp
where (po, p2) is the cochain given by,

wo(a) = Trace(F a|D|™%)s=0,

1
wa(ag, ar,az) = ﬂ]lao 5(a1)52(a2)F|D|*3.

Note that ¢y makes sense by the absence of pole at s = 0, i.e. the hypothesis
0 ¢ Dimension Spectrum. Its value for a = 1 coincides with the classical 7-
invariant (] ,[E]) and justifies the terminology of 7-cochain to qualify the cochain
((;003 SDQ)

32



The proof of the proposition is a simple calculation based on the expansion ([ff])
—s)(—s—1
DI"*a~a|D|"* — s (@)D~ + S S)(; ) 52 (a)|D| >

» It D) sipp s s oDl ), (1n0)

which allows to express byg in terms of residues. More specifically one gets,

bo(aosar) = ~7a(aos 1) + f andlar) DI

1

1
-3 ][ao () FID|? + 3 ][ao 53(a1) F |D|~ (171)

using the hypothesis [F, a] trace class for all a € A. This hypothesis also shows
that,

o1(a0, ar) = ]la06<a1>F|D|*1

1

-3 ][ao 8%(ay) F |D|7% + i ][ao §3(ay) F|D|7? (172)

Comparing ([71)) with ([79) gives the required - and allows to check that
Podd = T1 + (b + B)‘Pev-
Let us compute @, in the above example. One has, as in @),

wo(a*feak) = (Trace (F e (|D| 4 k)™*))s=o (173)

Using F' = 2P — 1 this gives,

o0 oo

2n+1
wola*e ok ? it k: (? m)szo (174)
One has,
— 1
(? ) = O - (k- 1),
Also,
0o k—1
3 i”jkl = 2¢(~1) + (1 - 2k)¢(0) — Y (20 — 2k + 1)
0 1
— 2¢(— 1)+ (1— 28) C(0) + (k — )2 (175)
Thus we get,

po(a**ea®) =2(¢(0) = (k- 1)) — (2¢(=1) + (1 — 2k) ¢(0) + (k — 1)?) (176)
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which using the values,

1 1
0)=—-3, ¢(-1)=-3 (177)
gives the desired result,
2
wo(a*Feak) = 3 k— k% (178)

The only other non-trivial value of ¢g is 7 = (1), and the computation gives
n= % Finally the equality,

1
Fad e FIo? = o [ frisg o, f=otw),  a7)

and the coincidence of the functional 71 of theorem 3 with Trace(ao[F, a1]) give
a perfect account of theorem 3.

In order to lighten the general computation, for ¢ €]0,1[, we shall state a
small variant of proposition 2, proved in a similar way. Given a spectral triple
(A, H, D) let us define the metric dimension Dm(P) of a projection P commut-
ing with D as the lower bound of all d € R such that P(D + 4)~! is in the
Schatten class L. We then have as above,

Proposition 3. Let (A, H, D) be a spectral triple with discrete dimension spec-
trum not containing 0. Assume that Dm(H) < 3, and Dm(P) < 2, P =
(14 F)/2, and that [F,a] is trace class for all a € A. Then the local Chern
Character (p1,v3) of (A, H, D) is equal to 1 — (b+ B)yp where 11 is the cyclic
cocycle,

vr(an,ar) =2 f avd(ar) PIDI ~ [ a08*(a) P|D]
and (po, p2) is the cochain given by,
wo(a) = Trace( a|D|™%)s=0,
1
palan,ar,az) = 5 f aodlar) aa) D],

Combining Propositions 2 and 3 one obtains under the hypothesis of Proposition
3 the equality,

Y1 — 711 = b(vho) (180)

where the cochain v is given by,

to(a) = 2 Trace(a P |D|™%)s=0 (181)
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6 Pseudo-differential calculus and the cosphere
bundle on SU,(2) , ¢ €]0,1]

In this section we shall construct the pseudo-differential calculus on SU,(2)
following the general theory of @] We shall determine the algebra of complete
symbols by computing the quotient by smoothing operators. This will give the
cosphere bundle S; of SU,(2) and the analogue of the geodesic flow will yield a
one-parameter group of automorphisms 7, of C*°(S;). We shall also construct
the restriction morphism r to the product of two 2-disks,

r:C™(Sy) — C™(D3, x D} ) (182)

Our goal is to prepare for the computation in the next section of the dimension
spectrum and of residues. Let us recall from [E] that given a spectral triple
(A, H, D) we say that an operator P in ‘H is of order a when,

|D|= P € (] Dom 4" (183)

n=1

where § is the unbounded derivation given by,

8(T) = |D|T —T|D|. (184)

Thus OP® = [ Dom " is the algebra of operators of order 0 and OP~> =
n=1 k>0

OP~F is a two sided ideal in OPV.

We let (A, H, D) be the spectral triple of [f] and we first determine the algebra
B generated by the 6*(a), a € A.
Recall that D is the diagonal operator in H given by,

D(e{) = (280(n — i) — 1) 2n e} (185)
where do(k) =0 if k£ # 0 and §o(0) = 1.

By construction, the generators «, 3 of A are of the form,
a=ayta_, B=pFs+0b (186)

where,
6(lax) =Fay,  0(Bx)==*8s. (187)

The explicit form of o, B+ is, using 5 instead of n for the notation of the %

integer,
nt1
as(efY) = ax (n/2:0.9) e, 7))

[

(188)

I
i—3,

=

)
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BalelD) = bs (n/2,0.9) el (189)

where ax, bs are as in (B]) and (1)) above.

Thus the algebra B is generated by the operators ay, f+ and their adjoints.
We shall now see that, modulo the smoothing operators, we can strip the com-
plicated formulas for the coefficients a4, b+ and replace them by extremely
simple ones. Since we are computing local formulas we are indeed entitled to
mod out by smoothing operators and this is exactly where great simplifications
do occur.

Let us first relabel the indices i, j using,

n n
LA = — 4. 190
T =g+, y=5+J (190)

By construction x and y are integers which vary exactly in {0,1,...,n}.

Working modulo OP~°° means that we can neglect in the formulas for a4, b4
any modification by a sequence of rapid decay in the set:

A={(n,z,y); neN, xz,y €{0,...,n}}. (191)

Thus first, we can get rid of the denominators, since both (1 — ¢**)~/2 or
(1 — q?"+2)=1/2 are equivalent to 1 and the numerators are bounded.

Next, when we rewrite the numerators in terms of the variables n,z,y we get,
say for a4, the simplified form,

aly(n,z,y) = ¢ TV (1 — TR — v /2 o (192)
Modulo sequences of rapid decay one has,

qz(l _ q2+2(n—m))1/2 ~ qz ,

as one sees from the inequality (1 — (1 —u)'/?) < u valid for u € [0,1], and the
fact that
qz q2(n7m) < qz q(nfz) _ qn )

Thus we see that modulo sequences of rapid decay we can replace a’_ by,
all(n,z,y) = q" Y. (193)
To simplify formulas let us relabel the basis as,

n) _ ("/2)

then the following operator agrees with a; modulo OP~°,

n 1+x n+1
o (fim)) = g' Tty fint) (195)
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For a_ one has, as above,
a/— (n,x,y) = (1 - qQI)1/2 (1 - q2y)1/2 (196)
and the corresponding operator o’ is,
n x n—1
o (fI) = (1= )21 =) 150 (197)
Note that o’ makes sense for =0, y = 0. For B+ one gets,

Vo (n,z,y) = —q¥ (1 — g* T2 V)2 (1 — 221/ (198)

and as above we can replace it by,

b (n,a,y) = —g*(1 — ¢**2%)/? (199)
which gives,
BLUFI) = =g (1 — g**>) 12 £ 1)) (200)
In a similar way one gets,
B = a" (=) 10 (201)

which makes sense even for y = 0.

It is conspicuous in the above formulas that the new and much simpler coeffi-
cients no longer depend upon the variable n.

To understand these formulas we introduce the following representations w4 of
A=C>(SU,(2)) [l In both cases the Hilbert spaces are Hy = £2(N) with basis
(ex)zen and the representations are given by,

me(a)e, = (1—¢*)%e, Ve e N (202)
m1(0)er =£ ¢ €y Vo e N. (203)

With these notations, and if we ignore the n-dependence in the above formulas
we have the correspondence,

o, 2—qf 3 (204)

!~

a_ = a®Ra
By =2a"®p
fL=pea,

through the representation 7 = 7, ® m_. Now recall that A is a Hopf algebra,
with coproduct corresponding to matrix tensor multiplication for the following
2 x 2 matrix,

U= [g 55} (205)

lsee the appendix for the notation
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which gives,
Aa:a@a—qﬁ*@ﬁ (206)

AB=0FRa+a* Q3.

This shows of course that o’ = o/, + o’ and ' = 3/ + . provide a repre-
sentation of A which is the tensor product in the sense of Hopf algebras of the
representations 7 and m_ of 4. However to really understand the algebra B
modulo OP~°° an its action in H we need to keep track of the shift of n in the
formulas for o/, and /3.

One can encode these shifts using the Z-grading of B coming from the one
parameter group of automorphisms ~(¢) which plays the role of the geodesic
flow,

v(t)(P) = etIPl pe=itIPl (207)

For the corresponding Z-grading one has,
deg(as) =1,  deg(fs) = =1, (208)

which are the correct powers of the shifts of n in the above formulas for o/, 8.
To ~ we associate the algebra morphism,

v:B— B®C®(S) = C>®(S',B) (209)

given by v(b)(t) = y:(b), Vt € S*.

Finally, note that the representations 74 are not faithful on C*°(SU,(2)) since
the spectrum of (8 is real and positive in 7, and real negative for m_. We
let C>(DZ2.) be the corresponding quotient algebras and r+ the restriction
morphisms.

Proposition 4. The following equalities define an algebra homomorphism p
from B to
C=(Dj;) ® C=(Dj_) @ C=(S'),

plat) =—gf" @ pBou, pla-)=a®@a®u’,
p(ﬂ+):a*®ﬂ®u7 p(ﬂ*):6®a®U*a
where we omitted r4 @ r_.

Proof. Using (R09) it is enough to show that the formulas,
pr(ay) = —gmi () @7 (), pi(a-) =m(a) @ 7-(a)

p1(By) = m(a”) @7 (B), pi(B-) =7 (B) @7 ()

define a representation of B.
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But this representation is weakly contained in the natural representation of B
in H. To obtain p; from the latter, one just considers vectors Ei\f y i H, of the
form,

N N n
e, = Z hyy £ (210)

where h'V € ¢2(N) corresponds to the amenability of the group Z, i.e. to the
weak containement of the trivial representation of Z by the regular one. Thus
h™ depends on a large integer N and is 1/\/N for0<n < N and 0 forn > N.

The almost invariance of 2"V under translation of n shows that the n-dependence
of the formulas ()f) disappears when N — oo and that p; is a represen-
tation of B. Finally p is its amplification using ) O

Definition 1. Let C*(S}) be the range of p in C*(D?, x DZ_ x S*).

By construction C*°(Sy) is topologically generated by p(a+), p(f+). The NC-
space Sy plays the role of the cosphere bundle. The algebra COO(S;) is strictly
contained in C*°(D2, x D?_ x S') since its image under 0 ® o ® Id is the
subalgebra of C*°(S1 x St x S!) generated by u ® u ® u*. Let v be the S*-
action on S given by the restriction of the derivation 1®1®d, where 9, (u) = u.
By construction,

p(Y()(P)) = vi(p(P) (211)

so that vy is the analogue of the action of the geodesic flow on the cosphere
bundle. We let,
r:C®(Sy) — C™(D3, x D) (212)

be the natural restriction morphism.

Viewing p as the total symbol map we shall now define a natural lifting from
symbols to operators. This will only be relevant on the range of p but to define
it we start from the representation 7 = 7 @ m_ ® s of C*(D3,) ® C>(D} ) ®
C>(S1) in /%(N) @ (*(N) @ ¢?(Z) where s(u) is the shift S in ¢?(Z). We let
Q@ be the orthogonal projection on the subset A of the basis fé"y) determined
by n > sup(zx,y) and identify the range of @ with the Hilbert space H. By
definition the lifting A is the compression,

Ag) =Qm(9)Q (213)
For g of the form p ® u™, one has,
z' .y’ {4+n
No) 19 =3 nG ) 1) (214)
where uglf)/) are the matrix elements for the action of u in ¢?(N) ® /2(N),

Heay =D 1 ety (215)
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It may happen in formula ) that the indices in fyf;@ do not make sense,

i.e. that fi{;? does not belong to A. In that case the corresponding term is 0.
We have now restaured the shift of n in the formulas for o/, and §/, and get,

Lemma 1. For any b € B one has,
b— A(p(b)) e OP™°.

We refer to the appendix for the implications of this lemma. We give there an-
other general lemma proving the stability under holomorphic functional calculus
for the natural smooth algebras involved in our discussion.

7 Dimension Spectrum and Residues for SU,(2),
q €10, 1]
Let as above S be the cosphere bundle of SU(2),, v; its geodesic flow and,
r: C™(Sy) — C>(D:, x D} ) (216)

be the natural restriction morphism.

For C*(D?,) we have an exact sequence of the form,
0—>S—>C°°(D§)L>C°°(Sl)—>0 (217)
where the ideal § is isomorphic to the algebra of matrices of rapid decay. Using

the representations w1 of C*°(DZ,) in £*(N) with basis (£.), 2 € N, we define
two linear functionals 79 and 7 by,

71(a) = %/0 ﬂa(a) dé Va € C*(D}) (218)
and
T0(a) = ngnoo Tracen(m(a)) — 11(a) N (219)
where,
Tracen(a) = Z(a ExyEx) - (220)
0

(where we omitted + in the above formulas). For a € S one has o(a) = 0 and
T1(a) =0, 19(a) = Trace (a). In general both 79 and 7y are invariant under the
one parameter group generated by Jd, and on the fixed points of this group, one
has

3

70(a) = Trace (m(a) — 71(a) 1) + 71 (a) . (221)
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For all a € A one has, (for all k& > 0),
Tracen (7(a)) = 71 (a) N + m9(a) + 0(NF). (222)

We shall now prove a general formula computing residues of pseudo-differential
operators in terms of their symbols,

Theorem 4.
1. The dimension spectrum of SU4(2) is {1,2,3}.

2. Letb e B, p(b) € C=(8}) its symbol. Then let p(b)° be the component of
degree O for the geodesic flow ;. One has,

][ bIDI* = (r ® 1) (rp(b)°)
]Z b|D|"2 = (1, ® 0 + 70 ® 1) (rp(b)°)

][ bIDI™" = (70 @ 7o) (rp()°)

Proof. By lemma the operator b — A\p(b) belongs to OP~°°, thus
Cp(s) — Trace (Ap(b) |D|~*) is a holomorphic function of s € C.
One has Trace (A\p(b) |D|~*) = Trace (Ap(b)°|D|~%) and with p(b)° =T,

Trace (A(T') |D|~%) = Z <Z (m(T) ELy,EI,y)) n=°. (223)

n=0 \z=0 y=
Thus by (P22)) we get, modulo holomorphic functions of s € C,

Trace (MT) |D|™%) = (mnen)(T){(s—2) (224)
+ (Mm@ +71)(T)((s 1)+ (10 ®70)(T) ((5).

This shows that (,(s) extends to a meromorphic function of s with simple poles
at s € {1,2,3} and gives the above values for the residues.

To show 1) we still need to adjoin F' = Sign D to the algebra B, but by [E] one
has,
[F,a] € OP™° Va € B (225)

so that the only elements which were not handled above are those of the form,

1+F
bP, bebB, P:+T. (226)
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Thus with the above notation we still need to analyse,
Trace (A\(T") P |D|™*). (227)

Since P corresponds to the subset of the basis fé"y) given by {z = n} in the
above notations, the trace (227) can be expressed as,

Trace (A(T) P |D|™°) = Z Z(TI'(T) Enys Eny) N ° (228)
n=0 y=0
and the structure of the representation 7 shows that the r.h.s. gives, modulo
holomorphic function of s € C,
Trace (A(T) P|D|™*) = (m @ n)(T) (s = 1) + (m @70)(T) {(s).  (229)

This shows (R16) and also gives the two formulas,

FoPIDI = (9 ) (p(0)") (20)
and,

FoPipIt = (e m) plt)” (231)
which we shall now exploit to do the computation of the local index formula for

SU,(2).

8 The local index formula for SU,(2), ¢ €]0,1]

The local index formula for the spectral triple of SU,(2) uniquely determines a
cyclic 1-cocycle and hence by ([E]) a corresponding one dimensional cycle. We
shall first describe independently the obtained cycle since the NC-differential
calculus it exhibits is of independent interest.

Let A = C>(SU,4(2)) and 0 the derivation,

0=03—0q- (232)
We extend the functional 7y of () to A by,
7(a) =70 (r_(a)) Va e A (233)

where a(® is the component of degree 0 for 9. By construction 7 is d-invariant
but fails to be a trace. It is the average of the transformed of 75 o r— by the
automorphism v, € Aut(A),

v, = exp(itd) . (234)
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Thus 7 fails to be a trace because 7y does. However we can compute the
Hochschild coboundary b7, b 7o(ag, a1) = 7o(ag a1) — 70(a1 agp). It only depends
upon the symbols o(a;) € C°°(S') and is given by,

-1

b7o(ag,a1) = 5 /a(ao) do(ay). (235)

One has
1

b1(ag,a1) = %/bm(ao(t),al(t)) de

where a(t) = v(t)(a), and for homogeneous elements of A, b7(ap,a1) = 0 unless
the total degree is (0,0). For such elements we thus get,

br(ag,a1) = % /bTo(ao(t),al(t)) dt = bro(ag,a1) = —% /a(ao)da(al)

so that,

br(ag,a1) = I /a(ao) do(aq) Va; € A. (236)

T

Thus, even though 7 is not a trace we do control by how much it fails to be a
trace and this allows us to define a cycle in the sense of [ﬂ] using both first and
second derivatives to define the differential,

A-L . (237)
More precisely let us define the A-bimodule Q! with underlying linear space the
direct sum, Q! = A ® Q) (S) where Q) (S) is the space of differential forms
f(6)d6? of weight 2 on S*. The bimodule structure is defined by,

a(§, f) = (a&,0(a)f) (238)
(&, f)b= (&b, —ia(§) o(b)" + fo (b))

for a,b € A, £ € Aand f € QP (Sh).
The differential d of (237) is then given by,

1
da = da + 3 o(a)” d6? (239)

as in a Taylor expansion.
The functional [ is defined by,

/(E,f) =7(¢) + %m./fdo. (240)

We then have,
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Proposition 5. The triple (Q,d, [) is a cycle, i.e. Q@ =A® Q! equipped with
d is a graded differential algebra (with Q° = A) and the functional [ is a closed
graded trace on §2.

Proof. One checks directly that Q! is an A-bimodule so that Q = A @ Q! is

a graded algebra. The equality o(da) = io(a) together with (R3§) show that
d(ab) = (da)b+adb Va,b € A. It is clear also that [da =0 Va € A. It
remains to show that [ is a (graded) trace, i.e. that [aw = [wa VYw € Q!
ac A

With w = (a1, f) one has
aw —wa = (aay —ara,0(a)f +io(ar) o(a) — fo(a)) = (aa1 —ara,ic(ar) o(a)’).
Thus (236) shows that T(aa; — aia) + >~ [io(a1) o(a) df = 0. O

We let x be the cyclic 1-cocycle which is the character of the above cycle,
explicitly,

x(ag,a1) = /ao day Vag,a1 € A. (241)
As above in proposition 3, we let ¢ be the cochain,
o(a) = Trace( a |D|™?%)s=0,

1
palan,ar,az) = o7 f aod(an) 8*az) DI

Theorem 5. The local index formula of the spectral triple (A, H, D) is given
by the cyclic cocycle x up to the coboundary of the cochain (@o,p2).

In other words the cocycle 17 of proposition 3 is equal to x. This follows from
(230), (B31).

We leave it as an exercice for the reader to compute the (non-zero) pairing
between the above cyclic cocycle x and the K-theory class of the basic unitary,

U= [g gﬂ} (242)

Applying ([[81) we obtain the following corollary,

Corollary 1. The character Trace(ag[F,a1]) of the spectral triple (A, H, D) is
given by the cyclic cocycle x up to the coboundary of the cochain g given by
¥o(a) = 2 Trace(a P|D|™*)s=0.

The cochain g is only non-zero on elements which are functions of 3*3 as one
sees for homogeneity reasons using the bigrading and the natural basis of A given
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by the o (3*)"3™. It is thus entirely determined by the values v ((8*3)"). It
is an interesting problem to compute these functions of ¢. In order to state the
result we recall that the Dedekind eta-function for the modulus ¢2 is given by,

ml"‘

ﬁ 1—¢*" (243)

We let G be its logarithmic derivative ¢?0,2n(¢?), (up to sign and after sub-
straction of the constant term),

an (1—¢*")~ L. (244)

Theorem 6. The functions %1/)0((5*5)T) of the wvariable q are of the form
a2 (¢* Ry (¢%) — G(¢?)) where R,(q?) are rational fractions of ¢*> with poles
only at roots of unity.

Proof. The first step is to prove that the diagonal terms d(n, i, j) of the matrix
(8*B)" fulfill the equality,

r—=1 opt2j q4n+2+2l

q
d(n,n, j) H s (245)
1=0

This follows by writing (3*3)" = 5*" " = (8% + 8°)"(8+ + #-)" and observing
that, since ¢ = n, the only term which contributes is (3%)"(5+)".
We then change variables as above replacing n by n/2 and j by —n/2+y, which
gives for the value of 2t ((8*3)") the value at s = 0 of the sum,

2 2n+2+421
qy_qn++

1— q2n+4+2l ' (246)

(with the usual convention for n = 0).
To understand the appearance of G(g?) and the corresponding coefficient, let
us take the constant term in

r—1 oy 2042421
2 q” —q
P(q) = I I 1 g2n+a+al (247)
1=0

viewed as a polynomial in ¢?¥, which gives, with z = ¢*»

r—1
(7q2+2l1.)
=0
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The fraction R(1/z) has simple distinct poles at z = ¢4+

thus we can express it in the form,

and vanishes at oo,

r—1
Al
=0

Each term contributes to (246) by the value at s = 0 of,

2n

0 . q
n=0

The value at s = 0 makes sense as a convergent series, and the coefficient of
G(q?) is obtained by setting n’ = n+1+2 which gives \; ¢~*72/ G(¢?). Thus the
overall coefficient for G(¢?) is, using (4§), (49) and the behaviour for z = 0,

r—1 A

l _ —2r
> s (251)
1=0

One has n+1 =n'—1—1 and the above terms also generate a non-zero multiple

of the function,
2n

2 q
= ——. 252
Gola®) = L (252)
The coefficient is given by,
r—1
co=—Y MI+1)g " (253)
1=0

We need to show that the other terms coming from the non-constant terms in
P(q*) exactly cancell the above multiple of G (g?), modulo rational functions
of ¢>.
Using the g2-binomial coefficients ( 2 )q> » one obtains, with P as in (),
that,

r—1
P(z) = N(z) [T 1 =gt~ (254)
=0
where,
N(z) = 3 (~)Fg D gm () 27h (255)

k=0
The constant term (in 2°) has already been taken care of, and for the others the
effect of the summation ZZ:O in (R44) is to replace z"~* in the above sum by,

n o 1 — q2(r7k)(n+1)
S gk = L (256)
y=0 q
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Thus the contribution of the other terms is governed by the rational fraction of
2n
x=q

—

r— r r— r—1
— 71 k k(kJrl) r zk —Z q2( k) 1 o 4421\ —1 257
Q) = (3 (-0 (e ) L —a ) 250)
k=0 =0

The degree of the numerator is the same as the degree of the denominator, all
poles are simple, and we can thus expand Q(x) as,

r—1

Q) = p+ Z #;Hgl (258)
1=0

The same reasoning as above shows that modulo rational functions of ¢2, each
term contributes to (246) by a multiple of Go(¢?), while the overall coefficient
is the sum of the py,

¢ = Q(0) — Q(o0) (259)
Using () one obtains,

2r\—1 1 = kT g"k-b)
cr=(1=¢")" +(=1)"¢ TN T (—1)F( L e 1— 20—h (260)
k=0

To compute the \; one takes the residues of () which gives the formula,

r—1

j j245(3—2r)—3r+r? —
Aj = — (—1)7 g7 B2 =8t i el =17 (261)
where,
r—1
pir—1) =[] -1 (262)
a=1

This gives the following formula for the coefficient ¢y,

|
—

T

_ . 20 o 3pd 2 r— 1
co=plr=1)7" 3 (Z1)(+1) ¢TI0 ) (263)
=0
The fundamental cancellation now is the identity
co+c1=0 (264)

which is proved by differentiation of the g2-binomial formula.
The above discussion provides an explicit formula for the rational fractions R,
which allows to check that their only poles are roots of unity. O
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The simple expression ¢~2"G(q?) blows up exponentially for r — oo and if it
were alone it would be impossible to extend the cochain ¥y from the purely
algebraic to the smooth framework. However,

Yo((B*B)") — 1+ 2¢%/(¢*> — 1) when r — c0.

Thus it is only by the virtue of the rational approximations ¢ R,.(¢?) of G(¢?)
that the tempered behaviour of 1o ((5*5)") is insured.
The list of the first R, (q) is as follows,

3 2+ 5¢ — 3¢2
Ralq = 2+8¢+13¢° +11¢° — ¢* = 3¢°
M T @R+ )
Ruld 2+ 10q + 24¢> + 43¢% + 50¢* + 46¢° + 24¢° + 497 — 4¢° — 3¢°
4 = .

20+ ¢*) (-1 —q+ ¢ +q*)?

Finally, note that the appearance of the function G(¢?) in 1o is not an arte-
fact which could be eliminated by a better choice of cochain with the same
coboundary. Indeed since

ac* —a*a= (1-¢°) BB

the coboundary b (a, a*) still involves G(g?).

9 Quantum groups and invariant cyclic cohomo-
logy

The main virtue of the above spectral triple for SU,4(2) is its invariance under
left translations (cf. [E]) More precisely the following equalities define an action
of the envelopping algebra U = Uy(SL(2)) on H which commutes with D and
implements the translations on C*(SU4(2)),

kel = ¢/ el (266)

ij
eez(;}) _ q7n+%(1 _ q2(n+j+1))1/2(1 _ q2(n—j))1/2(1 — )t el(;zJ)rl (267)

while f = e*.

With these notations one has,

k2_k—2
ke:qekak/’f:q_lfka[eaf]zifl‘ (268)
q—dq
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The vector 2 = egg)o) is preserved by the action and one has a natural densely
defined action of U on A = C*°(SU4(2)) such that,

h(z)Q = h(2Q) Vee A, hel. (269)
The coproduct is given by,
Ak=k®k, Ae=k ' ®@e+texk, Af=k'Qf+f0k (270)

and the action of U on A fulfills,

h(zy) =D hay(@) hey(y)  Vao,y € A, (271)

Vh € U with Ah =" h(l) ® h(g).

On the generators «, o*, 8, * of A one has,
k(o) =q ' 2a, k(B) =q ?8, e(a) = qp", (272)

e(f) = —a, e(a”) =0, e(8")=0.

This representation of I in H generates the regular representation of the com-
pact quantum group SU,4(2) and we let M = U" be the von Neumann algebra it
generates in H. It is a product M = [ Map+1(C) of matrix algebras, where
nE%N

Mzy,11(C) acts with multiplicity 2n + 1 in the space H(,) = {span of ez(-z)}.
The elements of U are unbounded operators affiliated to M and at the qualita-
tive level we shall leave the freedom to choose a weakly dense subalgebra C of
M. Since all the constructions performed so far in this paper were canonically
dependent on the spectral triple, the SU,(2) equivariance of (A, H, D) should
entail a corresponding invariance of all the objects we delt with. We shall con-
centrate on the cyclic cohomology aspect and show that indeed there is a fairly
natural and simple notion of invariance fulfilled by all cochains involved in the
above computation.

The main point is that we can enlarge the algebra A to the algebra D = A ><1C
generated by A and C, extend the cochains on D by similar formulas and use
the commutation,

[D,c] =0 VeeC (273)
to conclude that the extended cochains fulfill the following key property,

Definition 2. Let D be a unital algebra, C C D a (unital) subalgebra and
¢ € C"(D) ann-cochain. We shall say that ¢ is C-constant iff both p(a®, ..., a™)
and (bp)(a®, ..., a" ") vanish if one of the a’, j > 1 is in C.

When C = C this is a normalization condition.
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When ¢ is C-constant then Bop(a®,...,a" 1) = ¢(1,a°,...,a" 1) so that By =
AByp is also C-constant. It follows that C-constant cochains form a subcomplex
of the (b, B) bicomplex of D and we can develop cyclic cohomology in that
context, parallel to ([{.[]). We shall denote by HCg(D) the corresponding
theory.

In the above context we take for D the algebra A ><C and use the lighter
notation HC}(A) for the corresponding theory.

Let us now give examples of specific cochains on A = C*°(SU,(2)) which extend
to C-constant cochains on A ><IC = D. We start with the non local form of the
Chern character of the spectral triple,

¥1(a’, at) = Trace (a° [F, a']) Va®,a' € A. (274)

Let us show how to extend 1; to an M-constant cochain on A >IM = D. An
element of D is a finite linear combination of monomials a; mq asms . ..agmy,
where a; € A, my € M. But [F,a] is a trace class operator for any a € A, while
[F,m]| =0 Vm € M, thus we get,

[F,z] e LY VYreD=A><M. (275)
We can thus define ¢, as the character of the module (H, F) on D, namely,
U1 (wo, 21) = Trace (o [F, x1]) . (276)

It is clear that Jl is M-constant and that b’LZl = 0 so that b’LZl is also M-constant,
Y1 € HCY,(A). This example is quite striking in that we could extend v to
a very large algebra. Indeed if we stick to bounded operators M is the largest
possible choice for C. A similar surprising extension of a cyclic 1-cocycle in
a von-Neumann algebra context already occured in the anabelian 1-traces of
(]) As a next example let us take the functional on A which is the natural

trace,
1

T 2r

When written like this, its SU,4(2)-invariance is not clear and in fact cannot
hold in the simplest sense since this would contradict the uniqueness of the
Haar state on C*°(SU,4(2)). Let us however show that ), extends to an M-
constant cochain (in fact an M-constant trace) on D = A ><M as above. To
do this we rewrite (277) as,

o (@) / o(@)dd  Va e C(SUL(2)). (277)

Yo(r) = Try,(z|D|™3) Vo € C™(SU,(2)) (278)
where Tr,, is the Dixmier trace ([Lg])([[J]) and simply write the extension as,

Yo(x) = Try(z[D|7%). (279)
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For any monomial 4 = a3 my ...am my, as above one has [D, u] bounded and
[|D|, 1] bounded. Thus it follows from the general properties of Tr,, that,

bo(zy) = Po(yz) Vo,y e D=A>M. (280)

This shows of course that ’LZO is a 0-cycle in the invariant cyclic cohomology
HCY,(A). After giving these simple examples it is natural to wonder wether
the above notion of C-constant cochain is restrictive enough. Here is a simple
consequence of this hypothesis:

Proposition 6. Let C C D be unital algebra and ¢ € C¢ be a C-constant
cochain on D. Then for any invertible element u € C one has,

0 1 1, -1

ouwau Y ualu™ . ua™uTt) = p(d, ..., a").

1 0 1

Proof. One has bp(a®,u,al,...,a") = 0 so that p(a’u,a',..., a") —p(a’, ual,

..,a™) = 0 since all other terms have u as an argument and hence vanish.
Similarly p(a®,...,a" tu,a?,...,a") = p(a®,...,a’ "L ua?,... a") for all j €
{1,...,n} and p(ua®,...,a") = p(a’,...,a"u). Applying these equalities yields
the statement. O

Let us now consider the more sophisticated cochains which appeared throughout
and show how to extend them to C-constant cochains on D = A ><C for suitable
algebra C describing the quantum group SU,(2).

We first note that the action of the envelopping algebra U = U,(SL(2)) on A
extends to an action on the algebra of pseudo-differential operators. First it
extends to B with the following action on the generators o, o, B+, 51,

k(ox) =q 2o, k(Bz) =q /B, (281)
and
elat) =qf%, e(Be) = —azx, e(a) =0, ¢(fL) =0. (282)
Moreover U acts through the trivial representation on D, |D| and F.

In fact it is important to describe the action of U on arbitrary pseudo-differential
operators by a closed formula and this is achieved by,

Proposition 7. The action of the generators k,e, f of U on pseudo-differential
operators P is given by, a) k(P) = kPk™', b) e(P) = ePk™! — qk~!Pe,
¢) f(P) = [Pkt — g k1P,

Proof. These formulas just describe the tensor product of the action of ¢/ in H
by the contragredient representation, since the antipode S in U fulfills

S(k) =K' ) S(e) = —qe, S(f) = _q_lf' (283)
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One checks directly that they agree with ) and ) on the generators
Q4,...,0% as well as on D, |D| and F. Thus we are just using the natural
implementation of the action of ¢ which extends this action to operators. O

The only technical difficulty is that the generators of U are unbounded operators

in H so that to extend cochains to A ><1U requires a little more work. In fact
the only needed extension is for the residue,

][P = Ress=oTrace (P |D|™*). (284)
Using formula (f) we can reexpress () as follows,
1
][P =3 coefficient of log¢~! in Trace (Pe_tDz) . (285)

tD?

Thus more precisely we let 6p(t) = Trace (Pe~*”") and assume that it has an

asymptotic expansion for ¢ — 0 of the form
Op(t) NZaaf”‘—i—)\logt*l—i—ao—i—--- , (286)

then the equality between ) and (P8F) holds, both formulas giving A/2. In
234)

our context we could use (| above instead of (P84) since we always controlled
the size of (,(s) on vertical strips to perform the inverse Mellin transform.

Let now L be an arbitrary extension of the linear form on function f € C*
(]0, 00[) which satisfies,
1
L(f) = 5 coefficient of log¢™! if f admits (287)

an asymptotic expansion (286)).
We then extend the definition (84) by,

][L P = LOp(1). (288)

With these notations we then have,

Proposition 8. Let (ki,...,k,) be a multi-index, then the formula
P(d®, ... a") = ][ a®[D, al](kl) ...[D, a"](k”)|D|_"_|k|
L

where T = §F(T), defines a U-constant extension of the restriction 1) Of{/; to
A to the algebra D = A >1U.
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Proof. In computing bzz one uses the equality

k—1
*([D,ab]) = &*(ID,a))b+ad"([D,b]) + D Cl&([D,a]) 6" ()
§=0
k
+ ) 6%a)s*H([D,b)). (289)
=1
Thus in sz(ao, ..., an41) the only term which does not involve a derivative of
a is of the form,
][anﬂﬂprn*lkl - ][T|D|’”’|k|an+1. (290)

This shows that b’LZ vanishes if any of the a; € U for j =1,...,n. For j =n+1,
i.e. for a,4+1 = v € U one has the term (290]) but since v commutes with D one
has

3

Our = 01y , (291)

and one gets the desired result. O

This proposition shows the richness of the space of U-constant cochains, but it
does not address the more delicate issue of computing the cyclic cohomology
HCY; (A). A much more careful choice of L would be necessary if one wanted
to lift cocycles to cocycles.

We shall now show that HCj;(A) which obviously maps to the ordinary cyclic
theory HC*(A),

HC}(A) £ HC*(A), (292)
also maps in fact to the “twisted” cyclic cohomology HC}: (A, ) proposed in
[, where @ is the inner automorphism implemented by k2. This will allow
to put the latter proposal in the correct perspective. Indeed the drawback of
this simple variation on ([f]) is that it lacks the relation to K-theory which is
the back-bone of cyclic cohomology. This was a good reason to refrain from
developping such a "twisted” form of the general theory in spite of its previous
appearance in ([L1] cf. equation 2.28 p.14) and of its merit which is to connect
with the various ”differential calculi” on quantum groups ([29],R4]). However
the next proposition shows that it would be very interesting to use it as a
"detector” of classes in HCY;(A).

To see what happens, let us start with a U-constant 0-dimensional cochain
on A >U and get an analogue of the group invariance provided by proposition
6. One has of course ¥(kak™') = v(a) but this is not much. We would like a
similar statement for the other generator e of U,(SL(2). Now by proposition 7
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one has e(a) = eak™! — gk~ lae so that e(a)k? = eak — gk~ laek?. But U is in
the centraliser of ¢ by proposition 6 and thus,

bleak) = w(kea) , P(k~ack?) = (eka)
hence 1 (e(a) k?) = 0. One gets in general,

U(h(a)k?) = e(h) d(a k?) (293)
which is the usual invariance of a linear form. More generally one has,

Proposition 9. The equality pg(¥)(ao,...,an) = ¥(ag,...,a,k?) defines a
morphism,
HOZ[ (A) ﬂ) HO{;V(.A, 9) .

where 0 is the inner automorphism implemented by k2.

We have seen above ),() that the basic cohomology classes in the ordi-
nary cyclic theory HC*(A) of A lift to actual cocycles in HC%,(A) where M is
the von-Neumann algebra bicommutant of /. It is however not clear that they
lift to HCy,(A) since the generators of U are unbounded operators. We can how-
ever insure that such liftings exist in the entire cyclic cohomology ([[L2))([ILd])
since the f-summability of the spectral triple continues to hold for the algebra
A >U{. This point is not unrelated to the attempt by Goswami in ([[Lg]).
What we have shown here is that the local formulas work perfectly well in the
context of quantum groups, and that the framework of NCG needs no change
whatsoever, at least as far as SUy(2) is concerned. The only notion that requires
more work is that of invariance in the g-group context.

Finally the above notion of invariant cyclic cohomology is complementary to
the theory developped in ([[L0],[L1]). In the latter the Hopf action is used to
construct ordinary cyclic cocycles from twisted-traces. In the g-group situation,
cocycles thus constructed from the right translations should be left-invariant in
the above sense.

10 Appendix

We have not defined carefully the smooth algebras C'* involved in section 6.
A careful definition can however be deduced from their structure and the exact
sequence involving OP~%° and the symbol map provided by lemma 1. What
really matters is that the obtained algebras are stable under holomorphic func-
tional calculus (h.f.c.) and we shall now provide the technical lemma which
allows to check this point.

Let (B, H, D) be a spectral triple. As above we say that an operator P in H is
of order o when,

|D|= P € (] Dom 4" (294)

n=1
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where § is the unbounded derivation given by,

§(T)=|D|T —-T|D|. (295)

Thus OP° = (| Dom " is the algebra of operators of order 0 and OP~° is a
n=1

two sided ideal in OP°.

Let p: B — C a morphism of C*-algebras, C C C be a subalgebra stable under

h. f. c. and A : C — L(H) be a linear map such that A(1) =1 and,

AMc) € OPY, YeeC (296)
Mab) — A(a)A\(b) € OP™>, Va,beC.

We then have the following,

Lemma 2. Let B={z € B; 2 € OP° p(z) €C, x — X(p(x)) € OP™>°}. Then
B C B is a subalgebra stable under holomorphic functional calculus.

Proof. Let x € B be invertible in B, let us show that z=! € B. Let a = p(z),
then since C is stable under h.f.c. the inverse b = p(z~1) of a belongs to C. Also
since x € OP° we have 27! € OP°. Let us show that 27! — \(b) € OP~.
Since ab = 1 one has by (R94), A(a)A(b) — 1 € OP~°. But z — A\(a) € OP~>°
and OP~% is a two-sided ideal in OPY, thus multiplying x — A(a) by A(b) on the
right, we get z A\(b) — 1 € OP~°°. Finally since 27! € OP° we get, multiplying
x A(b) — 1 on the left by 21 that A\(b) —2~! € OP~°°.
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