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We develop two topics in parallel and show their inter-relation. The first centers
on the notion of a fractional-differentiable structure on a commutative or a
non-commutative space. We call this study quantum harmonic analysis. The second
concerns homotopy invariants for these spaces and is an aspect of non-commutative
geometry.

We study an algebra 2, which will be a Banach algebra with unit, represented
as an algebra of operators on a Hilbert space . In order to obtain a geometric
interpretation of 2, we define a derivative on elements of 2. We do this in a Hilbert
space context, taking da as a commutator da=[Q,a]. Here Q is a basic
self-adjoint operator with discrete spectrum, increasing sufficiently rapidly that
exp(—fQ)? has a trace whenever f> 0.

We can define fractional differentiability of order x, with 0 < <1, by the boun-
dedness of (Q?+I)*? a(Q*+I)~*2. Alternatively we can require the boundedness
of an appropriate smoothing (Bessel potential) of da. We find that it is convenient
to assume the boundedness of (Q% + I) ~#? da(Q? + I) ~*?, where we choose «, =0
such that «+ f < 1. We show that this also ensures a fractional derivative of order
u=1—p in the first sense. We define a family of interpolation spaces J; ,. Each
such space is a Banach algebra of operator, whose elements have a fractional
derivative of order u=1—>0.

We concentrate on subalgebras 2 of J;, which have certain additional
covariance properties under a group Z, x ® acting on # by a unitary representation
yx U(g). In addition, the derivative Q is assumed to be ®-invariant. The geometric
interpretation flows from the assumption that elements of 2 possess an arbitrarily
small fractional derivative. We study homotopy invariants of 2 in terms of
equivariant, entire cyclic cohomology. In fact, the existence of a fractional
derivative on 2 allows the construction of the cochain 7'%°, which plays the role
of the integral of differential forms. We give a simple expression for a homotopy
invariant 39(a; g), determined by pairing t''©, with a G-invariant element
ae?, such that ¢ is a square root of the identity. This invariant is 3%a; g) =
(1/7) =, e~ Tr(yU(g) ae =% ) dy.

This representation of the pairing is reminiscent of the heat-kernel representation
for an index. In fact this quantity is an invariant, in the following sense. We isolate
a simple condition on a family Q(/4) of differentiations that yields a continuously-
differentiable family "“©(1) of cochains. Since 39(a; g) need not be an integer,
continuity of '%°(1) in 4 is insufficient to prove the constancy of the pairing.
However the existence of the derivative leads to the existence of the homotopy. As
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{1,a) vanishes for r a coboundary, and as dc’'©(1)/dA is a coboundary, our
condition on Q(Z) ensures that 32¥(a; g) is independent of A. Hence it is a
homotopy invariant.

The theory of 39a; g) reduces to the study of the Radon transform of sequences
of certain functions. The fractional differentiability properties of elements of A
translate into properties of the asymptotics of the sequences of Radon transforms.
The condition that '© fit into the framework of entire cyclic cohomology trans-
lates to the existence of some fractional derivative for functions in the algebra under
study, and in particular the assumption o+ < 1. Thus the study of fractionally-
differentiable structures dove-tails naturally with the theory of homotopy
invariants.

In our study of quantum harmonic analysis, we introduce spaces 7 (—f5, a) of
operator-valued distributions. These spaces are bounded, linear operators between
Sobolev spaces. The elements of the interpolation spaces, the Banach algebras J; ,
have derivatives da which belong to the spaces 7 (—f, ). For a certain range of
f and a, we extend the theory of the Radon transform from products of regularized,
bounded operators to products of regularized, operator-valued distributions.

We sometimes wish to evaluate such an invariant at the endpoint of an interval
such as 1€ (0, 1], where 32®*(q; g) becomes singular as A — 0. We discuss in brief
a procedure to regularize the endpoint, and a method to recover 39%¥(a; g) fully
from certain partial information at the endpoint.

Finally, we generalize this approach to cover the case when Q can be split into
the sum of “independent” parts Q,+ Q,, such that (Q;+ Q,)?=(0,)*>+(0,)%
Here we assume that Q; and (Q,)? are G-invariant, but not necessarily Q,. With
further assumptions on @, the most important being that (Q,)?>—(Q,)? commutes
with a, we obtain a modified formula for an invariant, namely 3¢2}(a; g) =(1 /\/;z)
Sofoo e " Tr(yU(g) a€7(¢+gi)/2+it ha)y dt.  © 1999 Academic Press
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I. INTRODUCTION

Let # denote a Hilbert space and #%() the algebra of all bounded
linear transformations on . We study certain subalgebras U < A(#)
with a unit /. Each algebra 2 describes the geometry of a classical manifold
or a quantum space, and we obtain certain homotopy invariants of this
space. All this fits into Alain Connes’ formulation of non-commutative
geometry [3], as well as extensions of that theory studied by others. We
emphasize here the analytic aspects of this theory, and in doing so we
develop the relation between the regularity of the algebra, the regularity of
the dependence of a differential acting on the algebra as a function of a
parameter, and the existence and the constancy of the invariants as a
function of this parameter.

We assume the algebra 2 contains the unit / and has the norm ||| - |, that
we denote the U-norm and this norm has two properties: the W-norm
dominates the operator norm ||| on #( ), and A is a Banach algebra
with respect to the 2-norm. In other words for a, b € A,

lall <lalll, — and [labl| < lall I5]l- (L1)

In particular, the injection A — #(#°) and multiplication A x A — A are
continuous. The norm ||| will be a Sobolev-type norm on A, so we
require that a derivative operator d be defined on 2. We specify differentia-
tion in terms of a self-adjoint, linear transformation Q = Q* on # with
domain 2. The first-order derivative da of an element of 2 with respect to
Q is given by the commutator

da=[0Q,a]=Qa—aQ. (L.2)

In general da may not be an element of #(#), or even an unbounded
operator, but da is always defined as a sesquilinear form on # x J# with
domain ¥ x%. We eventually make precise the notion that « has a
fractional derivative with respect to Q.

In this paper we impose a technical restriction on Q that its spectrum is
discrete, and that for s> 0 the eigenvalues increase sufficiently rapidly that
the heat kernel exp(—sQ?) has a trace. In the case that this space is a
classical manifold .#, this condition relaxes the assumptions that .# be
compact or finite dimensional. Some infinite-dimensional examples are
given in [19]. Connes calls this condition @-summability [4].

In Section V, we introduce the family of Sobolev-Hilbert spaces i, that
are the domains of the uth-fractional powers of Q, for u>0. More
precisely, let R=(Q*+1)~"2 We say that R is a smoothing operator of
degree —1 with respect to Q, and we let #, be the domain of R~ with the
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norm | f| "= |R~#f| that determines the inner product. The dual space
A _, completes a Gelfand triple of Hilbert spaces

H,cH A,

see [ 11]. One reasonable definition of an order-u, differentiable operator
ae #B(A) is that a is a bounded, linear transformation on J,, namely that

a: A, — A, or equivalently R “aR* e B(H). (L3)

However, because of the fundamental nature of the differential da, we
prefer to pose differentiability properties of a directly in terms of properties
of da, rather than by using (I.3). The statement that « is differentiable
should be characterized by some property of the sesquilinear form (1.2) on
. The simplest formulation of once-differentiability would be to say
assume that the form (1.2) is bounded, so da uniquely determines a
bounded, linear transformation in #(#). We abbreviate this statement by
saying that

da: H# — A, or dae B(AH), or d. W — B(AH).

In fact this assumption is made in most earlier work.!

In this paper we make the weaker requirement that a € () and that
da defines a bounded, linear transformation between two different Sobolev
spaces. Let 7 (—f, «) denotes the space of bounded, linear maps from J#,
to #_4z For 0<a, f, the elements of J(—p,«) are operator-valued,
generalized functions. We write our assumption as

da: H, — H_g, or  RfdaR*e B(K), (14)
where we assume that
0<a, f, and at+p<l. (LS)

The condition (L.5) is crucial to the resulting analysis. We show that (1.4-5)
ensures that each a we consider has a fractional derivative of order
u=1—f>0. The once-differentiable case is f=0. Thus in place of

da: W — B(AH), we now assume d: A - 7T (—f, a).

In Section V we define a family of interpolation spaces J; , = #(H).
These spaces J4 , provide us a useful generalization of classical interpolation

! This ranges from the differentiable case studied in [6], to the smooth case in [17], where
one assumes that for all n, d"We #(#). I am thankful to A. Connes for informing me that he
and Moscovici have also considered certain algebras of pseudo-differential operators in [7].
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spaces of Holder-continuous functions, to a context where the functions are
replaced by operators acting on a Hilbert space. The space Jz, is a
Banach algebra with unit 7, so

lablis, . < lals, . 5], .

Another characteristic property of 34 , is

d. Sﬁ,oc - y(_ﬁ’ O()a
where 0 <a, f and a+ f < 1. Thus it is natural that we assume the algebra
A under study is a subset of one of these interpolation spaces,

UcJp o = BA),
including the requirement that for all a € 2,

lall < llal 5, , < llall.

In addition to our assumption that d: U — 7 (—f, a), we also assume
that a group Z, x ® acts as an automorphism group of 2. The group Z,
provides a grading on . The group ® generally has a geometrical
interpretation, and it may equal the identity. When ® is not trivial, then
it gives rise to a ®-equivariant theory. The group Z, x ® acts on # by a
unitary representation yx g — yU(g)= U(g)y. Here y denotes both that
element of Z, not equal to the identity and also its representative. The
x-automorphism of A is obtained by the conjugation of the unitary action
on /.

The operator representing y is self-adjoint as well as unitary, since
y* =y ~! Denote the action of y on 2 by

a—a’=yay~!=yay. (1.6)

We assume that the algebra 2 is pointwise invariant under this action:
a=ua’ for all a e A. The operator y also acts on Q, and we assume that

yQr=0"=—-0. (L7)
Therefore for all ae U,

(da)’ = —d(a”). (L.8)
This structure is familiar from ordinary geometry.?

2In the case that # is the L2-Hilbert space of differential forms on a smooth, compact
manifold .#, the Z,-grading y may be taken to equal (—1)" on the subspace of forms of
degree n. One can take the elements of 2 to be smooth forms of degree zero (functions on
). In that case, with d,, the exterior derivative, a possible example of Q is Q=d X+ d.y,
see Section V.1.
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In Section V.5 we establish the (graded) Leibniz rule for Jgz ,. In other
words, for a, be g ,, we show that

d(ab) = (da) b + a’(db). (L9)

This statement includes the assertion that both (da)b and a’(db) are
elements of 7 (—f, a), so all three terms in (1.9) are elements of the same
linear space. If a € U, then a” =a, and (1.9) reduces to the ordinary Leibniz
rule on 2.

Likewise denote the x-automorphism group induced by g — U(g) by

a—a®*=U(g)aU(g)*. (I.10)

In general, A is not pointwise invariant under ®, but we let A® < 2 denote
the subalgebra of 2 which is pointwise invariant, namely the subalgebra of
A which commutes with the representation U(g),

af=a for aeUAC (L11)

Throughout most of this paper we also assume that the group U(g)
commutes with Q,

Q%= Ul(g) QU(g)* = 0, (L.12)

though we relax this assumption in Section IX. These considerations lead
us to the notion of a fractionally-differentiable structure {#, Q, », U(g),
A} on A, see Section VI

As a preliminary to the study of 2, we assume that the norm ||| is
given, and we consider the theory of continuous, multi-linear functionals®
on A. These are the spaces of cochains, introduced in Section II. In
particular we focus on the space of entire chains, defined as follows.
Consider the space of sequences /' ={ f,} €%,

=@ %, (L13)
n=0

3 Such functionals often arise in a purely mathematical setting: in analysis, in probability
theory, or in geometry. Furthermore, such functionals arise in mathematical physics: in
statistical physics, in quantum theory, in quantum field theory, and in string theory. Within
each of these fields, it may be true that one can represent a particular functional as a
well-defined integral over a function space. When this is the case, the functional integral
representation provides a powerful tool in order to prove mathematical properties of the
functional in question, as well as a tool to estimate the functional, or possibly to evaluate it
in closed form. In particular, constructive quantum field theory provides many examples of
the phenomenon.
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where the element f, € €, maps A"+ x ® to C. Here f,(ay, a;, .., a,; g) is
an (n+ 1)-linear functional on 2 and a functional on ®. The other basic
property of %, we assume is that f,(aq, ..., a,; g) vanishes whenever any
a;=1for j=1,2,..,n (but not j=0). This assumption is motivated by the
fact that integrals of classical differential forms such as f,(a,, a4, ..., a,) =
{ayda, ---da, have this property.

Furthermore, differential forms (and their integrals) vanish in finite
dimensions if the degree of a form exceeds the dimension. Since a func-
tional '€ % has an arbitrary number of components f,, it is reasonable to
expect that we need to replace vanishing of f,, for large n, by some estimate
on the rate that f, vanishes as the number of variables n grows to co. The
entire condition species that the norm || f,|| of the nth-component of a
functional /' = { f,} € € gets small at a certain rate,

n' 2 £, 11" = 0. (L.14)

This condition was originally introduced in [4], in order to prove the
existence of a certain “normalization” operator. The space of cochains that
we use here does not require that we introduce the concept of normaliza-
tion, but the entire condition remains a natural analytic assumption, useful
for other reasons.

The entire condition (1.14) ensures the existence of a generating function
for a cochain evaluated on the diagonal, as well as the Gaussian transform
of this generating function. In particular, the entire condition ensures that
for f €% and for a e U, the generating functional given by the power series

fta; 8)=

I 18

"fua, a, .., a; g),
n=0
converges to define an entire function of 7. The “extra” factor n'/? in (1.14)
ensures that the Gaussian transform (Rf)(z; a; g) of f(t; a; g) also exists.
With this hypothesis, whenever f €% and ae 2,

1 * 2
(Rf (5. 8) = | e i a g di

exists and extends to an entire function of s. We give details in
Section I11.2-3.

In Section II we define some continuous, linear operators on the space
% of cochains, including the three fundamental coboundary operators b, B,
and 0 =b + B. The operator b is Hochschild’s coboundary, the operator B
is Connes’ coboundary, and 0 =b + B is the coboundary operator of entire
cyclic cohomology. The latter is defined as

0:6—%, 9*=0. (L.15)
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In Section IIT we study a natural pairing { f, a) between cochains f € %
and invariant elements a € A®, which also are square roots of the identity
a*>=1 We show in Section III that the requirements

{0G,ay=0 (L.16)
for all G e % and for all a € A® for which ¢? = I, determines the representation

for a pairing to be

1 [°9)
—j e~ g(t; a; 9) dr. (117)
VI
Here #(t; a; g) = foen(it; a; g) 1s the generating functional for the even
components of f, defined as

(t,a) =(R7)0;a; g)=

Yt a,g)= Z Ytr fola, a, .., a; g), (1.18)

see Corollary IILS.
In Section IV we introduce a particular even cochain t"° e %,

JLO

Tt = {JLo},

The nth component 7 of t%° is an (n + 1)-multilinear functional on 21,

JLO

n (aOa'-'y an; g)=<a0a dals"'a dan; g> (119)

This cochain is even in the sense that,

Lo _
Tont1=0,

so in the case of the cochain 7''© the generating function (I1.18) equals the
full generating function for imaginary ¢, namely #(¢; a; g) =1t"°(it; a; g).
The expectation { > is defined in Sections IV and V in terms of the Radon
transform of the heat-kernel regularized operator

XO(5) = age % daye 2 ... da, e~ "L, (1.20)

restricted to the sector s;>0, for 0 < j<n. In this sector, with each s;,>0,
we show that X”O(s) is trace class. In Sections V-VI, we show that the
definition of 7" extends to the algebras A = J; , that we introduce here.
The trace norm | X'°(s)||; of X'°(s) may diverge on the hyperplane
So+s;+ - +s,=1 as any s; » 0. We will estimate the rate of divergence
in terms of « + 3, using the bound on the norm ||da| - _4 ., of da in (1.4).
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We establish the existence and the properties of the Radon transform,
P9 =Tr(yU(g)(| X*“°(s) ds)), where the integral is taken over the hyper-
plane So+ 81+ -+ +5,=1. In this step, we use the assumption o+ f < 1.

Our estimates also allow us to justify the interchange of the integration and
the trace in the expression defining 77-©,

J a6t o) ds =i yute) [ 200 as ) ).
Thus we simply write

Tdg, o s €)= | Tr(yU0) age ™% da,e ™12 da,e )

5;>0
XO(Sg+ -+ +5,—1)dsyds, ---ds,. (I.21)
In Proposition VL2 we prove that for A = JF;4 ,,
n' 2 o O < O(n ===, (122)

which yields the required asymptotics (1.14). The behavior of (1.22) for
large n is dependent on the analysis in Sections V-VI of the differentiability
properties of elements of 2. The importance of the order-u, fractional-
differentiability of elements of 2 emerges once more. We require that the
order of fractional derivative u=1—f is greater than 0, which is part of
the assumption (I.5). Our methods break down just at the point when
elements of A have no fractional derivative, or more precisely when
a+f=1.

Parenthetically, we remark that in Section V we introduce sets
{X0, X1, ..., X,} Of n, operator-valued generalized functions, which we call
sets of vertices. In our study of quantum harmonic analysis, we define
expectations of such sets of operators, as a multilinear functional. Suppose
there are «;, ;> 0, with §, ;= f,, and such that for 0< j<n,

x; €T (—p ) with o+ f;, 1 <2. (L.23)

Then we call the set {xg, X, ..., x,,} a regular set of vertices. The conditions
(1.23) require that every «;, f; < 2; however certain configurations of a;, f3;
may allow a particular vertex x; in a regular set to have «;+ f8; close to 4.

We define the heat kernel regularization X(s) of a regular set
{xq, X1, .., x,} of vertices as a trace class operator. For parameters 0 <s;,
let

X(s)=(I+ 0*) 2 xoge=0@ . x, e 9@ (I+ QP2 (1.24)
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While this operator X{(s) is trace class, the trace norm on »# may diverge
as s; 0. The operator X(s) has a trace class Radon transform on
the hyperplane sy+ --- +s,=1, and the operators of taking the Radon
transform and the trace commute. We write

<x0> X5 ey Xy g>n:J‘ Tr(VU(g) er_SOszle_SIQZ' : 'xne_anz)

sj>0

><(5<1— > sj> dsq ---ds,,. (1.25)
J

i—0

This functional extends by continuity from its definition on the space of
bounded vertices x; € #(#°) to a multi-linear functional on the space
of vertices x; €. (—f;, ;) in a regular set. Furthermore we bound this
expectation (1.25) in Corollary V.4 by

m(ﬂoca)n+l
[0 X1 s X 80| St Tr(e =% HHXIMﬁa) (126)
tot

where m(#,ca1) < 00 is a constant. Here the exponents # that characterize
the behavior of the expectations are defined by

nj:%(z_(xj_lngrl)’ nlocalzomin {’7]'}; and Ntot = Z ’7j'

<j<n

We say that #,,., characterizes the local regularity of the expectations
(1.25), while #g0pa1 = 10r/(n + 1) characterizes the global regularity of sets
of such expectations as a function of n.

In Section VI we also return to the fact that the functional '© is a
cocycle in %, namely

ot 0 =0. (L27)
This was previously known in the differentiable case, for which a=f=0.
In Section VI we also analyze the generating functional corresponding
to 7™™°, namely

JIEO(t; a; g) = Tr(yU(g) ae =<+ da), (1.28)

and the Gaussian transform (R #)(0; a; g),

1 © 2
Je )= [ etragar (129)
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In the case that #(t; a; g) = #*Y°(t; a; g), we indicate the dependence of 3
on Q. We have

3%a; g) 2Tr(yU(g) ae =L+ 4@) gy, (1.30)

-l

We prove in Sections V-VI that the functional (1.28-30) exist for all a e A,
when 2 is contained in one of the allowed interpolation spaces Jg ,.

Let a be invariant, a € A®, and also satisfy a®> = I. Then the pairing (1.17)
equals

(PO, 0y = 39a; g) = 2 Tr(yU(g) ae~L+#9%) dr. (1.31)

1 0
- j e
Jrle
In other words, 3%a; g) can be written as a trace of a heat kernel.* For
the case a =1, we have da =0, and (1.31) reduces to the equivariant index

3AL g)=Tr(yU(g) e~ 2). (132)

The expression for 39%a; g) in (1.31) is fundamental, and it provides a
generalization of the McKean-Singer heat-kernel representation of the
index Tr(ye~2"). In this context, the cochain t“© is the equivariant Chern
character for the fractionally-differentiable structure on 2.

In Section VII we return to the question of the precise sense in which
(I31) is a homotopy invariant. Here we refer to how 32%(qa; g) changes
as we vary a parameter 4 on which Q depends, and which defines a family
of cochains 7'%°(4). Our basic result can be summarized in the following
way:

MAIN THEOREM. Consider ae ® =3, , for some 0<a, B, with o+ f3
<1, and also satisfying a®>=1. If 3°M(a; g) is continuously differentiable
with respect to 2, and if the derivative 039 (a; g)/0A equals the expression
obtained by exchanging the order of differentiation with summations,
integrations, and traces, then 039 (a; g)/0i =0

“In the physics literature, 3%(a; g) is called a partition function. Such traces often arise in
statistical physics or in quantum theory. The Laplace operator which generates the heat kernel
is 02, perturbed by it da. Note that if a is self-adjoint, a = a*, then so is the perturbation it da.
We mentioned earlier that it might be the case that a functional Tr(yU( g)~e’Qz) could be
represented as a functional integral, given by a measure du,, namely Tr(yU(g) ae_Qz) =(a dug.
If this is the case, and if in addition both @ and da can be realized as functions on path space,
then the representation (1.31) further simplifies. The Gaussian integral can be carried out,
giving 3%a; g) =] e~ (days4 dity. We have presented this formula in [14].
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In other words, the pairing 39*(q; g) given in (1.31) is a homotopy
invariant under such differentiable deformations of Q(4). In Section VII we
give sufficient conditions on Q(4) and on A under which these hypotheses
hold, and we also establish the invariance of (I.31). These assumptions
apply to a wide variety of examples. We suppose that the family Q(/4) has
the form

(1) = Q +q(4), (133)
where ¢(4) maps between two Sobolev spaces,
q(2): A — Ay, (L.34)

with (an appropriate) norm less than 1. This condition (1.34) can also be
described by saying that ¢(4) is a perturbation of Q in the sense of T. Kato,
see [23]. We also assume that there is a bounded map ¢(1) from #] to #,
that is continuous in A, and such that the difference quotient is norm
convergent to the derivative in the space 7 (—1,1) of bounded, linear
maps from # to . This means that

lim <M—q(x)> =0. (1.35)

y) A=

These assumptions form the basis of our definition in Section VII of a
regular family Q(1). We also define a corresponding regular family of
fractionally-differentiable structures {4, Q(1), y, ®, U(g), A} on A on an
algebra A <= J, ,. Under these hypotheses we prove that

I L0 1) (136)

is a continuously differentiable function from an interval 4 = R to . Here
% carries the natural topology defined in Section II.

These simple conditions on Q(4) and its derivative allow a complete
analysis of the trace-class nature and differentiability in the appropriate
Schatten norm of 4+ exp( —sQ(4)?), for s > 0. Our hypotheses cover many
applications, and as a consequence, the derivative dr’“°(1)/dA can be
computed by differentiating the expression (I1.21) under the integral, and
under the trace.

Calculation of the derivative shows that there is a cochain he % with
coboundary 0k such that

dTJLO(/l)

= 0h(A). (1.37)
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Integrating this relation we obtain
O ="V + 0H(4, V), (1.38)

where H(Z, A')e%. Since the pairing (I1.16) vanishes on coboundaries,
{0H, ay =0. The linearity of the pairing in 7 ensures

3%M(a; g) =32 a; g). (1.39)

In other words, 39» does not depend on A, and so it is a homotopy
invariant. As a special case of this result, we show that the definition of

7ILO  where we choose a particular hyperplane s,+ s, + --- +5,=p for

the Radon transform of (1.19), gives a pairing independent of . But more
generally, 3¢ remains unchanged under a regular deformation of a
parameter in a potential, of a metric, etc.

We comment in Section VIII on using the homotopy invariance of
3(a; g) in various settings, as a tool to study or to compute these
quantities. In particular, we study the possibility that the family
{A, 0(A),y, Ug), A} for e A, may have a singularity at one endpoint of
an interval 4. We give a method to study such an endpoint, by introducing
a family '%°(/, &) of approximations to '%°(1).

In Section IX we generalize this approach to cover the case when Q can
be split into the sum of “independent” parts Q= (Q; + Qz)/ﬁ, such that
(0, +0,)*=(0,)?+(0,)%~ We assume here that Q, and (Q,)% are
®-invariant, but we do not make that assumption about Q,. With further
assumptions on ¢, the most important being that (Q;)*> —(Q,)? commutes
with a, we obtain a modified formula for a pairing. Namely, with
dia=1[0,,a] and a*=1I, the quantity

3 (a; g) 2Tr(yU(g) ae =2+t 4e) gy (L40)

vl

is invariant under regular deformations of Q,(4) and Q,(4) which leave
07 — Q3 fixed.

II. COCHAIN AND COBOUNDARY OPERATORS

Functionals on U (maps from A to C) play a central role in non-
commutative geometry. Important examples include integrals or traces of
operators in 2, and sometimes they are called expectations. We introduce
three linear spaces 4" <% < 2 of multilinear functionals on ?2l. These are
spaces of cochains on .
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The space ¥ plays a fundamental role here, and we call ¥ the space of
entire cochains. The algebraic questions we consider concern the properties
of certain linear transformations which map % into itself. We only use the
other spaces & and ./ to simplify the discussion of linear transformations
of & into €. Each of these spaces of functionals has an invariance under the
group ® that acts on 2, so we sometimes denote the spaces by 2 =
(U, ®), €=%(A; ®), etc. However, in order to simplify notation, we
generally suppress the dependence of 2 on 2 or on .

A coboundary operator 0 is a continuous, linear transformation from %
to %, with the property 9% =0. We study three coboundary operators in %:
the Hochschild operator b, the Connes operator B, and their sum 0 =b + B
which is the coboundary operator defining entire cyclic cohomology.

I1.1. Spaces of Cochains

The Space &

Define Z, as a vector space of functionals on A" *! x ®, where every
f. €9, 1s an (n+ 1)-continuous, multilinear functional on 2, that is also a
continuous function on &. We denote the values of f, by f,(ao, ..., a,; g),
where a; € A and g e ®. We assume that f, is invariant on the diagonal, in
the sense that

fola ™ af o al s @)= fldg, o ay; 8). (IL1)
Define the norm || f, || of f, with respect to the norm ||-||| on 2 and the
sup over ®. Specifically,
Ifall = sup |fu(ag, ... a; &)1 (1L.2)
llalll <1
ge®

An identity f,= g, in %, means f,(aq, ..., a,; &)= g dy, .., a,; g) for all
a;eA, and all ge®. We assume that identities, expressed without
explicitly stating the ®-dependence, hold pointwise in .

Now define the space of sequences & as the space @ 2°_, Z, of elements

f‘: {fnfn E@n,n€Z+},
restricted to those sequences that in addition satisfy the entire condition:

Tim 02 ||, ] =0. (I13)
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The Space € =9

The key property of the space of entire cochains % is that elements of %
vanish when evaluated on [ except in the Oth place. More precisely, the
elements f'€ @ are those elements f'€ & such that for every n>1,

fn(a09 () an; g) :0

when any a;, other than a,, satisfies a;=1 (The motivation for this
definition is to think of the space of cochains % as the space of integrals of
quantized forms j"ao da, ---da, of forms aq,da, ---da,. Any (graded)
derivation d annihilates the identity /, so % is a natural space of cochains.)

The Space N <€

The subspace A" of € is the annihilator of /. In other words, f€ & is in
A if each f,(ay, ..., a,; g) vanishes whenever any a;= 1, for 0 < j<n. Thus
f €% belongs to A if for every neZ ., f,(1, a,, .., a,; g)=0.

11.2. Elementary Linear Transformations

We define a number of bounded, linear transformations, ¥: 2 — Z. In
other words, all these maps have domain & and range in . We remark
below specifically which of these operators also map % into %, map % into
N, etc.

Let ¥ denote a generic linear transformation &: % — 2. Since Z is
contained in the direct sum @, %, and since & is linear, it is sufficient to
define ¥ on each %,, ne Z, . We often denote by .%, the action of & of Z,.
In all the examples here, & is tridiagonal: the range of %, lies in
9n—l G_)@n ®=@n+1'

Cyclic Transposition: T: N — N
(T ) Aoy oy 3 @) =(—1)" f(@E ™", gy s €15 &)- (IL4)
Note that as a consequence of the invariance (II.1), it is true that
T"+i=1. (IL5)

Cyclic Antisymmetrization: A: N — N

The cyclic antisymmetrization 4, on &, is defined by 4,=>"_, T}.
Then (I1.5) ensures that for any se Z,

A,=Y Ti+s (IL6)
j=0
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Annihilation: U: € —> A, U: /" =0

The annihilation transformation U maps &, into &, _,. It is defined by

UOfO:()a (Unfn):(QO’ ovey an—l):fn(17 aOa'"’ an—l)' (117)
As U acts on the first variable, U: € — 4" and U: A — 0.

Creation: V

The creation operator maps &, to &, , according to the rule

(VaSu)@os wor @y 1) = frl@oay, sy oy @y 4 1) (IL8)

We also introduce V(r): 9, > <%,.,, defined by conjugating V by 77,
namely

V(iry=T""VT".
Then V(0)=V, and acting on &,

(V(r)nfn)(aos et an+1)

(= 1) fl(@gs wvor @py g 15 ooy A1), 0<r<n,
= | o (IL.9)
(_1)n+ fn(a;§+la0aals---a an)a .
These definitions yield the following elementary identities:
Un+1Vn:1n’ (IIlO)
v, Vir),+vir—-1),_,U,=0, 1<r<n, (IL.11)
Uy Vint1),= —T,, (IL12)

and

V() poy V() + V(s +1), 41 V(r),=0, O<r<s<n+1. (ILI3)

11.3. Coboundary Operators

The Hochschild Coboundary: b: € — €
The Hochshild coboundary operator b maps &, to &,

n

+1- It is defined by

b,,:ni1 V(r),. (IL.14)

r=0



QUANTUM HARMONIC ANALYSIS 17

Thus
(bnfn)(a09 () an+l) = z (_l)jfn(aOs () ajaj+19 () an+1)
j=0
+ (=) f(as ag, ays m a,).  (IL15)
Note that
n+2 n+1
bn+1bn = Z Z V(r)nJrl V(S)n
r=0 s=0

= Y (V0ura V$)ut+ Vls+ 1), V(r),)=0, (IL16)

o<sr<s<n+l1

where the last equality follows from (I11.13). Hence, on the large space of
cochains &, the operator b satisfies

b2 =0. (IL.17)

In other words, we have proved that b is a coboundary operator on .

Finally we verify that b acts on %, namely b: ¥ — %, from which we
conclude that b is also a coboundary operator on . Assume that f € €; we
need to show that bf €¥. Evaluate (b,f,)(aq, ..., a,, 1) using (IL.15), and
also assume that a;, = I, for some fixed k with 1 <k<n+ 1. Then

(bnfn)(aO’ eees an+l)
{(( _l)k_l + ( - 1)k) fn(aO’ o i1, ak+1» sees an+1)7 k<l’l

((_1)n+(_1)n+1)fn(aor""an)! k=n+1
(I1.18)
In both cases the right-hand side of (II.18) vanishes, so b: ¥ — &.
The Connes Coboundary: B: € — N~
The Connes coboundary operator B is defined on % by
B=AU. (IL.19)

In particular, B,=A4,_,U,, and on %, this can be written as

n—1

(ann)(aO’ e an—l)

1

n—1
=Y (=D)=VI fLas’ . af |, agy e dy_ ;). (1120)
j=0
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Since U:4—> A and A: A4 — ., it follows that B:% — ./ ". But
U: /" — 0. Thus we have shown that B is a coboundary operator on %,
namely’

B*. % — 0. (IL.21)
Finally we verify that on 2, the two coboundary operators satisfy
Bb+bB=0. (I11.22)
In fact

(Bb"f‘bB)n =Bn+1b "Fb _an

n+1
=A4,U, 4 Z V(r Z V(F)y 1 Ap 1 U,. (1123)

r=0

Using (II.10, 12), the r =0 and r =n + 1 terms in the first sum in (11.23) are
equal to 4,(1,—T,). By (I1.5-6), this is zero. For the remaining terms in
(I1.23), we use (II.11) to obtain

n—1
(Bb+bB),=—A4, Y V(r),_, U, +Z V(r), 1A, U, (11.24)
r=0 r=0
Again by (I1.5-6),
n—1 n n—1
Z AV U= Y TiV, T, \Uy=A,V,_1A,_,U,
j=0 r=0
=Y V(r)p_1A4,_,U,. (11.25)

Hence we have shown that (I1.24) vanishes and (11.22) holds.

The Entire Coboundary: 0: %6 — €

The entire coboundary operator is the sum of b and B. Define
0=b+B. (I1.26)
Both b and B act on % and are coboundaries. By (11.22),
0*=0. (I1.27)
SNote that on the space 2, the Connes operator has an additional term, namely

B=AU(I—T™1). The term UT~! vanishes on %. It can be checked that (AU(I—T~'))?2=0
on %, see for example [3].
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Alternatively, we could use the coboundary operator 0 = b — B which also
is nilpotent.

The Cocycle Condition: 0t =0

A cochain 7€ @() is a cocycle if
0t =0. (I1.28)

Equivalence Classes of Cochains: [ f]

We define equivalence classes in %(2l) by considering entire cochains,
modulo coboundaries. For f'e () the equivalence class [ /] is

[f1=1{/+0G: GeE(A)}. (11.29)

11.4. Cochains as a Countably-Normed Space

We have already defined linear transformations on 2 and on 4. We can
introduce a topology on these spaces given by a countable set of norms,

LAl = sup n™m!"2 £,

meZ,

Here neZ .. In this topology, the space & or % is a countably-normed
space. Let us consider a family of cochains indexed by a parameter A
ranging over an index set A. (For example, 4 might be Z, , an interval
(A;, 4,) on the real line, a subset of €, etc.)

Let & denote a family of cochains f(4),

F={f(A): f(A)e¥ (or Z), Le A}. (I1.30)
We say that F €% (or @) is bounded, convergent, or differentiable if it has

this property in the topology of a countably-normed space. We say that the
family is Cauchy as 1 — A, if § is bounded in ¥ (or &) and for every n,

lim [ 7(2) = f(2)ll, = 0. (IL31)

A A= Ay

A family & that is Cauchy as 1 — 4, has a limit fin € (or 2); in this case,
forallnez,,

11y <, and Tim [(2) = /], =0. (1132)
]
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We write

lim f(2)=f. (11.33)

A=Ay

The standard notions of §& being closed or compact follow.
If 4 is an open, real interval (4,, 4,), we say that f(1) is differentiable at
Ao € A if for e A,

i L) = /(%)
m

Ao Ao— A
0 0

exists. Then f'(1,) = g, etc.

Note that the operators introduced in Section II1.2-3 are all bounded
operators in the countably-normed topology. For example, the number
operator N defined by

N:9,-9,, and N, f,=nf, (I1.34)
can be estimated by

IENF M < LS M 3 (IL35)

a consequence of n < 3" Similarly, all the operators mentioned are bounded.
We state this without explicit proof as

ProrosiTiON I1.1.  The operators T, A, U, V, b, B, and 0 are all bounded,
linear operators on & in the countably-normed topology.

III. PAIRING A COCHAIN

Let us define a pairing {7, a) between a cochain 7€ €(), and a root of
unity a e A®, as a non-linear functional 7: A® — C which depends on
only through its equivalence class [7]. Since {7, a) is linear in 7, it must
be true that

<0G, ay =0 (IIL1)

for all Ge%(A) and all aeA®. This condition allows us to determine a
pairing, at least for even elements {7,,} < @().
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I11.1. <0G, a) =0 Determines a Pairing

There is a canonical way to pair a cochain 7€ % () with an element
aeN®, such that the result {7, a) is linear in 7. We suppose that the
dependence of {7, a) on 7, is a linear function of either

t(a, a, .., a) or .1 a,a, .., a). (IT1.2)
Under this assumption, the general form of {7, a) is determined by a
sequence of numerical coefficients a,,, 5, independent of 7 and a, namely
{ryay =) o,ta,a,.,a)+ ), Bl a, a,..a). (I11.3)
n=0 n=1

We use the requirement <0G, ay =0, along with the assumption that the
odd components of 7 vanish, to limit the form of the pairing.

ProrosiTiON II1.1. Let aeN® satisfy a*=1. Consider a pairing such
that

{r,ay =Y 0, Ton(y ty ey @)+ Y, PonTonl,a,a,...a).  (I1L4)
n=0

= n=1

Suppose for all Ge €(N), that

(3G, a> =0.
Then
(1,0 = ,io < —Dn (21:’!)! ol 4, ., ). (11L5)

Remarks. (1) We remark that it is no loss of generality to normalize
the pairing (II1.4) so that ay=1. With this normalization, <z, I) =14(1).

(2) Proposition III.1 replaces Connes “normalization” condition [4],
which is unnecessary for this complex. Furthermore, Proposition IIL1 is
dual to the related result of Getzler and Szenes [12]. These other results
concern a pairing of T with idempotents p?= p € A®, rather than a pairing
with operators a e A® which are square roots of unity, a®>= 1. There is a
one-to-one correspondence between square roots of unity « and
idempotents p given by a=2p —I. In terms of these variables, the pairing

introduced by Connes, which we denote {7, p>, equals our pairing for
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a=1. In general, it is the average of our pairing and its value at a=1,
namely
(t,pyS=3{t,ay +3{t, I). (111.6)

(3) In Section IV we introduce a cochain 7'%° e % () which will be
the focus of much of the remainder of this paper. This cochain auto-
matically has the property 7359, =0 of the form (IIL.4).

2n+1 "

Proof. For aeA®, it is the case that a=a’=a® '=a% 7. Assume
a*=1 and let n be even. Then using (I11.15) and (IL.20),

b, \G,_i(a,a,.,a)=G,_(d*a,..a)+G,_(a® 'a,a, .. a)
=2G,_, a, .., a), (111.7)
B, .G, (a,..,a)=(n+1)G, . a, .. a),
and
(b,_1G,_), a,..,a)=2G,_(a, .., a). (IT1.8)

As B: ¢ — A", we also have (B,,,G,. )1 a, .., a)=0.
Now let t=0G. Thus for n>1,

Ty oy @) =2G,, (L, a, .a)+(2n+1) Gy, (L, a, ..., a), (111.9)
and
oL, a, ..., a) =2Go, (4, ..., a). (I11.10)

Inserting the identities (I11.9-10) into (II1.4) yields

{t,ay Z (20, 42+ (2n+ 1) 03,) Gop 411, 4, 4, ..., a)

+ Z 2B2,Gop_1(a, a, ..., a). (IIL11)

n=1

The vanishing of (IIL.11) for all G € % ensures vanishing of the coefficients
in (IIL.11). Thus p,,=0 for n>1, and (2n + 1) %oy +2a2,,+2 =0. This
recursion relation is satisfied by a,, = (—1/4)" (2n)! (n!) ! «,. Substituting
the coefficients a,, and f3,, into (III.4) yields (III.S).

The space Mat,, () is the space of m x m matrices with entries in 2.
FElements a € Mat, (A®) satisfying a®> = I are matrices a = {a;}, for which

Z Ayl = Oin

j=1
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The pairing {7, a) for ae Mat, (UA®), a®>=1, is defined by

(=3 (~14y PP g

iy

s gy 50)- (ITL12)
= Y By e By <

We use a shorthand notation for (II1.12), where m x m matrices which

enter 7 are multiplied. Thus we write (I11.12) as

(t,ad §—1/4 2”)

tr 7,,(a, a, ..., a). (IT1.13)

n (II1.13), tr denotes the trace in the space of m xm matrices Mat,, ()
with entries in 2l. We summarize this discussion by stating

ProrosiTION I11.2. Let 1€ % and aecMat,(U®) with a®>=1. Then the
pairing (111.13) exists. Furthermore, {t,a)y depends on t only through its
class [t], so

{t,ay ={1+0G, a),
where Ge€(N), and
{0G, ay =0. (I11.14)
In the case m =1, the pairing reduces to (II11.5) normalized so ay=1. The

proof of (III.13) reduces step by step to the proof of (IIL5).

I11.2. A Generating Functional ¢(z; a) for t

Let us define a generating function #(z; a) for 7 by
Z "t To,(a, 4, .., Q). (II1.15)

As a consequence of the assumption that 7 is an entire cochain, and that
llall < M, we have

n'2 |t (a, .., a)|""" < o(l). (I11.16)

Hence the series (II1.15) converges to define an entire function of z of order
at most two.
Let /(z) denote an entire function of one variable,

=Y h,z" (IT1.17)
n=0
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Consider the class of entire functions &, for # =0, consisting of /(z) such
that

n|h,|""<o(l)  as n-— 0. (I1L.18)

We consider the topology on &, defined as follows: A family of functions
{hP} = &,, indexed by A in an index set A, is bounded in &, if there is a
bound n” [KP "< o(1), where o(1) is independent of A. The sequence
converges to he &,, if it is bounded and as 4 — 4,, also h{? — h,,. The space
&, contains all entire functions.

The operator D =d/dz maps &, into &,, for all #>0. Likewise, multi-
plication by z maps &, to &,. Consider the operator

) [ee) D2n
R=exp(D /4):20 <4"n!>' (IL19)

For bounded or L? functions, the operator R is given by convolution with
a Gaussian kernel, and on those spaces it defines a contraction.

Lemma IIL.3.  The transformation R is defined on &, for n>1/2, and
R: @@'7 _)ég”_(l/z), fO}’ ’72%. (IIIZO)

Proof. Let us first establish (II1.20) in case h(z)=h(—z). Thus
h(z) =32 hy,z*". Since

n (2n)!

R 2n _ 2n—2k
: ,EO Fon—2dk) k-
we write R in the form
(Rh)(z) =Y Pomz®, (I11.21)
m=0
with
& (2n)! hy,
= . 111.22
Pom §m 47="(2m)! (n—m)! ( )
Using the hypothesis (21)!7 |h,,| <o(1)", we obtain
_ & 2= (2m)1n =12
2m )11 —(1/2) < 1) )
(2m) Banl < X o1y ==
< ) o(l)y"<o(1)™ (I11.23)
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Here we used (2n)!"? (n—m)! ="' < O(1)" m!, and n > 5. Hence Rh€ 6, _ 4 ),
and we have established (II1.20) for even /h(z). In general, heé’ can
be written h=h,+ zh, where both h, and /, are even elements of &y
Since Rz=(z+2D) R, the above analysis shows that (111.20) holds in
general.

As an entire function of z, #(z; a) defined in (IIL.15) is an element of
&2. This is the consequence of assumption (IL.3) for entire cochains.
Therefore we infer from (II1.20) that ¢ is in the domain of R, and that
(R #)(z; a) is an entire function of z. As a consequence, we obtain a simple
representation for the pairing (II1.13).

I11.3. The Pairing Expressed in Terms of ¢(z; a)

We now express the pairing <z, p) in terms of the generating functional
J(z;a) of (IIL15). This leads us to the Gaussian transform J(a; g) of
J(z; a), evaluated at the origin.

ProrosiTioN 111.4.  Let t© denote an entire cochain for U and let ae
Mat, (U®) satisfy a*>=I. Then the pairing (111.13) can be expressed in terms
of the generating functional ¢ as

a; g)=<1,a) = a)dt. (111.24)

Gl

Proof. Since #(z;a) is even, and an element of &,, we have from
(ITI1.21-22) that

(RF) oa=§ —1/4) (2)

tr 7,,(a, a, ..., a). (I11.25)

Comparing with (II1.13), we find

(RI)N0;a) =<1, a).

As remarked above, the operator R can be expressed as convolution by a
Gaussian. In particular,

[ T ey d, (I11.26)

— 00

(Rf)(s) =

-
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which also can be seen from

s fw e~ P dr =

ﬁ % n!4m

Hence we have the representation (111.24).

(111.27)

111.4. Pairing for Families

In Section I1.2 we introduced the notion of a family § = {t(1)} =% of
cochains depending on a parameter /1 belonging to an index set 4. An
important consequence of the topology introduced for %, is that the pairing
{t(A),ay of a family inherits the convergence properties from .
Associated with the family {z(1)} =%, we have a family of generating
functions { #(1)} defined by

S =J(za i)=Y (=)' 1(A)a,a, ..;a; g)= ), F,(A)z" (II1.28)

For each ae U, and /e 4, the function #(-;a; ) is a function in &), as
defined in (IIL.18). We consider { #(1)} =&, as a family of functions in
&, parametrized by A€ 4.

PropPOSITION II1.6.  Let the family {t(1)} =% be bounded, continuous at
Ao, or differentiable at A, in the sense of Section 11.4 as a map from A to €.
Then

(i) The family { #(L)} <&, is respectively: bounded, continuous at
Lo, or differentiable at A in the sense of a family in &,.

(ii) For a®>=1eMat,(N), pair ©(A) with a as defined by (111.13). This
defines the A-dependent pairing

{t(4), ay, (111.29)

which is respectively: bounded uniformly for Je A, continuous at Ay, or
differentiable at A.

Proof. 1If the family defined by 7(4) is bounded, then the bound
(I1.31-32) ensures that the coefficients #,(1) in (I11.28) satisfy

sup | £,(4)| <o, (111.30)

red

where n'a)/” -0 as n— oo. Thus { #(4)} is a bounded family in & ,.
Likewise, convergence of the uniformly bounded coefficients #,(4) as
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A— 29, ensures convergence of #(A) to a function #€d),. This is a
consequence of the uniform bound on _#(/) as a function of z, and of the
Vitali convergence theorem for holomorphic functions. Likewise, if the
difference quotient (t(4y) —7(4))/(4o—4) converges in € as 1— A,, this
means that (#(4y) — #(4))/(2— 4,) converges in &,,. This proves part (i)
of the proposition. The proof of part (ii) is similar. It is a consequence of
the uniform bound (11.31-32), along with the continuity or differentiability.
The uniform bound (I1.31-32) ensures that the sum

(e(2), i —1/4)" (2”')! tr Ty (A)(dy dy oy @) (I11.31)

converges uniformly for 4 € A and is bounded by the constant M defined by

z L (an)
Z sup ey )2+ == . (111.32)

Thus <{t(1),ay is a uniformly bounded function. If 7(1) converges as
A— 2y, then ||7,(4) —7,(A)|| is Cauchy for each n as A, I’ - 4,. Define
{1(A), ay 5 as (II1.31), but with the sum over » limited to n < N. We write

[<2(4), ay = {2(2), ay|
S Ke(h), ay = <2(2), ap | + [K2(2), ap = <2(4'), a) y |
+ KA, @,y — T, a) . (IT1.33)

The convergence of (II1.32) ensures that there exists N, < oo such that for
N>N,, [Kt(L),ay —<{1(A),ayy|<e uniformly in AeA. On the other
hand, the fact that 7, is Cauchy insures that for N> N, and fixed, we
have [{t(4),a) y—<t(1'), ayy| <e for A, A’ arbitrarily close to Z,. Thus
{t(A),ay = {1(ly),ay as L — Ay. The argument that differentiability of
7(A) in € ensures differentiability of {t(4), a) is similar, so we omit the
details. This completes the proof of the proposition.

IV. THE JLO COCHAIN (DIFFERENTIABLE CASE)

1V.1. Heat Kernel Regularization and the Radon Transform

The description of the JLO cochain requires some more structure, in
addition to the algebra A and the functionals ¥ on 2. We begin by
introducing a Hilbert space # and the algebra #(#) of bounded linear
transformations on . We represent 2l as a subalgebra of (). We let
|- denote the norm on s# and |||-|| the inherited norm on 2. We think
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of A as the non-commutative generalization of an algebra of functions. In
this section we formulate the case that 2 is an algebra of differentiable
functions; thus we call it the differentiable case. We also need to define a
derivative on . This is natural for a differential geometric interpretation
of non-commutative geometry. Some other operators play a special role.
They are the following:

Z,-Grading y

A Z,-grading ye#(#) is a self-adjoint, unitary y=y*=p~!. The
grading y determines a decomposition of J#, # = H#, @ #_, into the +

eigenspaces of y. The orthogonal projections of # onto #, are P, =
i(I+y), and P, +P_=1 We assume that 2 is pointwise invariant
under y,

ya=ay, ae . (IV.1)
In general, we denote the action of y as
b’ =yby = =yby, be B(H). (Iv.2)

Dirac Operator Q

The operator® Q = 0* is an (unbounded) operator on # whose sure
H = (Q? has the interpretation of Laplacian. It is assumed that Q and y
anticommute,

70+ 0y=0. (IV.3)

Let 0, =QP,. Then Q=0Q, +Q_, where Q% =Q_ and Q* =Q0* =0.
It follows that H=Q, Q0_+ Q_ Q.. We also assume that for 0 < f,

Tr(e #2) < 0. (IV.4)
The condition (IV.4) is called ®-summability by Connes [4].

Derivation d

The operator Q defines a graded derivation d. For operators be #(#)
in the domain of d,

db= Qb —b"Q. (IV.5)

SIn the physics literature, the square root Q of the energy operator is called the
supercharge. The Laplacian H = Q? is called the energy, or Hamiltonian. The relation between
supersymmetry in physics and index theory was observed by Witten [32] in the context of
the index of the exterior differential. In quantum field theory, the supercharge operator also
has the interpretation of a Dirac operator on loop space.
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We assume that all a € U are in the domain of d, and that the bilinear form
da= Qa—aQ defined on Z(Q0)x2(Q) uniquely determines a bounded
linear operator

dae B(H).
We assume that for all a, be 2,
d(ab) = (da) b + a(db). (IV.6)
Note that for b in the domain of d?, or as a sesquilinear form,
d*h=[Q? b]=Q*—bQ* (IV.7)
In Section V we elaborate the properties of the domain of d.

Symmetry Group ®

Equivariance arises through the existence of a continuous, unitary
representation U(g) of a compact Lie group ® on . We assume that

Ulg)y=yU(g), Ulg) 0=0U(g). (IV.8)
We let
b¥=U(g) bU(g)*, beB(H), (IV.9)

denote the automorphism of #(.#) induced by ®. We assume that ® acts
on A, namely that for all ae A, a®eW. The group & may be trivial, in
which case the cochains are no longer functions on ®. This is the ordinary
(rather than equivariant) theory. (The representation U(g) acting on #
has no relation with, and should not be confused with, U in (11.7) which
acts on Z.)

Heat Kernel Regularization

Consider (n+ 1) operators b, e #(A'), j=0, 1, ..., n. Define the operator
valued function X(s) on R**! by

X(s) = {boesoQZblesl . pe 2, every ;>0 (IV.10)

0, any ;<0
The operator X(s) is the heat-kernel regularized density of the ordered set
of operators {by, by, .., b,}. See also [13]. Note that X(s) is an (n+1)-

multilinear function on the set Z(#°). We call {b,, ..., b,} the set of vertices
of X(s). We sometimes use X to denote the set of vertices,

X={by, by, ..h,},
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as well as the heat kernel regularization, at least in cases where no confusion
can arise.

The Radon Transform

We also consider the radon transform X(f) of X(s) corresponding to the
hyperplane sy +s; + --- +5,=/>0. In other words

Xp) = j X(s) d"s(). (IV.11)

Here d"s(f8) denotes a restriction of Lebesgue measure on R”*! to the
hyperplane }°7_, s;,= f8, defined by

d"s(B)=d(so+ -+ +5,—B) dso ds, ---ds,, (IV.12)

where 0 denotes the Dirac measure. The measure d”s(f), integrated over
the positive “quadrant” R"*!, equals f"/n!, see (V.20, 24).

The heat-kernel-regularized density X(s) and its Radon transform X()
form the basic objects in the geometric theory we develop here. We refer to
both as heat-kernel regularizations of {b, ..., b,}. It often turns out in the
geometric theory that hyperplanes for different values of f are equivalent,
and this is always the case if exp(—Q?) is trace class for all >0, see
Section VII.6. Thus in order to simplify notation, we restrict our attention
to the plane

S0+Sl+ +Sn=1'

Denote this value of the Radon transform by X = X(f =1). When there is
no chance of confusion, we simply write for the corresponding measure

d"s=d"s(1). (IV.13)

As a consequence of the trace class property of e for each p >0, the
heat kernel regularization X(s) and also X is trace class. The trace norm
[ X1, = Tr((X*X)?) of X satisfies

A 1 5 "
41 <5, T (11181 ) (1V.14)

j=0
We postpone the proof of (IV.14) to Section V, in conjunction with the
proof of other related bounds, see Proposition V.3.iii and Corollary V.4.v.
Symmetries of X

The group Z,, implemented by y, and the group ©®, implementec} by
U(g) both commute with exp(—S0?). Hence these groups act on X by
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acting on the vertices of X. Let X” denote the heat kernel regularization
»Xy ! of X7 with vertices

X7 ={b}, b7, ... b}

Similarly let X¢ denote the heat kernel regularization U(g) XU(g)* of X*
with vertices

X*={bg, b¥, .. bE}.

IV.2. Expectations and the Radon Transforms

Expectations (X g>
The expectation ( X; g> of a heat kernel regularization X is defined by

(X; g>=Tr(yU(g) X). (IV.15)

Since the expectation is a linear function of each vertex of X, we also use the
notation which indicates this multilinearity, namely we denote <{ X; g> by

<X g> TY(VU( ) ) <b05b1a"abn;g>:<b05b19'"abn;g>n' (IV16)

Here we use the subscript n, when it may be helpful to clarify the number
of vertices. The bound (IV.14) ensures that the expectation is continuous in
each vertex, and

1 2
[<bg, by, ..es bn,g>|<—Tr —e <1‘[ b, > (IV.17)

Symmetries of Expectations

We elaborate on [17]; see also [26]. As a consequence of cyclicity of the
trace, and the commutativity of y and U(g),

1.

(X8> =(X7 g>=<X5 g) =<X*; 0. (IV.18)

More generally, for he ®, (X" g> =(X;h~'gh).

Another symmetry of the expectation arises from cyclic permutation of
the vertices,

Cboy by by 8> =<bE 7 by, s b1 8. (IV.19)
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We also remark that the expectation is invariant under the infinitesimal d.
This means that for all heat-kernel regularizations X,

(dX; g =0. (IV.20)

In particular, if X?=2X, then (dX)’=—dX and (IV.20) vanishes by
(IV.18). On the other hand, if X”= —X, then (dX)= QX+ X0, and
(IV.20) vanishes on account of (IV.3) and cyclicity of the trace. Writing out
(IV.20) in detail for X with vertices by, ..., b,,, we infer that

S (DY by s by by by s by €, =0. (IV.21)
j=0

Another interesting identity for expectations is

n+1

<b0a () bn7 g>n= Z <b05 ) bjfl, Is bj9 oo bn! g>n+1' (IV22)

Jj=1

This follows from a change of variables in the Radon transform (IV.10), for
1 §]<I’l+ 1 Let ﬁ;:ﬁiv O<Z<J_25 ﬁ}—l :ﬂj—l—'_ﬁj5 ﬁ;:ﬂi—lajgign’
and 5, ,;=pf;_;. Then

<b0a eeey bj719 Iz eeey bn’ g>n+1
:L Tr(pU(g) boe ML - b, e H-1@h e~ HO .. b o ~H)

X dfo - dpy, df i1 (IV.23)
where &, denotes the set
0<p;, 0<Br1<Bi_1 and Po+pi+ - +p,=1. (IV.24)

Note the integrand is independent of ;. ;. Therefore the S, | integration
yields f8;_; times an integrand common to every such term, 1 <j<n+ 1.
This latter integrand by itself would integrate to (b, ..., b,; > ,. Summing
over j results in }7_, ff; times the integrand defining <by, ..., b,; &) .-
But the constraint >7_, f;j=1 in this integral reduces the sum to
{by, .., b,y €>,, 5O we infer (IV.22).

1V.3. The Cochain v’-°

The JLO cochain [17] is the expectation whose nth component is
defined by

TJLO(aO’ cees an; g) = <a0’ dala e dan; g> (IVZS)

n
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In this section, we assume that the norm |||- || on a € A dominates the first
Sobolev norm

llall, = llal + ldal. (IV.26)
In other words, we assume that
llallly < llall- (IV.27)

Hence every element of 2 has a bounded derivative, and thus 2 is the
non-commutative generalization of the space of differentiable functions. As
a consequence, we infer that the expectation t'%° = {tJ"°} is a cochain:

LemMma IV.1. The expectation t"™° is an element of the space (W) of
cochains, as defined at the start of Section II. Furthermore t"™© extends by
continuity and linearity from W to the subalgebra %, of operators b e B(H )
such that |||b|||, < oo, and %, is a Banach algebra.

Proof. Clearly 71 is (n+ 1)-linear in 2. We show that - € €. This
requires the symmetry (II.1) of cochains, continuity in the norm of 2 and
continuity in ®. In addition 7]*° must vanish for a, =1, k=1, 2, ..., n. But
this latter fact follows from dI=0.

The required symmetry (IL.1) for 7J%° is a consequence established in
(IV.18). We combine this fact with the assumption (IV.8) which ensures
d(a®”")=(da)¢"". Thus

1 1

g, L at s g)=<ag L dat ), . dag ) g
=<{ag~ ", (da,)® ", .., (da,)® s &>
= <a05 dala vy dan; g> = T;Lo(aos ey an)

as desired.
The continuity of 7I*° in A follows from (IV.17) and (1V.26).

1 o) "
00 0l < e D ([T lglly ) (av2s)

j=0

Since [[a]; < |lal|, we have

1
T2l < Tr(e=<). (IV.29)

Furthermore U(g) is a continuous, unitary representation, so 7=

(ag, .y a,; g) is continuous (pointwise) in 6. Thus t2-° €.
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We verify that the sequence t'° € €. The factor 1/n! in (IV.29) ensures
that

n |z, I < O(1),

so the entire condition (II.3) is satisfied.

Thus 7%° extends by continuity to %,. Finally we verify that %, is a
Banach algebra. In fact for a, be 4,, we infer from (IV.5) that d(ab) =
(da) b+ a’(db). Hence

llabllly = llab|l + lld(ab)| < lla| [16] + l|dall 6] + lla] l|db] < llalli 15[l

as asserted.

Other Symmetries of t"°

JLO

Remark that for a; € 2, the odd components of 7°-* vanish, namely

o0 (g, oy a5 g) =0. (IV.30)

This is a consequence of (IV.1, 3, 5) which ensures (da)” = —da. Thus using
(IV.18),

<a()9 dala erey dan; g> = <aga (dal)ya seey (dan)y; g>
=(—1)"<ay, da,, .., da,; g5,

so %9 vanishes for odd n.

Another elementary identity, a consequence of (IV.21) and the choice of
a; €W is that

n

TJLO(aOB ayy s an) + Z (_1)1_1 TiLO(aO’ ey aj—la daj! aj+l’ vy gy g) =0.

/=t (IV.31)

V1.4. The JLO Pairing and the Generating Functional

The Generating Functional §(z; a)

We evaluate the generating functional #(z; a) of (IIL15) for 7 ="°.

Since 7559, =0, we can also write for a e,

IOz a)=), (=2)"tr13%a, a, ..., a; ). (IV.32)

n=0
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Hence by the Hille-Phillips perturbation formula for semigroups,

1
e—(@+X) =e—Q2_f e3C X1 =@+ X) g
0

it follows that
IO(z; a) = Tr(yU(g) ae =2+ %), (IV.33)

A Formula for the Pairing
Using (IV.33), we infer that the pairing can be expressed simply.

JLO JLO

ProrosiTiON IV.2.  The pairing {t-°,a) of the cochain t with

a e Mat, (N) satisfying a®> =1 can be written

1 © 2 D, .
3%a; g)=—+ e " Tr(yU(g) ae =< +itd) 4y, (IV.34)
v

T Y —oo

Here Tr denotes both the trace on # and the matrix trace in Mat,, ().

V. FRACTIONALLY DIFFERENTIABLE STRUCTURES

We use the name quantum harmonic analysis for the study of fractional
differentiability of operator valued functions. An interpolation space, in the
quantum context, is a Banach algebra of operator-valued functions with
fractional derivatives. We distinguish quantum harmonic analysis from
“non-commutative harmonic analysis,” a term used to denote the study of
harmonic analysis on non-commutative groups.

V.1. The Classical Picture

Let us digress on a simple case—we refer to it as the classical case—for
purposes of motivation. Take &= @} _, & to be the exterior algebra of
smooth differential forms on the n-torus T”. Let &, denote k-forms with the
standard L? inner product. We let # denote the Hilbert space of L? forms
obtained by completing & as an inner product space with the inner product
on & given by the sum of the inner products on &,. Thus # = @i _, #©.
Also define y as (—1)% on #®, and let ® denote the group of translations
on 7" Thus ® acts unitarily on 2, and for fe #, (U(y) f)(x)=f(x— ).

Define d to be the exterior derivative with domain & < #. Then define
QO=d+d*. Clearly Qy+y0=0 on &, and U(g) Q= QU(g). The operator
O with domain & is essentially self-adjoint. Then Q?>=dd* +d*d= —A4 is
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the Laplacian. Also exp(—p0?%), >0, commutes with y and U(a).
Furthermore exp(—f0?) = e#4 is trace class for every > 0.

Alternatively, we can consider & as a subalgebra of B(), the bounded,
linear operators on #. An element in &, maps #;. to #,,, by exterior
multiplication. We give this algebra the norm

oIl =12l + labll,  beé, (V.1)

where | -|| denotes the operator norm on 4. This agrees with the L* norm
defined on the coefficients of the form b. Define 2, as the completion of the
smooth functions &, (the smooth zero forms) in the norm (V.1). Hence 2,
is the algebra of Lipschitz continuous functions,

sup |a(x + y) —a(x)| < M [y]. (V.2)

X

Since (V.1) has the same form as the norm (IV.26), we can regard this
example as a special case of Section 1V where we take |||-||=]||-|ll; and
A =A,. From this point of view, the material in Section IV belongs to the
study of the non-commutative Lipschitz class.

In order to distinguish the differentiable structure from the continuous
structure in the non-commutative case, one wants to study the analogs of
Holder continuous classes, which in the classical case would satisfy

sup la(x + y) —a(x)| <M [y]*,  O<a<l, (V.3)

X

for a the exponent of continuity.

Related to such classes are functions with fractional derivatives of order
o. The derivative da of a Holder continuous function is unbounded.
However fractional derivatives may be bounded. One way to define an L”
fractional derivative of order a of the function a is to suppose that

(—A4+D**a(x)e L?(T"), (V4)

for which an extensive theory exists in the classical case, see [31]. If a(x)
is bounded, then a natural norm on such functions is, [« »+
[(—4+1)Y*2a| . If the norm with p = oo exists, then one is ensured that
the function a(x) is Holder continuous for all continuity exponents o' < .
For a <1 this norm

lall =+ (=4 + 1) al - (V.5)
is equivalent to

lafl o+ (=4 + 1)~ =2 dal| . (V.6)
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The norm (V.6) provides a natural measure of functions with derivatives of
order a, or of functions which are Holder continuous with exponent o’ < a.
Other norms of classical analysis could also be studied.

In this section we pose these questions in the non-commutative case.
Thus function space norms need to be replaced by operator norms. Connes
[3] proposed a translation from classical concepts to quantum ones.
Adapted to our context we have:

classical non-commutative

function space algebra 2 of linear transformations
exterior derivative d graded commutator with Q

Laplacian 0?

( _ 1 )degree y

L*-norm operator norm

L?-norm I,-Schatten norm

generalized function operator-valued generalized function
Sobolev norms of a function norms of maps between Sobolev spaces
tempered distribution bounded map between Sobolev spaces
space of fractionally differentiable functions interpolation space Jg

exterior derivative graded commutator with Q

degree of regularity local regularity exponent 7o,
regularity as a function of dimension global regularity exponent #yopa1
regularized current heat kernel regularization

integral of (current) JLO-cochain 7

It is natural to define fractional derivatives in terms of the scales
determined by Q. Thus we say that a bounded operator « has a derivative
of order u if (Q?+ I)*? a(Q*+1)~*? is also bounded. We take the norm

lall + 1(Q* + 1) a(Q* + 1) ~+2| (V.7)

as the non-commutative version of (V.5). Since da is fundamental for the
theory of invariants, we prefer to pose our assumptions in terms like (V.6),
rather than (V.7). We show in Section V.3 that (V.7) with x> 1 leads us to
assume a bound on

I(Q*+ 1)~ da(Q*+1) =" < o0 (V.8)

for some 0<a,f and 0<a+pf<1. The order of differentiability is
u=1—f. Thus we obtain not one space, but a family of non-commutative
spaces which generalize the space of bounded functions with fractional
derivatives in the sense of (V.6). In fact, each of these spaces gives rise to
a theory of geometric invariants. In Section V.5 we introduce a family of
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interpolation spaces 3z , that provides a natural framework in which to
generalize the construction of Section IV.

V.2. Sobolev Spaces in H#

We start with a Hilbert space # and a fundamental Dirac operator
0= 0% on # with domain &, as in Section IV. We define Sobolev spaces
M, = A for 0 <p < oo which are the domain of |Q|? with a Hilbert space
structure. In order to simplify the discussion of embeddings, let us consider
the domain of the operator (Q*+ I)?”, which we denote Z((Q*+1)?”?) or
Z,=%,(Q) for short. The Sobolev space #,=#,(Q), 0<p <0, is the
domain Z,, considered as a Hilbert space with inner product

8w, =<(Q*+ )PP £(Q*+ )77 g). (V.9)

The corresponding negative Sobolev space #_,, for p >0, is the completion
of # in the norm determined by the inner product

fo&w =@+ D)2 f(Q*+ )77 g). (V.10)

For a> f there is a natural embedding 7, = #;. With respect to this
embedding the spaces #, and #_, are dual, and for p>0 they define a
Gelfand triple

HycH = H_,. (V.11)

This is a standard device in the study of classical generalized functions or
distributions, see [ 11]. We also introduced the square root of the resolvent
of the “Laplacian” Q2

R=(0*+1)""~, (V.12)
SO
S 80w, =R, RPg) . (V.13)

In the classical case, the integral operator given by R?, p >0, is called the
Bessel transform operator of order p. We define

Ho=H#,, and A=) %, (V.14)
P

p

Then for p=0

Hy <My cHyg = H_, = H_,, (V.15)
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and for s> 0,

e S A, (V.16)

V.3. Some Facts

Schatten Classes I,

The analog in the non-commutative case of /, spaces are the Schatten
ideals 7,=1,(#). This is the subspace of compact operators on # for
which the norm |||, is finite. Here

161, = 1Bl = (Tr((b*b)?2)) . (V.17)

When there may be a chance of confusion, we write || L for |-|,. For
p=1 this is the trace norm, and if [|b]|, < oo for some p, then HbH
11m 5] ,. It is clear that |b], < [|b], if p' <p.

p — o0

The Schatten norms satisfy a Holder inequality for 1 <r, namely
1 1 1
labl, < lal, 16l — —+—=-. (V.18)
p q r
More generally,
- (V.19)
e

n n
la---anll < T lasl, %
j=0 j=

The Beta Function B,
Let #7,>0, j=0, 1, .., n. Then define the beta function B, as

1_
o D

7o 1 (n))
B0 11, s 1) = (V.20)
o I j=0 ;)
Here I7(-) denotes the gamma function.
We also define o, = R"*! as the subset
a,,={s:se[l%”+l,0<sj, Y sjzl}. (V.21)
j=0

A natural measure on o, is d"s(1), as given in (IV.12), namely Lebesgue
measure restricted to the n-hyperplane s, + --- +s, = 1. Then we claim that

n

Bt o= (T 57 i (v.22)
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namely B, is a Radon transform given by the hyperplane o,. For 0 < f,
define the Radon transform

B ni =, (T )asip (v.23)

=0

Changing variables, we have
B (10 s f1y3 )= B E=0B, (110, s 13 1), (V.24)

or

fR<H ””f) S(ﬁ)=ﬂ”27=o”ffm+]<ﬁ 1+”1> "s(1).

Using the representation I'(7) =g e ~'t~'*7 dr, we have

I(no)---1(n,)

n

= 1(672};01 <n 1+”j>ds0dsl...dsn
Rn+
+

(dsodsy - ds, 0(so+ s+ -+ +sn—ﬁ)<l:[0sj_1+”f>

J

— f: de"*

Rn+

=["aper JRTI (H 577! ) d"s(f)

1<n 1+m> ns(1)

=0

H(50)L )

:LOO B e=PR =1+ o) f

IR

where in the second to last equality we use (V.24). Hence we have proved
(V.22).

We remark that with |g,| the measure of o, and >0, we infer from
(V.20, 24) that

1
|O-n|:Bn(la"'al):7|a |ﬂ |
n:

1 4"n! 11 T
By (=1, )= B, (221,01 = .
"<z’ o > o 2 "<2’2’ P > (n—1)!
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V.4. Operator-Valued Generalized Functions

Consider the natural definition of an (operator-valued) generalized
function or operator-valued distribution in the non-commutative case. This
is a linear transformation on # whose domain and whose range are a
Sobolev space of the type above. Such an unbounded transformation on #
is a bounded transformation when viewed as a map between the different
Sobolev spaces.

Consider a bounded linear transformation x with domain #, and
range contained in . If p; =0 and p, >0, then x is a bounded linear
transformation on . If p;,>0 and p,>0, then x is an unbounded
operator on # with domain @pl. If p,=>0 and p,<0, then x is a
sesquilinear form with domain &, x Z, . The operator (Q*+1)~?? defines
a unitary isomorphism between Jf and Ay, +p- The norm of a bounded,
linear transformation x from %, to #,, 1s given on A by

10 (. py = 1%, > s, = [ RT P20 RP1]. (V.26)

In case that the domain #, has a positive Sobolev index p; and the target
space #, has a negative Sobolev index p,, one says that x is a generalized
function. Then (with p,>0),

1%l (= pys oy = X1, > s, = [IRP2XR™. (V.27)

Let T (py, p1) =7 (p,, p1; Q) denote the space of bounded, linear trans-
formations from 7, (Q) to #,(Q). If xe 7 (p3, p>) and y€ 7 (p,, p,) then
xyeJ (ps, p1). Clearly Q is an element of J(p—1, p), with norm

HQH(pfl p) 1

For a, #>0, any xe .7 (—f, «) defines a sesquilinear form on %; x &, in
A . For all p, the space ¥, contains the space #,, so x is defined on
A, x H,,. Thus for 0 <s, t, we infer from (V.16) that

e L ye 19
is bounded. In fact for 0 <s<1, 0 <a <1,

IR™% @ <2577 and  [le™@xe %) <4s ™2 ||x| (g0
(V.28)

On this account we could define an alternative norm

—_sO? —1tO?
Xl p, py=sup (s72*2 e=*Cxe="2)), (V.29)

0<s,2<1
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and use (V.29) to define a slightly larger space of generalized functions
including 7 (—f, «), namely the completion of I (—pf,a) in the norm

XM —p, o) <4 111, a)-

DerFinITION V.1. a. A non-commutative generalized function x is an
element of 7 (—pf, a) for some o, f. If a, =0, we call x a vertex of type
(p, a) with respect to Q, (or vertex for short).

b. A regular set of (n+1) ordered vertices X = {x, .., x,}, with
respect to Q, (for short, a regular set of vertices) is a set of vertices x; of

type (f;, «;), where a;, B; satisfy the following conditions:

0<n,=1—3(0;+ 1) j=0,1,..n (V.30)
Here f, . is defined by f,, = f,.

c. The local regularity exponent n,,., of the set X is defined by

O<77100a1: 11'<l'li1’1 {77]'}9 (V31)

<j<n

and the global regularity exponent 1o, Of the set X is defined by the mean
exponent

n global —

" 32
i i v)

A given vertex x; is generally an element of several different spaces
T (—p, a); for instance, Q is an element of 7 (u—1, u) for every real u.
We say that a set of vertices X ={xy, .., x,} is regular if it satisfies
Definition V.1.b for some given set of {(f;, «;)}. Note that

0< N1ocal < ”global < 1. (V33)

Furthermore, if {x,, X, .., x,} is a regular set of vertices, then so is any
cyclic permutation

(X5 X415 s X Xy X1 s X1} (V.34)

The transformations U(g) and y commute with 0% on . Thus U(g):
A, — A, and y: A, — A, We infer that x e 7 (—f, «) ensures

xX'=yxyeJ(—p,a), and x8=U(g)xU(g)*e T (—pf,a). (V.35)
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It follows that if {x,, ..., x,} is a regular set of vertices, then so is
{x8, x5, .., x5} (V.36)

for go, g1, - g, € ®. Similarly any of the x;’s may be replaced by x7.

DeFINITION V.2. The heat kernel regularization of a regular set of
vertices X = {x,, X1, .., X,} with respect to Q is defined for sea, by the
following sesquilinear form on # x #,

X(s) = Rfoxye~0@x, e 12 ... x, e @R, (V.37)
We take X(s)=0 for s¢o,,.

Note that seo, ensures that each s;>0. Hence the form (V.37) is
bounded on # x ., and X(s) uniquely determines a bounded, linear
operator on .#, which we also denote by X(s). Furthermore, exp(—fQ?)
is trace class for all f>0, so X(s) is a trace class operator on .

ProrosITION V.3.  Assume that X(s) is the heat kernel regularization
(V.37) of a regular set of vertices with respect to Q. Then for any u in the
interval 0 <pu < 1:

(1) The trace norm of X(s) is bounded for s € g, as defined in (V.21),
by

n
—(1— —(1— 2 —(1—p;
| X(s)lly < (20~ 7wy 1 (e =1 ’”Q><Hsj = |xj|<-ﬁj,a,>>’

J=0

(V.38)

With 1 gepa defined in (V.32) and n; in (V.31).

(i1) The map s+ X(s) is continuous from a, to I,, the Schatten ideal
of trace class operators. In fact the map is Holder continuous with exponent
n' less than Nyoe, Up to the boundary of a,. For the Euclidean distance
|s —s'| sufficiently small, and with m,, m, the constant defined in (V.57),

n n
— ! n+1l|o__ 7 —1+7; -
1= . .
1X(s) — X() |y <mymi*t s —s| <ns] >< s; >
j=0 j=0

X<n ijH(_ﬂ/.,uj) . (V.39)

=0

Since 1" <Mioear the right-hand side of (V.39) is integrable over s€a,,.
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(i) If each x; € B(H), then for sea,,

1X(s) ], < Tr(e~2) (ﬁ |x,-|>. (V.40)

Proof. Define the following operators 7, S;, j=0,1,..,n
Ty=RAx;RY ;=R e, (VA1)

where f8,,:=fo. Then X(s)=T1,S,7,S,---T,S,. Each T, is bounded,
and

T30 = 11711~ g, - (V.42)

Each §; is in the Schatten class /;-1. In fact, for 0 <u <1, by the Holder
mequahty for Schatten norms (V. 18)

IS -1 S IR™Y=Brie=#52 , e~ =52
J J
<2(us;) =GR (Tr(e == @), (V43)

where we use the bound (V.28) for the |- |, (operator) norm. Thus using
Holders inequality (V.19) on X(s) with the exponent oo for 7; and the
exponent s ! for S;, and using 27 =1, we have (with the exponents 1,
and 740, defined in (V.31, 32))

—0/

n
_ — —(1— 2 —(1—p;
I X(s) [y <27 =+ D0 ) Tr(e =01 ’”Q)<Hsj = Ile(_ﬁ,-,a,»)’

which is the bound (V.38). Note that if x;e #(#), j=0,1,..n, then
a;=p;=0,j=0,1,..,nand we can take u= 0 in the bound on S In fact
we have ||T;| = ||x; H and |S; H,—l—(Tr(e o ))%. Thus the detOl’ 2n+l g
(V.38) can be replaced by 1. Alsd 1;=1="ngopar, for all j, so in this case we
have (V.40). This completes the proof of (i) and (iii).

(i1)) In order to establish continuity of s — X{(s) at s, we consider
X(s)— X(s") where s, s €0, and where s' is sufficiently close to s. Let
§=min;s;; note seog, ensures §>0. We suppose that s' lies in the

neighborhood of s defined by

sup |s; — 87| <& (V.44)
J
We take 0 <e < 1. Thus
s, — s3] ;7! <e, and si=z(1—¢)s;,  j=0,1,.,n (V45)
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The first inequality in (V.45) is a consequence of
s, —s}| <ef<es;,
while the second inequality follows by
Si=s;+(s;—s,)=s5;—|s;—s;| = (1 —¢)s,.

We now show that on this set, and for any %' <#oca15

1X(s) = X(s) [, < O(ls —5'|").

45

(V.46)

In other words, s+ X(s) is Holder continuous with any exponent

’7’ < Niocal-

We require a slightly different set of bounds from (V.43). Let us denote

S;(s) by S; and S;(s") by S}. The bound (V.45) ensures
1S5t < [R5~ Freie =452, [le = =0 52| 1
J J
<2(us}) ~(@+ B 0/2 (Tr(e 1~/ QZ))S,-

S2A(1—e) ps)) =B 72 (Tr(e 1m0 =0 &),

Furthermore we establish for 7' <#;,ca

HS].— S}Hsj" < Msj*1+(nj7n’) |sj—sj'-|”' (Tr(ef(lfs)(lfu) QZ))Sj’

where
M =2u"2+g=",

Let 5;(a) = as; 4+ (1 —a) s} interpolate between s; and s;. Then

;=85 =58;(s;(a))]g= jl a5,(5,())

d
0 dO( *

= (5)—s,) Ll 028, (s;(«)) da

1
=(s;—1s,) J Q2R =5+ Fi0e =50 @iy,
0

(VA7)

(V.48)

(V.49)

(V.50)
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Thus

1
I1S; = Sills-1< |s;— 55l J | Q2R = e Ve =) & | o == 50 || . gl
J 0 J

1
<ls;—s)| [ 2us (@)~ @rert e
0

x (Tr(e=0 =15 5 @)y . (V.51)
For 0<a<l,
s;(0)=(1—¢)s,. (V.52)
Therefore
1S = Sills1 <2 1s; =5l (pes;) ~ G A2 (Tr(e =1 =21 =0 @)y (V.53)
Write s, GFa+ A2 = g2 (=) g 25+ £ 42002 “and use (V.47). Thus
1= Sills-t <2 sy — sy |7 57 o 20RO 0y = ey a0/
x (Tr(e= =0 =1 &))s; (V.54)

With #; given in (V.30) and M of (V.49) we have (V.48).
Now write

X(5) = X(s') =Y ToSoT1 Sy T(S;—S) Ty S)r -+ TpSh.  (V.55)
i=0

Estimate | X(s)— X(s")|; using Holder’s inequality in the I, norms, as in
the derivation of the bound on X{(s). Use the operator norm on each 7 and
the ||-||,-1-Schatten norm on §;, on S, or on S;—S§.

We obtain from (V.42, 43, 47 48) the followmg bound on (V.55):

1X(5) =X < s =517 ([T )( 57 )
j=0

j=0
X<l_[ Ile(_,;j,a].)>- (V.56)
j=0
Here

’ 2
my=pu g0 Tr(e—(1—201-0 @) and

(V.57)
= 2((1 = &) ) =1 ),

This completes the proof of the proposition.
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COROLLARY V.4. Assume X(s) is the heat kernel regularization (V.37)
for a regular set of vertices with respect to Q, and that exp(—pQ?) is trace
class for all f>0. Then with d"s=d"s(1) defined in (1V.12-13),

(1) The Radon transform

X= X(s)d"s (V.58)

n+1
R
exists and is a trace class operator on .

(1) The trace and integration of yU(g) X(s) commute, namely

Tr(yU(g) X) = jR Tr(yU(g) X(s)) d"s. (V.59)

i
(1) For sea,, defined in (V.21), and for 0 <u <1, the quantity

Tr(yU(g) X(s))
=Tr(yU(g) e #Lxge 50%x,e 912 ..o ~1%y o= 1=150%) " (V60)

is independent of u. Thus we define

Tr(yU(g) xoe 02 -+ x,e %)

= lim Tr(yU(g) e #@xye %2 ... x, e~ 1—0 )
pu—0+

=Tr(yU(g) X(5)). (V.61)

In summary, we write Tr(yU(g) X) as
Xos X1s o X5 0= | TH(UR) Xoe 0% - x,e 4 %) d"s.(V.62)
Rn
|
(iv) Given 0 <u <1, the expectation (V.62) satisfies

[{Xgs X1y eees X0 &0 |<m1m§+lf((n+1 77globa1 <n HX ”( —B;. ocj)>

(V.63)
for constants

m, :Tr(e_(l_ﬂ)Qz)a m2:2F(’Ilocal)iu_(l_”gl°bal)' (V64)
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(v) Ifall x,eB(H), soan,=p;=0,i=0,1,2,..,n, then

1 n
[<Xo, - xn;g>n|<n,Tr(e-Qz><H |x,~|>. (V.65)
|

(vi) The expectation {Xg, X1, .., X,; &y, Satisfies the symmetries
(IV.15-19). Thus,

Xy s X3 8D =CXE s ety X535 8D n=C X0 o0y X3 D > (V.66)

{Xgs s X3 8 m={XE 7, X0 X1y coos Xy 1 D s (V.67)
n+1

<x07 ) xn; g>n: Z <x03 () xj—l’ I; x]’ () xn; g>n+1> (V68)
j=1

and if both {xqg, Xy, .y X;_1, OXj, X4 1, e X} and {Xg, X1, 0 X; 1, X; 0,
Xj 15 X,) are also a regular set of vertices for j=0, 1, .., n, then

dX; gy =Y (XD, XY, s XD, AN Xy 1 e X3 €9, =0. (V.69)
j=0
Proof. (i-ii) We showed in Proposition V.3i-i, that s+ X(s) is
Holder continuous from o, to the Schatten class 7;. Using this bound, we
infer that the Radon transform SR"“ X(s) d”s exists on the unit hyperplane,
and the integral and trace commute

f  Tr(X(s)) d"s=Tr <j X(s) d"s>.

n+1
+

This is also the case with X(s) replaced by TX(s), for Te #(+#). In
particular (V.59) holds.

(1) We evaluate Tr(yU(g) X(s)) for s € g,,. With the notation (V.41),
Tr(yU(g) X(s)) =Tr(yU(g) TSy --- T, S,). Each S is trace class, and for

0<u<1, both e #2" and e~ ~# 2" are trace class. Thus

Tr(yU(g) X(5) = Tr(yU(g) ToSo - -+ T, S, e e #52)

=Tr(e ™ @yU(g) TyS, -+ T, S, e %)

=Tr(yU(g) e #+@Rbox R*S, --- T, R ™R Foe =1 =1 50"
Here we use the fact that Q? commutes with y and with U(g). Also, R

commutes with 0%, with y, and with U(g). Therefore we can also cyclically
permute R% in the trace to yield
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Tr(yU(g) X(s))
=Tr(yU(g) e #»@RPoxy RS, - T,,R R ~Foe =1 =1 5,0%)
=Tr(yU(g) e #+LxyR*S, - - T, R~"e =1 —#) 5,2

2 2 2
=Tr(yU(g) e 1 Lxpe0%x e 12 ... e =51Qx =150

Since this is true for any u in the range, Tr(yU(g) X(s)) is independent of
4, and we have established (V.61). This completes the proof of (iii).

(iv—v) Note that
X0, X1, s X5 0| = |Tr(yU(2) X)| < [7U)I] 1 X4

<[ X)L ans (V.70)
R

Thus the bounds (V.63-65) are established by integrating (V.38) and using
the definition of B,, see (V.20). Note that #;<1, and I(#,) is monotonic
decreasing on (0, 1). Thus I'(n;) < I'(M10ca1)-

(vi) The symmetries (V.66, 67, 69) can be established as the corre-
sponding symmetries for Tr(yU(g) X(s)), expressed as (V.60). Then we
integrate over og,. In the case of (V.68), we follow the argument in
Section IV leading to (I1V.22).

V.5. Interpolation Spaces

In this section we define certain Banach algebras J; , consisting of
operators be #(#) with a bounded fractional derivative. We call these
spaces interpolation spaces. These spaces are a natural framework for the
study of the JLO cochain, and in Section VI we introduce algebras
AcJ, , to study 7™ on €(N).

As in previous sections let Q = Q* with domain ¥ = #, < #, and let
R=(Q*+1)""2 We say that b has a bounded derivative of order a >0, if
b is a bounded linear transformation on J#,. In other words, the form
R™*bR* defines a bounded operator which we denote

R™“bR*€ B(H). (V.71)

In the notation of Section V.2, be 7 (a, a). Let us define J, as #(H#) N
T (a, ) with the norm

1615, = (161l + [|R™DR™). (V.72)
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If beJ,, then a bilinear form on %, X Z,,

(R~ *¢, bR*f > ={g, R~*bR*f >, (V.73)
o)

IKR™%g, bR D[ < [1b] 5, gl I.£1- (V.74)

We now show that J, is a Banach algebra. The range of b is contained
in #,, and hence is in the domain of a. Hence

lablls, = llab| + [R™"aR*R~*bR||

<lall bl + [R™"aR*|| [R™*DR™| < llal 5, |bll5,,  (V.75)

showing that desired property.

It is useful to characterize fractional differentiability not by the property
(V.71), but rather by some properties of db=Qb—b"Q. The reason is
that the expression db arises in the JLO-cochain of Section IV, and this is
central to our geometric interpretation in Section VII.

We now define a family of subalgebras J; , of J;_4, and we extend the
definition of our cochain from the differentiable elements treated in Sec-
tion IV, to these algebras of fractionally differentiable functions. Let
0<o, pand O<a+p<l. If beB(A), then beJ; , if dbe T (—p, o). In
other words, J4 , consists of elements b of #(#’) such that (in the notation
of Section V.3) db is a vertex of type (f, «). We give J; , the norm

1515, , = 161l + oy g dB (—p, )
=||bll + ¢o 4 g | R” db R*|. (V.76)

Here we define ¢, for 0<u <1 by

Cu= Sup 20 [ 1714 )T Im 0w EOR gy (V.77)
0

3
0<o<l1

Note that the function ¢,(d, 1) =25t =%*(1 + 1)~ ~ (1 =#/2+92 > () satisfies

0c,(6,1) _ <

1
% 51+log(1+tl)>cﬂ(6, £)>0, and

2

dc, (9, 1)
op

1
=5 log(1 +1) ¢,(0,1)=0.
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Hence c,(0, t) increases monotonically in ¢ for fixed u, and in u for fixed
0. Therefore

c_zf 1*1/2(1+t)*””/2dt>c0=zj V(140 di=2m (VI8)

0

In addition, ¢, diverges logarithmically as u ~ 1.

ProposITION V.5. Let 0<a, f and 0 <o+ ff<1. Then
(1) Jpac=Js forall
0<o<1—4p. (V.79)
In this case
165, <2 1615, -
(1) Let 0 satisfy —(1 —a)<o<1—pf. Then
3p.a =7 (6,0). (V.80)
Furthermore,

16115, 5)= 1 R°bR?|| < Hb\|+%ca+ﬁI\db|\<_ﬁ,a)<|\b|\3,,,a- (V.81)

(i) If a€Jp ., then ae T (—p, —f)n . Also if a,be Ty ,,
then both (da) b and a(db) are elements of T (— /)’ oc) Also
I(da) bll(—p, 2y < ldall—p, oy 101 (5, o (V.82)
and
la(db)l(—p,a) < llall—p, —p) 4Dl (—p, a)- (V.83)

COROLLARY V.6. Let a,be3y ,, with 0<a, f and o+ <1. Then
(1) Graded Leibniz Rule: The relation

d(ab) = (da) b + a'(db), (V.84)

is an identity of elements in I (—p, a), namely between vertices d(ab),
(da) b, and a’(db) of type (f5, o).

(ii)  The space 34 , is a Banach algebra, so

lablls, < lals,, 165, . (V.85)
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For ¢> 0, introduce the operators R(¢) = (Q*+ (1 +1¢) I)~"?and R = R(0).
Then the spectral theorem ensures that for x>0,
IR <(X+0)7#2, IR7“R()*| <1, and  [OR(1)|<1.
(V.86)

We use a standard representation for R*, 0 <u <2, which is a consequence
of the Cauchy integral theorem applied to the function z~*2 namely

_sin(mu/2)
B T

R fw (~H2R(1)? di. (V.87)
0

Proof of Proposition V.5 and Corollary V.6. (i) We estimate the J;
norm of beJ; ,. Let %,=2(Q%) =Range(R()?). On the form domain
9, x%,, and for 0 <o <1 — f we write

1] 5,= 16l + |R~°bR?|| <2 ||b] + | R°[ b, R°]]. (V.88)
We now study R°[b, R°]. Using (V.87),

_sin(nd)2)
[b R =25 |

t=%2[ b, R(1)*] dt. (V.89)

[b, R(1)*]1=R(¢)* [R(t) "2 b] R(1)?
=R(1)* (Q db+db"Q) R(1)* (V.90)
Here b” = yby and (db)” = —db’. Hence

R[b, R?] :@ jw t=92R=°R(1)*>(Q db +db’Q) R(t)*dt. (V1)
0

We can bound (V.91) using (V.86). We use the following to estimate the
first term on the right of (V.91),

[R7°R(1)* OR™| ||dbl|(_p 2 IRT*R(2)?]|

\
(L4002 1+ 0)=C=22 |db| _p .,
(V.92)

IR°R(1)* Q db R(1)*|| <
<

provided 0 <1—p, and a <2, as assumed in (V.79). Furthermore db” =
—(db)?, and the unitarity of p, along with yR= Ry ensures that for all
(p, q),

|db? 1Bl . o) (V.93)

I o)~
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We therefore estimate in a similar fashion the second term on the right of
(V.91) namely

IR°R(1)>db"QR(1)*| < (1 4+ 1)~ @772 (1 + 1)~ =92 ||db| (_p 4,
(V.94)

provided f+0<2 and a<1. But f+0<1 by (V.79); also 0<a, f and
o+ f <1 ensures a < 1. Hence (V.94) does hold.

Using (V.92, 94), we bound (V.91). There are two similar bounds for the
two terms in (V.91). We also use sin x < x for 0 <x < 7x/2. Thus

IR=[b, RO <6 [ ¢7R(140) === P22y ap)
0
< %Caﬂz bl (—p, a- (V.95)

Here ¢, , 4 is defined in (V.77), and is relevant since both 0 <a+ <1 and
0<o<1—p<1. Hence we conclude that be J; for 0 <o <1 —f.
To estimate the norm |b||5,, using (V.88) we have

Ibll5, <2 116 + IR~°[b, R°]]|
<2 b +%Con+ﬁ ”db”(—ﬁ,a)
<2blly, (V.96)

This completes the proof of part (i) of the proposition.

(i1)) We have also proved part (ii) in case 0 <J < 1 — f. In fact using
(V.95)

161l 5,5y = IRT°bR| < [[b]l + [R™°[b, R°]|

< Ubll +3¢arp ldbll(—p oy <11, - (V.97)

Thus to complete the proof of (ii), we need to verify the case a« — 1 <9 <0.

In that case, we show equivalently that he 7(—9, —9J) for 0<o<1 —a.

Thus we need to verify that R°»R~° is bounded. Write
R°bPR=°=b+[R° b] R

sin(7d/2)
T

—h_ jw 1=9PR(1)? (Q db + db” Q) R(1)> R=°dr. (V.98)
0
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Now we use the estimates (V.86), which yield
IR()*> Qdb R(1)*> R™°| < (1+41) 71 === P2*2 igp|| s ), (V.99)

as long as both f <1 and a4 <2. Since we assume 0 <a, f and a + <1,
it follows that f<1. Also a<1, and since 0<Jd<1—a, we infer that
o+ 0 < 1. Thus both conditions are met and (V.99) holds. Likewise

|R(1)* db” QR(1)* R™°|| < (1 +0) 71 === 202 i dp|| _p o, (V.100)

if both f<2 and a+J < 1. Both these conditions also hold. Thus from
(V.98-100) we infer that

IR°DR™°| =B (s —s)
[oe]
<Ubl+8 | 17P(1 4T T O IRER At ab

<|IB) + 3o g 1dD] gy (V.101)

Hence be 7 (—0, —d) and (V.80-81) hold as claimed.

(iii) Let us assume aeJ;z,. Then from (ii), and the restrictions
0<a, f and a + f <1, we infer

aeJI(—p, —p)nT (a, a). (V.102)
Thus we can estimate (da) b as a map from J#, to #_z as
[(da) bl _p o < lldall—p o) 151l (a, 2>
showing (V.82). Likewise, since y commutes with Q,
la”ll—p, —py=llall—p, —p)> (V.103)
and
Hay(db)H(_,s,a) < Ha”H(_ﬁ’ —B) Hde(—ﬂ,a) = HaH(—ﬁ', —B) Hde(—ﬁ’, a)s (V.104)

which is (V.83). We therefore conclude that (da) b and a’(db) are both
elements of 7 (—f, «). This completes the proof of the proposition.

To establish the corollary, note beJ (o, a), Q€T (a—1,a) and
a’e 7 (w—1,—1), according to (V.80). Therefore a”’Qbe 7 (a — 1, a). The
important conclusion here is that a”Qb is defined as a sesquilinear form on
H x A with some domain; in fact the domain is 2, _, x Z,. But <1 —aq,
SO0 Yy _o =Yg, and I, _, X I, = Yy X Z,,, which is contained in the domain
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of (da) b and a’(db). Furthermore Qab and (ab)” Q are both forms on the
domains %, x %, <« %, _, xZ,. Thus on 2, x &;, we have the identity

d(ab) = Qab — (ab)? Q
= Qab —a’Qb +a’Qb —a’b’Q
= (da) b+ a’(db). (V.105)
However, by Proposition V.5.ii, each term on the right-side of (V.105)
extends by continuity to % x ,. Thus d(ab) also extends by continuity to
this domain, and the identity (V.84) holds in 7 (—f, a). We have therefore
demonstrated the Leibniz rule (V.84) as an identity on 7 (—f, ).
Finally we estimate Hab\lsﬁ for a,be 3y ,. Using (V.81-84), and the
definition (V.76) of the norm on Jj4 ,, we conclude
lablls, , = llabl| + ¢, 4 5 d(ab)| g o
< lall 1611+ oy p(1(da) b~ p, o)+ lla(dD) | (. o)
< lall 161l + coqp lldall — g, 2 (5] + %Cat+/3 bl (—p, )
+ Casp 1B (g, oy (lall + 3¢5 g 1dall — g, o)
=(llall +cayplldal g )bl + oy p 1dbIl (g, )

6] (V.100)

= Haﬂsﬁ’u R

Thus 3 , is a Banach algebra, and the proof of the corollary is complete.

V.6. Generalized Schatten Classes

In Section V.4 we introduced the spaces 7 (p,, p;) of generalized
functions as bounded, linear transformations from 7, to #,. It is
convenient to introduce subspaces of J(p,, p;) which are Schatten I,
classes, with .7 (p,, p;) being the I, case. We measure I, size in terms of
the Schatten norm (V.17). We say R™72xRPrel,, if the bilinear form
R™P2xR?P1 uniquely determines an operator in #(.#) which belongs to the
Schatten ideal 7,. Thus for 1 <p, define the generalized Schatten class

T (P2, P1i p)={x:x€ T (py, p1), R™PxRMel,}.  (V.107)
Let 7 (p,, pi; p) be a normed space with norm
HxHﬂ(pz,pl;p): HR_pZXRleIp‘ (VIOS)

The norms 7 (p,, p;; p) satisfy a Holder inequality, as a consequence of
the inequality (V.18) for Schatten class 7, norms.
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Holder Inequality

Let x; € 7 (o, o415 py)s j=0, 1, oy m, where 1<p;, X7 o p; ' =p ' <L
Then xox; ---x, €7 (29, %, 415 p) and

n
X0, "'xnl‘f(ao,an+l;p)< n ijHf(aj,ajH;pj)- (V.109)
j=0

Using the results of Section V.5, we arrive at certain relations between 3 ,
and 7 (—pf, a; p).

PROPOSITION V.7. Let Q=Q* and e*@el,, for all s>0. Let be T, ,
for 0<a, f, and 0 <o+ f < 1. Then

(1)
Qdbe T (—f—1,a), ab’’Qe T (—pf,a+1), (V.110)
and
d’b=0db+(db") 0=[0%*bleT(—f—1,a+1). (V.111)

(1) Let 0<s. Then as a form on #H,, X .,
[b.e7@]= e~ @ d?e0-0C a1 (V.112)
0

Both sides of (V.112) also define operators in B(H).
(1) For 0 <e<s, define

H, := r_a e ' d%he "L dre T (a, — ;5. (V.113)

€

Furthermore, as ¢, &' — 0,
[H,— H, | 7 —ps-1) = 0. (V.114)
The corresponding limit Hy=1lim,_, o H, is (V.112). Thus
[b, e e T (a, —f; 5 ") (V.115)
(iv) Let O<u<1, and let

M= M2, . . 5)
= 8u= D~ DB (1 —a— )2 (2 —a— B)/2)(Tr(e =11 &))",
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Then
100, e @ sy <MsUD=C [b]o - (V.116)

Proof. (i) Let 2,=D(Q?). The identity (V.111) can be established on
the domain 2, x %,, where
0’ —bQ*=0(Qb—b"Q) +(0b” — bQ) Q = d(db) = d’b.

This can be written d?b= Q db + (db”) Q, which is the algebraic relation
(V.I11). Since be3Jz,, in particular dbe I (—p,«). Hence Qdbe
T(—p—lLa)cT(—f—1,a+1). Also db"= —(db)’e T(—p,a). Thus
db’Qe T (—p,a+1)cT(—f—1,a+1). Hence the domain inclusions
(V.110-111) hold.

(i) As a form on #,, x #,,, and using (V.110-111), we infer that
[b,e—@] = —e~@pe—(=0 Qﬂ;g:jo e~ Cd?he= =0 gr (V.117)

Thus (V.112) is an identity for sesquilinear forms. The left side is an
element of #(), and therefore so is the right side.

(iii-iv) As e~"@"? is trace class and d?be T (—f—1, 0+ 1), clearly
e™'2 ?he~—1 2 s trace class for 0 <7 <s. Furthermore, using Holder’s
inequality on

(e_(l —p) tQZ)(e—thZR—a(d2b) R Bo—#s—1 Qz)(e—(l —u)(s—1) QZ)’

with exponents ¢!, co, and (s —t) !, respectively, we see that
le="@(d?) e~ iy, gy,
= e~ @R~%d?) R Pe=C=02|
<A~ WD =@ B)(Tp(e =1 =0 Q)5 (1= e+ B+D2(g gy —(atp)2
X |[R™*Q db R_ﬁH(—a—p—l,(Hp)
1@ (s — ) TP DR I RTHAD) OR™P| o p1 st py)-
(V.118)
Here we have used (V.110-111) as well as (V.28). Note
IR™*Qdb R™P| (_a—p_t,asp<Idbl(_p. o (V.119)

and

IR=*(db”) ORIl —a—p 14 sy < bl (. - (V.120)
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Thus integrating (V.118) and using (V.20, 24) we obtain

[H, || 7o, — s 51y < 8u = W= AGUR=CHDB (1 —a— )2, (2 —a— f)/2)
X (Tr(e= =2 @)y [ldb| _p . (V.121)

This shows that H, € 7 («, —f; s~ ') and the bound on [H, || 72 —p;s-1) 18
of the form (V.116), uniformly in &. We now establish convergence of H, in
this norm. In fact for & >e¢, the expression H,— H, is just the integral
(V.112) restricted to the intervals fe[e &'] and re[s—e&,s—e]. We
therefore obtain the bound

|y~ Hy |l e, sy < 0(1) = VD= DSUR—h (V122

as ¢ & — 0. Thus we have established the convergence as ¢ >0 of H, in
T (o, —f; s~ ). Since H, is equal to [b, e=*2'], as we saw in (V.112), we
have the bound (V.116) also for the limit. This completes the proof of the
proposition.

We end this section with a useful corollary.

CorOLLARY V.8. (i) Consider the set X ={xy, Xy, ..., x,}. Let y, and z,
be elements of an interpolation space 3z ., where 0 <a, f and 0 <o+ f<1.
Suppose each x; is one of the forms

yjs dyjs dzyja yj(dzj)a or (dy]) Zj» (V123)

but where no two adjacent x;’s are of the form d?y,. (Here we consider x; and

X; 1 adjacent, as well as x, and x, adjacent.) Then X is a regular set of

vertices with respect to Q.

(ii) Let X)*°={ay,da,, .. da,}, where a;e3; ,. Then there exist
constants my, my, < oo such that the trace norm of the Radon transform
XIEO | defined in (V.58), of XI“O(s) satisfies the bound

SO . ) 1\ (/2 + (1 —a—p)/2)
A e )

><'I‘r(ef(lf,u)QZ) <l_[ |“j|3/“>- (V.124)
j=0 ’
(iii) For u fixed,
A n 1/n
nl/2 | XILO || Un < O(5 (1 === P12y <H HajHSﬁ «) , (V.125)
j=0 '

where (1 —a— ) >0.
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(iv) Let each a; €3y ,, and for 2 < j<n define two regular sets of n
vertices by

X,={aq.day, .., (da;,_,)a;, da;,, .. da,}, (V.126)
X,={ag. da,, ...da;,_,,a;da; ., da,,, .. da,}, (V.127)

and one set of (n+ 1) vertices by
Xs={aqy, day, .., da;_,,d?a;, da;,, .., da,}. (V.128)

Then
Xmg—xgg=ﬁf“xg%wﬁ%_bn%_r—g%”q%_gm.(Vixn

(v) After integration over sea,,
X, —X,=X,, (V.130)
or in terms of the expectations (V.62)
{ag,day, .., (da; ) a;, da;, , .., da,; g5,

—<ag, day, ...da;_y,a;da;,,da;, .., da,; g5,

=<ay, day, ..., da;_, d2aj, da; .y, ..,da,; g5 ,. (V.131)
Similarly,

agay, day, ..., da,; g5 ,_1—<ag, ay day, .., da,; g5,
:<a07d2alada2a---7 dan;g>n> (V132)

and also

<a0’ ey (dan—l) ay; g>n—1 - <a§71a0, dal: ey dan—l; g>n—1
=<ay, day, ... d*a,; g5 ,. (V.133)

(vi) There are constants m,, m, < oo such that for 0 <u <1,

2 .
|<ay, day, ..., da;, d*a;, da; ., .., da,; g5 ,|
<m1m2+llu—(a+/5')n/2—l Tr(e—(l—ﬂ)Qz)

1 1—(x+ )2 n
><<> <H |aj|3/;,a>' (V.134)
J

!
n! o
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Proof. (i) For y,ze3z,, y€7(0,0) and dy e 7 (—f, «). Furthermore
d>yeT(—B—1,a+1), ydzeT(—p,a) and (dy)zeT(—p,a).

This is a consequence of the definition of J; , and Proposition V.6. The
most singular case occurs with [(n+ 1)/2] vertices x;=d?y,, interspersed
between vertices in 7 (—f, a). (Here [ -] denotes the integer part.) Thus
with an even number of vertices (odd n)

0<77100a1:'7g10ba1:(1_(x—ﬂ)/z (V135)
In the case of an odd number of vertices,
nlocalz(l _(x—ﬁ)/2<77global' (V136)

In either case X is a regular set.

(ii-iii) In the case that X = XI'°, we may take

1 l—a—p )
no=1-—p/2, 77j—2+<2>, j=12,..n—

(V.137)
Hp=1—a/2.
So
nlocalzl_%(“+ﬂ)>%7 and (n+1);7global n’?local+1 (V138)

The bounds (V.124-125) then follow from the bound (V.63) and the
asymptotics of the I” function.

(iv—vi) For sea,, X;(s) and X,(s) are trace class. Also
X,(s) = Xy(s)=aoe % da, ---e=2% da;_,[a;, e"512]
X da;, e_Ssz-ndane_S"lez. (V.139)

Using Proposition V.7 iii-iv, the commutator in (V.137) is an element of
T (a, — B, s;-1,), with norm bounded by Ms(V/2 =@+ g |+ . Therefore
] 1 j—1 T3 o

— 2
da, \[a;,e” 1% ] da;, , €T (—p, ]_11)
and
Ilda; _[a;, e 5-197] da;., Hg‘(—ﬁ,a;sjj‘l)
<da;_ 1 | 7(—p,a; 0y I[@;5 € 512 7o, —g; s lda; 1 | 7=, a; o)
j+1

SMS](yzl)—(Hﬁ) I1 HajHS,“' (V.140)

k=j—1
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On the other hand, Proposition V.7 ii shows that
X,(s) — X,(s) = J:il age =% daje=? ... da,_je~'® d?ae~5-17" <
X dajﬂe_szZ cda,e= 12 dt
=j:‘1 X3S0 S1s o Sj—20 b ;1 — 1, S0 on 1) ddt, (V.141)

which is (V.129). Integrating over o,_, yield (X.130-131). The similar
identity (1.32) that follows has a similar proof. The identity (1.33) involving
d?a, is a consequence of the cyclic symmetry (V.67) and the identity
(V.131). In fact

Lag, day, .., (da,_1)a,y,_1— <a§,:la0, day, ..da, 1>,
=dday, ..., (da,_y) a,, a§y,_—<{day, .., da,_y, a,af),_,
={day, .., da,_,,d*a,,asy,
=<ay, day, .., da,_,,d%a,,. (V.142)

The estimate (V.134) then follows by an analysis of || X5(s)|; similar to the
proof of (V.124).

VI. COCYCLES

Throughout this section take 2 to be a subalgebra of an interpolation
space J; , introduced in Section V.5. We begin this section by showing
that t'-© extends in this case to be an element of (), including the for-
mula for the pairing with a root of 1. We define a fractionally-differentiable
structure. Finally we show that ™° is a cocycle. These facts are pre-
liminary to the next section where we show that the pairing is actually a
homotopy invariant.

VIL.1. The JLO-Cochain Extends to Interpolation Spaces

In this sub-section we extend the JLO-cochain from the framework in
Section IV where the space of cochains %(21) lives over an algebra A of
differentiable functions (i.e., da e #(H)), to the case that U is contained in
one of the interpolation spaces J;,. Thus ae? will have a fractional
derivative of order 1 — f and dae 7 (—f, ) will be a generalized function.
We require

A=, forsome0<o, f, and O<a+p<l. (VL)
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We also require that the norm |||-||| on 2 satisfy
lal5, < llall- (V12)

Otherwise, we retain the basic hypotheses of Section IV. The Hilbert space
H is Z, graded by y and carries a continuous unitary representation U(g).
We assume that Q = O* commutes with U(g) and Qy + yQ =0. We assume
that exp(—Q?) is trace class for all f#>0. We assume that 2 is pointwise
invariant under the action of y, and invariant under the action of U(g),
Ulg) AU(g)* = U.

DerFiniTION VIL1.  We call the sextuple

{#.0.7,.6, Ug), A}

satisfying the above hypotheses a ®@-summable, fractionally-differentiable
structure.

PropOSITION VI.2. Let {A#,Q0,7, 6, U(g), A} be a O-summable,
fractionally-differentiable structure. Then t™° e @(WN). There exists m < oo
such that

1 (1/2) + (1 —a— p)/2)
> Tr(e—27). (VL3)

O 1
o<+ (o

Proof. For a; €34 ,, we have already established in Corollary V.8.ii,
with x4 =3, that X" is trace class with trace norm bounded by

. 2 1 (1/2) + (1 —a—p)/2) n
e Tl () (1T 1als,. )
J

!
n! o

Since |a;ll5, , <llla;]l, we conclude that IO is defined on A”*+! and that
[lIE9 || satisfies (VI.3). Since «+ <1, this entails the “entire” condition
12 |0V 5 0. Thus 7-° € €().

Having extended the notion of ™° to a fractionally-differentiable
structure, we now observe that the pairing {7t"°, 4> has the same
representation as in the differentiable case.

CorROLLARY VI.3. Let {A,Q,7,®,U(g), A} be a O-summable,
fractionally-differentiable structure. Let a e Mat, (U®) satisfy a*=1. Then

3%a; g)=<fJL°,a>=Lfoo e " Tr(yU(g) ae~ L+ ) dr.  (V14)

N
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Here Tr denotes both the trace on # and the matrix trace in Mat,, (), in
case m> 1.

VI1.2. The JLO-Cochain is a Cocycle

ProPOSITION VI4. Let {A,Q,y,®, U(g), N} be a O-summable,
fractionally-differentiable structure. Then the cochain ™ e@(N) is a
cocycle for 0, namely

o0 = (VL3)

Remarks. 1. The cochain t"° was originally defined in [17], for the
differentiable da € (), where the cocycle condition was also established.
This cochain has been investigated again in several different contexts, see
[12, 10, 22, 25, 30] for example. Our presentation is self-contained.

2. The only known cocycles for #(2) are elements [7'~°], where
79 is defined by some Q. (Here Q gives rise either to the @-summable
case considered above, or to the class of cochains satisfying the KMS-con-
dition. See [18, 20, 22] for this extension, applicable in the differentiable
case.) Taking the larger space of cochains () > % (), and the corre-
sponding coboundary operator 0, Connes earlier gave another cocycle 7€,
see [4]. This cocycle is convenient because it satisfies a “normalization”
condition, central to Connes’ analysis of pairings of cocycles in &, and also
used by him in other studies. Furthermore, Connes showed that any
cocycle 7€ Z(U) is cohomologous to a normalized cocycle in &. The
cocycle 7€ is determined by an operator F satisfying F> =1 and Fy + yF=0.
With %€ the cocycle determined by Q, and with 7€ the cocycle determined
by an appropriate F= F(Q), Connes has shown [5] (for the differentiable
case) that ¢ and 7'%° are cohomologous. In other words, there is a
cochain G € Z such that t"° =1+ 0G.

On the other hand, cocycles in %(2l) are not normalized in Connes’
sense. As discussed in Section III, by working with the cochains @(20) we
avoid the need to consider this normalization. Furthermore, a pairing can
be defined for all cochains in %(20), rather than just for cocycles. The
importance of pairing a cocycle then rests on the fact that the pairing yields
a homotopy invariant, as discussed in Section VII.

Proof. It was shown in (IV.30) that if « = =0, then evaluated on 2,
0, =0. By the symmetry (V.66), this extends to A< J, ,. Hence to
establish the cocycle condition in €(2U), it is sufficient to show that for all

odd n,

B0 = (da,, ..., da,; g>,= — b9 (VL6)

n+1— n
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JLO(

By Corollary V.8.i, the expectation {da,, ..., da,; g>,=7 day, ay, ..., a,)
that occurs in (VI.6) is well-defined. We prove below that for » odd,

(BO0)(dos s s 8) =T, (datg, ., sy ©), (VL7
and
(bT)% )(ags s 4y &)

= Z (_l)ril TiLo(a05 al: weey arfly dara ar+19 weey an; g) (VIg)

Let us begin by evaluating Bt™©. Starting from the definition (11.19) of
B, and the symmetry (V.67), we "find that Br'-O equals

n+1

(BTJLO )(a09 () an; g)

= z (—1)/ <1, da®_ ]+1’"" da;‘,’fl,dao,..., da,_;; 8>n41

= z <da07 seey danfja 19 danfjJrl? seey dan; g>n+1

j=0
=) (day, ...da;_, 1, da, .. da,; g>,

j=1
={day, .., da,; g»,=11"°(day, a,, ..., a,). (VL9)

Here we have used (V.68). Note that this establishes the first equality in
(V1.6), or (VL7).

In order to compute br!“9, we return to the definition (I1.14) of b.
Recalling (I1.9), we evaluate each V(r) acting on 7“9, for r=0, 1,.
Then

(V(0) 7259\ (ags .. a,; ) =< agay, day, ... da,; 8>,
Likewise for 1 <r<n—1,
(V(r) 7359 ) (dgs s @ &)
=(—1)"<ay, day, ...,da,_y,da,a,.,), da,,,, ... da,; g>,_,

=(—=1)<ay, day, ...,a,da, ,da,, ,, .. da,; gy,
+(=1)<a,, day, .., (da,)a, ., da,, 5, ...,da,; g>,_,. (VLI10)

Note that here we have expanded the vertex d(a,a, .)€ 7 (—p, oc) into the
sum of two vertices (da,) a,,, and a,(da, ), each of them in I (—p, a).
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This is justified in Corollary V.6.i. For r =n, we use the fact that a,, is even
under y. Thus we can apply (I1.9) and then (V.67) to yield

(V(I/l) T-;]zL—Ol)(a05 vy Ay g) =(_1)n <6l§71610, dals () danfl; g>n71'
(VLI1)

This last term (VI.11) combines with the second term in (VI.10) for

r=n—1. Using these remarks we obtain a representation for 57" as a

sum of exactly 2n-terms. To do this, for 2 <r<n—1, combine the second
term from (VI.10) for V(r —1) with the first term from (VL.10) for V(r) into
a new term indexed by r. Hence

(bTJLO )(a()s wrey an; g)

= <a0ala day, ..., day,; g, —<dg, ay day, ... da,; g),_,
+ Z _1 " 1 <a03"" (dar—l)ar»dar+1’---: dan; g>n—1

- <610, ooy darfls ar dar+ls ceey dan; g>n71)
+(_1)n—1 (<a0’ ey (dan—l) a,; g>n—1
—<ag  ag, day, . day_y5 85, 1) (VL12)
Now use Corollary V.8.v. With the definition, a(t)=e "Cae'?’, this
corollary is basically the analytic justification within our present context of

the statement ae —*% =e~*%a+ |3 d%a(t) e —* dr. We thus combine pairs
of terms in (VI.12) to arrive at

(bT.IlLO )(aOS ceey an; g)

(_1)r71 <a07dalamad r— lad a, dar+19"'a dan; g>n

1

Il
I s

r

(—=1)~'7%ay, ay, ..na,_y, da,,a,, 1, ... a,; g), (VL13)
1

Il
I ™M s

r

which is (VL8).
The identity (VIL.6) is now close at hand. Rewrite our current identity as

(b3 %) ag, . a3 g)

= _<da09 dal; o0y dan; g>n+ <<da07 ayy e dan; g>n+ z (_1)7—1

r=1

x{ay, day, ..,da,_,,d%a,, da,, , .., da,; g>n>. (VL.14)
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Define the set X = {x,, .., x,} by xo=a,, x,=da,, .., and x,=da,. We
use the relation

(dX; g> =0,

which is a form of Corollary V.4.vi, and in particular of the identity (V.69).
Since xf=x, and x}= —x; for 1 <j<n, we infer that

<dY9 g> = <de, x17 weey xn; g>n+ z (_l)r_l <x0a xla () dxry ey xn; g>n

r=1

(VL15)

This just equals the terms in the large parentheses on the right side of
(VL.14), and hence these terms sum to zero. Thus we have established the
second equality in (VL.6). This also proves (VL5), and hence completes the
proof of Proposition V1.4.

VII. HOMOTOPY INVARIANTS

VIL1. The Main Result: JLO Pairing is Invariant

In this section we consider the pairing of a family 7'%°(1) of cocycles
with some a € Mat,(U®) satisfying a?=I. These cocycles are defined by a
family of non-commutative, fractionally-differentiable structures on 2. The
pairing is defined in various forms in II1.11, 28, 29, and 31, namely

39a; g) = (™O(A), a). (VIL1)

The advantage to pairing 7'%°(1) with a e Mat,, (A®) rather than to pairing
an arbitrary family of cochains 7(4), is the fact that the pairing function is
a constant function of A. The continuous variation in A is a homotopy. In
other words, each 39¥(a; g) is a homotopy invariant. This invariant is in
general not integer-valued, but may be in certain special cases.

Our basic result is to find conditions that are sufficient to prove that
JLO(

"

7-9(4) is continuously differentiable in A. Under these hypotheses, the
pairing function {7'-°(1), a)> is actually constant. The considerations in
this section are both algebraic and analytic. The algebraic considerations
are universal; they show that if the functions have derivatives equal to their
formal values, then the pairing is an invariant. The analytic conditions
allow us to establish differentiability of the pairing, and furthermore to
prove that the derivative of the pairing with respect to 4 does equal its
formal value. Much of the relevant analytic groundwork has already been
prepared in Section V. Here we extend this analysis to families, and we
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formulate hypotheses on the variation of Q(A4) that are sufficient to
establish that we are within this framework.

We assume that the A-dependence of t"°(1), and hence that the pairing,
arises from the A-dependence of Q(4). Here Q(A) generates t'-°(1) as
described in Section IV, and the parameter /A lies in an open interval
A=(Ay, 4,) = R. Our operator Q(4) is a self-adjoint operator on J#, and
we suppose that Q(1) has the general form

O(A)=0+¢q(A). (VIL2)

We regard Q= Q* as defining a basic 7'%°, and ¢(1) as providing a

deformation of Q and a perturbation t%°(1) of ¢'%©.
Let us state the main result of this section.

THeoREM VIL.1. (i) Let {A, Q(L),y, U(g), A} be a regular family of
O-summable, fractionally differentiable structures as defined in Section VIL.3.
Then the corresponding family of JLO-cocycles {t"9(A)} is a continuously

differentiable function A — (W), and there is a continuous family
{h(2)} = C(N) such that for all L€ A,

1 JLO _ P
7O =0h(2) (VIL3)

(ii)  The function g — t"°(1) is a continuous function of ge ® from ®
to (W), uniformly for A in compact subsets of A.

An immediate consequence of the fact that dr’™©(A)/di=0h is the
invariance of 39%(a; g). In particular, continuous differentiability of 7'-°(4)
ensures, cf. Proposition IIL.6, that the pairing {7'Y°(1),a) is also a
continuously differentiable function. Hence

d% (PLO(0), ay = (Oh(1), ay =0. (VIL4)

We established in Proposition III.1 the vanishing of the pairing function
defined in (VL.4) on coboundaries. Thus we have

CoroLLARY VII.2. (i) For a vregular family of non-commutative
structures, the JLO-pairing {t"°(1), a) is constant. For A, /., € A,

39%a; g) = (T O(4y), ay = {2"H0(4,), a). (VILS)
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Furthermore
1O(1,) =1"O(A,) + 0H, (VIL6)

where H=H(A,, 4,) = Hf h(A) dA.
(1) In addition (VILS) is a continuous function of g.

We devote Section VIL.2-5 to the precise formulation of a “regular
deformation” and to the proof of the above theorem. Special cases of these
results appear in the literature, for example [ 10]. But previously no general
and easily verifiable conditions on ¢(4) had been identified, like the one we
give here, which result in a homotopy. In fact, the analytic details we
resolve here have not previously been made explicit, even in the case of
bounded perturbations ¢(4) of Q.

VIL.2. Regular Linear Deformations

In this subsection we outline a class of regular linear deformations
(A, Q(2),7,®, Ulg), A} of the JLO cochain 7' defined for a particular
{A,Q,7,®, Ug)U}. We denote the family of Qs by {Q(4)} and the
family of cochains by 7'*°(4). These families depend on a fixed #, y, U(g),
and 2.

We first compile a list of assumptions.

a. The Starting Point

The undeformed problem is given by the structure introduced earlier in
Section V.7. It is defined by a self-adjoint Q = Q* with domain &2, acting
on a Hilbert space 2. The heat kernel exp(—0?) is assumed to be trace
class for every > 0. There is a Z, grading y on # for which Qy +yQ =0.
There is a continuous, unitary representation U(g) on # of a compact Lie
group ®, and U(g) Q=QU(g). There is a Banach algebra of observables 2,
with

AT, ., (VILT)
B.

for some a and f satisfying 0 <«, f# and 0 <o+ f <1, and where 34 , is an
interpolation space introduced in Section V.5. We also require that the
norm ||-||| of A satisfy

lalls, , < lall, (VILS)

for all a € 2. Thus elements of A have 0 <1 — f fractional derivatives with
respect to Q. We assume that the algebra 2 is pointwise invariant under
the action of y, namely @’ =yay =a for a e . Furthermore 2 is invariant
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under the action of U(g), namely a®= U(g)aU(g)*eU for aeW. This
structure defines a JLO cocycle 7'° and a non-commutative, fractionally-
differentiable structure {#, Q, y, ®, U(g), A}.

b. A Family of Regular Linear Perturbations

A family of regular deformations of {#, Q, y, U(g), A} is defined by a
family ¢(4) of regular perturbations of Q on the space #. Let ¢ denote a
symmetric operator on # with domain 2. We suppose there are constants
0<a, M < o such that on the domain ¥ x 2,

> <a’Q*+ M>. (VIL9)

In other words, ¢ is a bounded map from the Sobolev space #, defined
in Section V.2, to #_;. We define the family {¢(1)} of regular perturba-
tions” parameterized by real 4, and the family {Q(4)} of perturbed
operators, by

q(A) = Aq, and O(A) =0 +q(2). (VIL.10)

The linearity of ¢(4) in A is the linearity in the sub-section title. Here A
belongs to a bounded open interval A,

sed=(—u,u), and O<pu<a '

In addition to the bound (VIL.9), we will need another bound: for some
O<e<l,

|R'~*q(4) R¥| + | R*q(2) R' ~*| < O(1), (VIL11)

where R = (0% +I)~Y2 If ¢(J) is essentially self-adjoint on &, then (VIL11)
follows automatically from (VIL9), in fact for all 0 <e¢ < 1. However, if ¢(1)
is not essentially self-adjoint on &, we also assume (VIL.11) for some 0 <e.

c. Symmetries

We assume that y and U(g) of Assumption (a), also are symmetries of
{O(4)} in the sense that

0(2) y+y0(4)=0,  Ulg) Q(4) = Q(4) Ug) (VIL12)

7 The condition (VIL9) ensures |¢f| <a |Of| + M | f], a condition introduced by T. Kato
to study O+ ¢, see [23]. The relevant case a < 1 corresponds in our present case to the bound
pa<1 of (VIL9). If 0 <a may be chosen arbitrarily small (which may require M(a) large),
then ¢ is said to be infinitesimally small compared with Q. In that case x4 may be chosen
arbitrarily large.
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for all A€ 4 and for all ge ®. Of course this is ensured by yg + ¢y =0 and
Ulg) q=qU(g).

d. The Algebra A

We assume that the algebra U = J, , is independent of A. It is necessary
that for a €, the derivation d,a, as A varies, remains in 3 ,, so we also
require that the norm |||-||] on U satisfies

llalll = llal +sup |d,all— g, «
led

with o, ff as above. Since 4 =(—u, 1) is an interval, this is ensured if both
da and the commutator of ¢ with a are bounded in the sense that

dae T(—pf, a) and [g.ale T (-5, a).

DerINITION VIL3. A family {#, Q(1)} of operators satisfying Assump-
tions (a-b) is a regular (linear) Q-family. A family { #, O(1), y, ®, U(g), A}
which satisfies Assumptions (a—d) is a regular linear family of @-summable,
fractionally-differentiable, non-commutative structures.

Remark. 1In Section VIL.3 we replace linearity by an additional estimate.

ProposITION VIL4. Let {Q(1)} denote a regular (linear) Q-family. Then

(1) For each Ae A, Q(1) is self-adjoint on the domain &.
(ii) There are constants M, M, < oo such that

Q*< M3 Q(1)*+1) (VIL13)

for all 12| <u. Here M,=max{2,2uM, (1 —pua)~", (1 —pua)~" uM}. Also
forall 1,2 e A

qA’ < M3QX ) +1), (VIL14)

where M2 = M?+ (uM)>
(iii) For all >0, and all || <u, exp(—BO(A)?) is trace class and

Tr(e #2P%) < of Tr(e P2 "), (VILIS)

For given f, this bound is uniform for A in a compact subset of A.

COROLLARY VILS5. For A in any compact subset of A, the regular linear
Samily { A, Q(L), y, U(g), N} determines a bounded family {t"™°(1)} of
JLO-cocycles in .
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Proof. (i) A symmetric operator Q(4) on the domain & is self-adjoint
if and only if for some a >0, (Q(A) +ia) 2 = . This is the statement that
the resolvents (Q(A)+ix)~! exist and are bounded. By the spectral
theorem for Q = 0*, we infer |(Q+ix)~!|<a~'and |Q(Q+ix)) ! <.
Thus (VIL.9) ensures that for all A€ 4,

lg(Z)(Q £ i) ~11* < (na)® + (uM /o).

Assumption (b) ensures |A| a<pa<1. Thus [|g(A)(Q+ix)~1| <1, for «
sufficiently large, uniformly in 4 € A. It follows that the series

(—q(Q+tix)~ )" (VIL16)

0

(Q+in)™!

n

I8

converges in norm. This is (Q + ¢ + ia) ~!, as can be verified from the series
expansion. Since the domain of (VIL.16) is s, the range of (Q + g + i) is
A . The range of (Q +inx) ' is &, so the domain of Q + ¢ + i« is contained
in 2. However Q+ ¢ + ia is originally defined on all of 2, so that is its
domain.

(i1) Remark that (VIIL.14) follows from (VIIL.13), using (VIL9). In fact
q(2)* < (Ja)* Q>+ (AM)* < (Ja)* M3(Q(Z ) + 1) + (AM)?
< ((ua)? M3+ (uM)?*) Q) +1)

(M 3+ (M) Q2 ) +1).

N

So now we establish (VII.13). On the domain 2 x Z for sesquilinear
forms, it follows from the Schwarz inequality that for any ¢ >0,

1
+ (g(4) Q+Qq(i))<eQ2+gq(A)2. (VIL17)

Thus on 2 x 2, we infer from (VIL.17) and (VIL9) that
0*=(0(4) —¢q(2)* = 0(2)* — q(7)* — (q(2) O+ Qq())

<0 +e0*+ <i— 1> q(2)?

<00+ <e+ (Ja)? <i— 1>> 0+ (AM)? <i— 1). (VIL18)
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Case 1. |Ala<i: In this case choose ¢=3% in (VILI8). Then
e+ (La)? ((1/e) — 1)< 3/4, so collecting the Q% terms in (VIL18) gives

102 < (A + (M) < Q2 + (uM)>. (VIL19)

Hence (VIL13) holds with 7, =2 max{1, uM}.

Case 2. 3<|A| aua<1: In this case choose ¢=|A|a in (VIL18). Then
the coefficient of Q% in (VIL18) is 1 —e— (Aa)? ((1/e) = 1) =(1 — || a)* =
(1 —pa)? and ((1/e) —1)< 1. Thus (VIL18) ensures that

(1—pa)® Q* < O(1)* + 22M> < Q(A)* + i>M>. (VIL.20)

Thus (VIL13) holds with M, =(1—ua)~ " max{1,uM}. Thus in both
cases, (VIL.13) holds with

M, =max{2, 2uM, (1 —ua)=", (1 —pua)~" uM}. (VIL.21)

This completes the proof of (b).
(iii) Using (VIL.13),

M20*—1< (1)

We infer that if E,(Q?) is the ith eigenvalue of Q2 counting in increasing
order, then by the minimax principle, SM[2E,(Q?) — B <BE(Q(1)?).
Assumption (a) includes the assertion that exp( ﬂQz ) is trace class for all
p. Thus (VIIL.15) follows.

This completes the proof of the proposition. The corollary follows. In
fact Assumptions (a—d) plus the fact that Q(4)= Q(A)* and Tr(e #2P?)
< oo, with a uniform bound for 1 in a compact subset of A, ensure the
existence of the family {t"°(1)} of JLO-cocycles. The fact that this family
is bounded then follows as a consequence of (VI.3), along with (VIL15).

ProposITION VIL6. If {Q(1)} denotes a regular, linear Q-family, then
the Sobolev spaces #,(Q(1)), with pe[ —1, 1] and J. in a compact subset of
A, are independent of A.

Proof. We require that if fe#,(Q(4)) then fe#(Q(1)), and if
Ju = feA(Q(A)), then f, — fin A, (Q(1')). It is sufficient to establish this
for p >0, from which the result for p <0 follows from the duality of #,
with #_,. Furthermore for p =1, we have verified (Proposition VII.4.i)
that 2(Q(2))=%(Q) for all Aed, and hence that #,(Q(1))=
Z((Q(A)*+1)'?)=2(Q(A)) = #,(Q) is independent of A.
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The statement about convergence for p =1 is equivalent to the existence
of constants M,, M, such that for all A€ 4,

(Q*+ D)< MXQ(A)2+1), and QA +I<MXQ*+1). (VIL22)

The first inequality was proved in Proposition VIIL.4.ii, while the second
follows from

0(2)*=(0+4¢(2))* = Q% +q(1)* +q(2) Q+ Qq(4) <2(Q*+q(2)?),
by Assumption (VIL9).
For 0 <p <1, the desired results for #, follow from the inequalities
(Q*+ )P <MYQA+1)P,  (QU)+ 1P < MYQ*+1)".

But suppose 0 < 42 < B? is a monotonic relation for invertible operators on
a domain 2 x &, where A and B are essentially self-adjoint on 2. Then
automatically

A% < B (VIL.23)

for all 0 <p < 1. This completes the proof.

VIL3. Regular Deformations

In Section VIL.2 we studied regular linear deformations Q(1)= Q + ¢
of O, and the resulting family {4, O(1),7, U(g), A} of O-summable,
fractionally differentiable structures. In this section we replace ig by a
family g(4). We require that ¢(4) satisfies the assumptions of Section VII.2,
and in addition we make an assumption on the derivative of ¢(1) with
respect to 4. Replacing Assumption (b) in Section VIL.2, we formulate the
following:

b’. A Family of Regular Perturbations

We assume that for each A€ A, the operator ¢(1) is a symmetric operator
on the domain ¥ =2(Q). We assume that there are constants 0 <a <1
and 0 < M < oo such that for all 4 in a compact subset of A, the inequality

q(1)*<a*Q*+ M? (VIL24)
holds on Z x 2. We define
0(4)=Q +4q(4). (VIL25)

Note that if ¢ is an operator with domain & which satisfies (VII.24) on
9 x 9, then ¢ is an element of .7 (0, 1). Furthermore, if ¢ is symmetric, then
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q determines uniquely an element of 7 (—1,0) given by the adjoint
sesquilinear form. Conversely, if ¢ is a symmetric sesquilinear form on
Y. x9,, and if furthermore ¢e 7 (0,1)n7(—1,0), then ¢ uniquely
determines a symmetric operator on the domam 2. Thus we may consider
q(2) as an operator with domain £ or as an element of 7(0,1)n
7(—1,0).

According to (VIL.24),

g eT(0,1)nT(—1,0)

and ¢(1) varies over a bounded set for 4 in a compact subset of 4. As in
Assumption (b), we also require that g(1)e T (—e, 1 —¢)nT(—1+¢,¢)
for some interval 0 <& <eg,. We combine these requirements by assuming
that

gl (—s1—e< O(1) (VIL26)

for all e€[0,e0] U[1—¢q, 1] with some ¢, >0. Furthermore the bound
(VIL26) is uniform for A in a compact subset of A. The assumption
(VIL26) for all 0 <& <1 follows automatically from (VII.24) in case ¢(4) is
essentially self-adjoint on Z.

It is in the latter sense that we make an assumption about the differen-
tiability of ¢(4). We assume that for 4, A’ € 4, the difference quotient

A)—q(A
5(1,/1’)=q( ) qf )’
A=A
which is an element of 7 (0,1)n.7(—1,0), converges in both of these

spaces as A" — A.

Thus we assume that there exists a symmetric operator ¢(4) with domain
2, which is the derivative of ¢(4) in the sense that for 4, A’ in a compact
set of 4,

D l0(4, ') = 4(A) o, 1y + lim 10(2, 2') = 4(A)(~1,0)=0.  (VIL2T)

We also want ¢(1) to be continuous in 4, in the space 7 (0, 1)n.7(—1, 0).
Thus we suppose that

lim 14(2) = ¢(A)ll o, 1)+ lim ¢(2) —¢(A)] (~1,0=0.  (VIL28)

Define Assumption b' to be (VIL.27-28), replacing Assumption b of the
previous subsection. We retain assumptions (a, ¢, d). In the linear case of
Section VIL.2, g(A)=Aq, so (4, A')=qg=¢4(L). As qe 7 (0, 1), the limits
(VIL.27-28) hold trivially, and b’ is an automatic consequence of b.
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DeriniTION VIL7. A family Q(4) satisfying the Assumptions (a) of
Section VIL.2 and (b’) above (including (VII.24-28)) is a regular Q-family.
The family {#, O(1), y, ®, U(g), A} which satisfies Assumptions (a, b’,
c, d) is a regular family of @-summable, fractionally-differentiable,
non-commutative structures.

ProposITION VIL.8. Let {Q(A)} denote a regular Q-family. Then for J. in
any compact subset of A, the conclusions of Proposition V114 and
Corollary VILS hold with a <1 replacing ua <1, and with M replacing uM
in all estimates.

The proof of this proposition parallels that of Proposition VIL.4 and
Corollary VIL5. We just replace the bound 1%¢* <u’a’Q*+u*M?* by
(VIL24). Self-adjointness of Q(1) follows as before. Furthermore the three
inequalities all follow from the inequality ¢(4)* <a*Q*+ M?. Thus we end
up with the modified form of (VII.13-15), where « replaces ua and where
M replaces uM. Similarly we can derive the inequalities (VI1.22). Thus we
also have proved

ProrosiTioN VIL.9. Let Q(1) denote a regular Q-family. Then the
Sobolev spaces A, (Q(A)), with pe[ —1, 1], and /. in any compact subset of
A, are independent of .

We now proceed to study the differentiability of exp(—sQ(4)?). Let us
define the difference quotient of heat kernels by

A0, ) = (A=)~ (o=@ _ o =500 (VIL29)

ProrposiTiON VII.10. Let Q(A) be a regular Q-family and let 0 <s<1.
Let 2 belong to a compact subset of A. Let

Y() = [ e~ QW d (i) =602 dy, (VIL30)

0

where d,q(1)=Q(4) ¢(A)+q4(1) O(A). Also let X={I d,G(A)} be a
two-vertex set. Then

(1) X is a regular set with respect to Q.

(1) The operator Y(A) of (VIL30) is related to the heat kernel
regularization of X by

Y(3) =L X(t, s— 1) dt. (VIL31)
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(1) Let 0<a,f and 0<a+pf <1 and 0<s<1. Consider Y(1) and
A(A, ') for A, ' in a compact subset of A. They are bounded uniformly in
T (a, —B; s, as defined in Section V.6. There exists M < oo such that

H YHg-(a, —B;sh + HA”f(a, —pis—h <M57(u+ﬁ)/2~ (VH-32)

(iv) The A-derivative of =P in T (o, —B; s~ ") exists and equals
— Y. In fact for any ¢>0,

HA + YHy(oc, —B;s™h < 0(1) S*(oc+ﬁ+a)/2’ (VII33)

where o(1)— 0 as |A—4'| - 0.

We write

d% e 00 = (¢ TI0UF g g(j) em00W gy (VIL34)
0

Remark. The fact that the derivative (VIL.34) exists not just as a limit
of difference quotients in #(#), but also as a limit in the space
T (a, —fB; s~1) is crucial. It is this fact which will allow us to differentiate
the expression for 2-°(1) in terms of the expectations which define t2-°(1).
In other words, it establishes the commutativity of differentiation with
respect to 4 and the trace and integration over s.

Proof. (i) We assume in (b’) that (1) e 7 (0, 1) n7 (—1, 0). Further-
more as explained in (b), ¢(4)eZ(0,1)n7(—1,0), so also Q(1)e
7(0,1)n7(—1,0). As a consequence, both ¢(1) Q(4) and Q(4) ¢(4) and
therefore d,;q(/) are elements of 7 (—1, 1). Hence the two-vertex set has
a9=Po=0 and o;=B,=1, giving 7n,=n,=31. Thus according to
Definition V.1, X is a regular set with respect to Q.

(i) Note X(t,s—1t)el, for t,s—t>0, and |X(t,s —1)]; <
O(t~"*(s—t)~"?) as a consequence of (V.38), which is integrable over s.
This defines Y(A) in (VIL.31) and also proves (ii).

(iii) We next estimate || Y(4)|l 7, g s-1y- In fact

5
1Yl 70, =iy < | 1Kt $ = 1) o, —p o1y
0

so it is sufficient to estimate the integrand for ¢, s — 7 > 0. We have,

HX(ta §— t)HF(zx, —Bis™ = HRio(X(Za §— t) Riﬂ”lsfl

= |R™%e~ D" d,j(7) e~V LRP|, .
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Here r=(Q*+ 1)~ "2 By Proposition VIL9, there is a constant M < o0,
independent of 4, in a compact subset of A, such that for R(1)=

(Q(A)*+ 1)~
IR™'R()I| < M3,
and hence
IRT*R(A)*| < M35,  0<a<l. (VIL35)
Thus by Holder’s inequality, (V.28), and the fact that e+ f <1,

1X(2, s = )l 7w, —ps1)
S MEHP||R(A) % e CW2|| || R(J)~F e~ =0 2072
X IR(2) dydi(2) R e~ @R, le=t—nQoiz),
<1601+ #(Tr(e™ QD22Y)s (5 — 1) =(B+D/2 ()= (x+1)2

x ||R(%) d;d(%) R(2)|. (VIL36)

(s n-1

Since d,4(1)e 7 (—1, 1), it follows that
IR(2) d;G(2) RO < M3 d3q(A) -1, 1)-
As we may take M;>1,
1X(2, 5= )| 70, 5=y STOM 32~ D2 (5 — ) =P D2
X (Tr(e=@D2)) | d,g(A)] —,py-  (VIL3T)

Integrating over ¢ we therefore obtain

| YO i, — ety < Was = PP(Tr(e = 2PP)) [ d(2)] 1.1y, (VIL3Y)
with M, =16M3B,((1 —a)/2, (1 —B)/2).

Next we derive a similar bound on [A(4, A')|l 7, —p. s-1)- In this case we
recall from Proposition VIL9 with p =1, that the domain 2(Q(4)) of Q(4)

is A independent for 4 in a compact subset of A. Thus Q(4)? is a
sesquilinear form on Z(Q(1')) x Z(Q(1')). Hence

A XY= (A= 1)~ e @W == QU 1=y

=(A=2)"" jo eI Q(N) = Q(A)?) e~ =D LU g (VIL39)
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Note Range(e 2P = 9(Q(4)) = Z(Q) = 9. We have on Z x Z the form
identity

A(4, ') = —fo e TCA(Q(2) (s A1)+ (2 ') Q(A')) e~ =D QEY gy,
(VIL40)

Since d(4, ') e 7 (0,1)n.7(—1,0), we can repeat the proof of the bound
on Y(A) to obtain

1Ak 2| o — i1y < M55 =B (Tr(e =702 s
% (16C2 2 0, 1y + 100 Al 7 —1.0y)s  (VILAD)

where M is a constant proportional to B,((1 —a)/2, (1 —f)/2). Since s is
bounded, and exp(—Q?) is trace class for all >0, this proves (VIL32).

(iv) Up to now we have only used the uniform bound on (4, 1').
However, in order to prove differentiability we need to establish
convergence to zero of the sum A4+ Y. We express 4+ Y as a sum of
five terms, and we then show that each term converges to zero in
T (a, —fB; s~ ). With the notation

S(t)y=e~ W §'(1)=e 1M, (VIL42)

use (VIL.30, 40) to write

A+ Y= = [ () QUGS (s — 1)~ S(s— 1) d

— r S(6)(00(2) S'"(s—t)—q4O(A) S(s—1)) dt. (VIL43)
0
We expand this as a sum of differences

At Y= Z j (1, s—1) dt, (VIL44)

j=1

with

[
Y

1) Q(2)(0 —4q) S'(s —1),
O(2) 4(S'(s —1) = S(s — 1)),

(1, s—1)=S(1) ( )
(2, s—1)=S(1) ( )
Zy(t,s—1)=S(t)(6 —4) Q(X) S'(s—1), (VILA4T)
(1, s —1)=S(1) ( )
( )=5(7) ( )

[
o)

t

= S(1) GOS' (s — 1) (A — 1),
=S(1) GO(A)(S (s — 1) = S(s —1)).
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We now show that for any ¢ >0, each of these terms satisfies
HZ](I, A Z)H T (a, 7ﬂ;S71) < 0( 1) l_(l +[x)/2(s - t) -a +ﬂ+8)/2’ (VII.SO)

where o(1) - 0 as |1 — /| - 0, uniformly in s, z. We then integrate (VIL.50)
over 0 <t <s. Since 0 <a, f and a+ f <1, it follows that < 1. Therefore
we can choose ¢ sufficiently small that (1 + f+¢)/2<1. Then the integral
converges, and we obtain

”A + Y”y(cx, 7/?;.?_1) < 0(1) Si(a+ﬂ+8)/2a (VIISI)

as claimed.
Let us begin by proving the bound on Z,(z, s —t). Observe that for >0,
s—t>0, by Holder’s inequality

1Z4(t 5 = )]l i, —pe 1)
—|R=*Z,(t,s—1) R, _,
<|R™S(1) Q(A);_, (6 —4) RI [R™'S"(s— 1) R,
<IR=*S(1/3)]l 1S(t/3)]1,_, 1S(1/2) Q(A)]
x[(6—d) RI IR7'S"((s = /3) | 1S (s = )/3) ], -,
x |IS'((s—1)/3) R7#|. (VIL52)

We now bound the seven factors that occur after the final inequality. Using
bounds (VII.35) and (V.28), we bound the first factor by

Ir==S(1/3) ]| < BT5 | R(2) = S(4/3)| <285(¢/3) =2 (VILS3)
We bound the third, fifth, and seventh terms similarly. Thus

HZI([a §— Z)Hf/"(oc, —ps—h
< 3223(3M3)(a+ﬁ+1)/2 [—(1 +zx)/2(s_ t) —(1+p)2

X (Tr(e™@772))" (Tr(e =2H72)) =" (8 = ) 0.1y (VIL54)

By Proposition VIIL.8, we have the bound (VIL.15) at both points A and A/
under consideration. Thus

(Tr(e=CH7)" (Tr(e~@H7P)) ~1 < M,

where M, is bounded uniformly in 4, A’ in the compact subset of 4. Hence
we may include all constants together in one new constant M to yield

1Z1(t, s = Ol 7a—p;s—1y SMst= 02 (g— )= +P2 [0 —qllo,1)- (VILSS)
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The hypothesis (VIL.27) ensures that [0 —¢ll, 1) is o(1) as |[A—A'| —0.
Thus (VIL55) is bounded by (VIL.50) with ¢ =0, and the bound on Z, has
been proved. The bound on Z; is similar, except that we use (VIL27) to
conclude ([0 — ¢l (1, 0y=0(1).

Next we consider the bound on Z,. Here we use the following bounds
that are uniform in /:

|‘7‘|(—1,0)< o(1), and H5H(0,1)< o(1).
We proceed as above to establish
1Za(t, 5 = Ol 7, —ps-ty SOUA=2]) £+ — ) =+D2 0 (VILS6)

so the explicit coefficient ' — 4 provides Lipschitz continuity of this term.
In particular, we have established (VIL.50) for Z,, Z;, Z,, and the bound
holds for all three with ¢=0.

Let us now inspect Z, which requires a different method. Let P, denote
the orthogonal projection in # onto the subspace for which Q%< n.
Decompose # =P, # @ (I— P,) # into two subspaces on which Q*<n
and Q2> n respectively. Also write

Zy(t,s—1)=Zo(t, s— 1) P, + Zo(t, s—t)(I—P,).  (VIL57)

We claim that given ¢; >0, we can choose n, sufficiently large so that for
n>ng,, we have

1Zo(t, s = )T = P) | 7, sty Seqt =T HV2(s — 1) ~UHI+92 - (VILSS)

for all 4, A’ in the compact subset of A. In fact, choose 0 < ¢ sufficiently
small so that f+ &< 1. We repeat the type of estimate in (VIL.52) above to
obtain the bound
HZ2(I: §— t)”f/‘(oc, —B—e s
SOt~ H2) IS (s—1) — S(s — MNara, —p—es—n-1
SO(1) t=UHI2(g _g)=(+h+e) (VIL59)
We use here [[r'S"(s—¢) R7/~%|; _ < O(1), and similarly we also use

IR-'S(s—1) RP=*,.__,<o(]).
On the other hand

IR(I—P,)ll = [(Q*+ D)~ (I=P,)| <(n+1)~*%  (VIL60)
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Thus we have
”ZZ(ta §— l)(I_Pn)HY(oc, —Bs™h
<[Zy(t, s —1) RT°R(I—P,) | 7o, —p s 1)
SN Zy(t s =) o, —p—es s 1) IRFUL—P,) |
<O((n+1)"%2) =+ _p)—U+F+a)2 (VIL61)

Hence for n, sufficiently large and n >n,, we have O((n+1)~%?)<e,, and
(VIL.58) holds.
We also claim that if we choose a fixed n > n,, then

1Z(t, 5= 1) Pyl e, —praty S 0(1) 170497, (VIL62)

In fact exp(— Q?) is trace class so P, is a finite-dimensional subspace of
. The dimension of P, is fixed once n is fixed. Furthermore, the
operator T defined by

T=R*Z,yt,s—t)R7FP,,
yields
T*T=P,R PZ,(t,s—1t)* R-**Z,(t,s—1t) R™*P,, (VIL63)

which acts on the finite-dimensional subspace P, . Thus the absolute
value |T| = (T*T)"? of T also acts on P, #. We therefore can write

1T, = (Trp ((IT]*7)), (VIL64)
with the trace restricted to P, . But
1Z2(t, s —1) Ppllga—pis—1y= 1Tl 515 (VIL6S)

so we can evaluate the 7 (a, 8; s~') norm of Z, P, on the subspace P,.#.
Let f;, for j=1, 2, ..., N be an orthonormal basis for P, #. We claim that
for each j,

L ITP s <o(1) e~ @+ D2 (VIL66)

where 0(1) >0 as |[A—1'| = 0. As a consequence of (VIL.66) and of the
fixed, finite dimensionality of P,s, we infer (VIL.62).
To prove (VIL.66), note that

IRPP, | <I(Q*+ D)2 P, || <(n+1)P"2 (VIL67)
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Also
R™*Z,(t,s—t)=R7*S(t) Q(1) g(A)(S'(s—1t)— S(s—1)). (VIL.68)

As a consequence of Proposition VIL9, we have the bounds (VII.22) for all
A in a compact subset of A. In particular, we have

Q2 <M3Q*+1)
on the subspace P, #. We therefore conclude that ||Q(1) P, | is bounded
by M,(n+1). In other words, if P, (1) is the orthogonal projection in #
onto the subspace on which Q(1)?><m, we have

Pn%CPMZ(n+1)()“) A,

for each A in the compact subset of 4. On the other hand the other
inequality (VIL.22) ensures

Q*<MUQ(A)*+1),
SO
Pitn+ 1(A) H < P gy itynr 1y + 1) A -

We conclude that (S'(s—17)—S(s—1)) P, has a range in P, #, where
ny =M, (Myn+1)+1). Thus

1g(A)(S"(s —1) = S(s —1)) P, ||
=4(2) RR™'P,(S'(s—1) = S(s — 1)) P, |
< gl 1y (m+ 1) [(S"(s=1)=S(s—1)) P,|.  (VIL69)
Combining (VIL.68) with the bound
IR==S(1) QA < O~ +72), (VIL70)
uniformly on a compact subset of A, we can bound |7 in norm by
T = I(T*T)"2| < T*T| "
<O~ (ny + D)(n+ 1P |1l 621y 14121, o)

x [(S'(s—1)—S(s—1)) P,|. (VIL71)
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For n>=n, fixed, the constants in (VIL.71) are uniform in A. However,
I(S'(s—t)—S(s—1t)) P,|=0(1) as |4 — A'| = 0, for this norm is calculated
on a given, finite dimensional subspace of #. Thus

T =o(1) =0+,
with o(1) > 0 as |1 —A"| —» 0. Likewise for 0 <s <1,
T < (o( 1) (=0 +=72))™
and

S I TIT [ < o(1) 1=+,
Hence we have proved (VIL.66) and (VIL62).
We now combine (VIL58) with (VIL.62) to give
1Z5(t, s = )| 7@, —p: s 1)
SNZyt, s =) I —Po)| 50, —p sty T 1228, s — 1) P 7o, —p: 51
<o(1) = Fo2(g )= (A+F+e)2 (VIL72)
Here we use 1<(s—¢)~1+£#+9/2 in the bound on Z,P,. Thus we have
established (VIL.50) in the case of Z,.

The proof of the bound (VIL50) for Z5 is a minor modification on the
proof for Z,, and it also results in the bound

1Zs(t, 8 = )] o, —ps—1y < O(1) 1= F2(g — ) =UHF+D2 - (VILT3)

Hence we have completed the proof of (VIL.33) and of the proposition.

In the course of establishing the proposition, we have used a method
which gives a useful bound on 4. We state this separately,

ProrosiTioN VIL.11. Let Q(A) be a regular Q-family and let 0 <s < 1.
Let A, " belong to a compact subset of A. Let 0 < f < 1. Then for any ¢> 0,

le5QA? _ =00 4 e sQRr _ g =50t

Hy(ﬁ, —1;s7 1 Hy(l, —pis—h

<o(l) s~ +p+o2, (VIL74)

where o(1)— 0 as |A—A'| = 0.

Proof. We inspect the second term in (VIL.74). The bound on this
difference in the norm Z (1, —fB;s~!) was proved in the course of our
proof of the bound (VIL.72) on Z,(, s —¢). To be explicit,
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_ 2 — )2
le 7CA" — e =S CEY oy gy
= [R™ (e 790’ — ¢ =50 ) R=F| |
L ) OO 1 —
<R e o) RAI- P,
n HR_l(e—sQ(,l)Z_e—sQ(}u)Z) R*P, g s (VIL75)

where P, denotes the orthogonal projection onto the subspace of J# on
which Q% <n. As in the proof of (VIL.72), and with the notation used there,

IR™Y(S(s) = S"(s)) RAI—P,)ll;_,
<IRTI(S(s) = S"(s) RP=2|,_, [RM(I—P,)|
<IRT(S(s) = S"(s) R4 (n+1)7°

SO+ 1) es UHBra2 Lo g=UH+0)2 (VIL76)

Here ¢, >0 is given and n is chosen sufficiently large, depending on ¢;.
Likewise for fixed n,

|R(S(s)—S'(s)) R~#P, I, <o(1), as |[A=A|—-0. (VIL77)
This is a consequence of an analysis of 7*7T, where
T=R7'(S(s)—S'(s)) R7FP,. (VIL78)
We infer that
T*T=P,R P(S(s)—S'(s)) R~*(S(s)—S'(s)) R—PP, (VIL79)
is bounded using (VIL.67) and the argument following, for n fixed, by
HT < IT*TII2 < 0(1) [[(S(s) = S'(s)) Pl <o(1).  (VIL8O)
Hence
(Trp,(IT1°7)) < 0(1) (VIL81)
and (VIL77) holds. But (VIL.76-77) show that
1S(5) = 8"(5) |t — sy < 0(1) s HAT07,
which bounds the second term on the left of (VIL.74). The bound on the

first term of (VIL.74) is just the corresponding dual bound on the adjoint
of S(s) — S'(s). Hence it follows and the proposition is proved.
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VIL.4. The Basic Cochains L(1) and h(/.)

We define two families of cochains L(4) and /(4) that characterize the
J-dependence of 7'%C as follows. Let

Ln()")(aoa ) an; g)

= Z <a0’ d/lalﬂ “ees d}Laj—la [q(i)> aj:|7 d/laj+1> ey dﬂ,an; g>n

Jj=1
- Z {ag, dyay, .., d/laja d;q(4), dzaj+1, s 3005 8D i1
j=0
= Z <a0’ dlal’ sy [q()*)! aj]s Rt dlan; g>n
j=1
- Z T;I’lI:I—C)l(a()a al) (3% ajﬁ q(i)a (X31) an; g)ﬂ (V1182)
j=0

and let

hy(2)(ag, s @y &)
= —<Cl0, (1(}.), dﬁ.al’ ceey d}.an; g>n+1
+ Z (— 1)k+1 ag, dyay, . dyag, G(4), dyag i1,y o dya,5 5041
et (VILS3)

The analytic properties of these cochains are a consequence of the
groundwork we have laid.

ProposiTiION VIL12. Let { A, Q(A), 7y, ®, U(g), A} be a regular family
of O-summable, fractionally-differentiable structures. Then

(i) The families {L(1)} and {h(1)} are bounded families of cochains
in €(2).
(i) As elements of €(N), L,, . (1)=0 and h,,(1)=0.

(i) Let a;e W and for 1<k<n let X®={x{F, x, ., x¥,
denote the regular sets of (n+ 2)-vertices

3 k k K . k
xP=ay, xP=day,.,xP=da,, xE =4),..,x¥* =da,,

(VIL84)
while for k=0 let X* = X® denote the regular set of vertices

xF=ay, xP=4g2), xP=day,.,x* =da,  (VIL85)
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Then for 0< j<n+1 and 0 <k <n, each set of vertices

k k) Ok k k

X ={x0, x(0, ., dx®, . x,}, (VIL.86)
containing one additional derivative in the jth-place, is also a regular set of
vertices.

(iv) The function g— h(1) is continuous in g as a map from ® to
€ (), uniformly for 1 in compact subsets of A.

Remark 1. In case there is need to specify the number of vertices
explicitly, we denote the sets of vertices X* and X{* above as X*)(n) and
X®(n).

J

Remark 2. The cochain /i(4) of (VIL.83) can be expressed in terms of
the expectations of the sets of vertices X® defined in (VIL84-VILSS),
namely

I(i)(ds s s §) = S (=11 (XD (n); g5 (VILST)
k=0

Proof. (i-ii) In order to ensure that L(1) and h(A) are elements in %,
it is sufficient to show that these expectations exist, that they have the
required symmetries, and that they satisfy a uniform bound of the form of
(IL.32). It is clear that for any a, =1, k#0, both L,(/) and £,(4) vanish,
as they must for cochains in ¥. Furthermore, the expressions (VIL.22) have
the invariance property (I1.1). The symmetry property under y ensures that
L,,,;=0 and h,,=0, when evaluated on 2.

To prove the uniform bound (I1.32), we also show that the expectations
defining L,(A) and &,(A) arise as expectations of regular sets of vertices.
(For the cochain /,(4) to exist in @ %, it is sufficient to show that each
X® defined in part (iii) of the proposition is a regular set of vertices.) Also
introduce the sets of vertices for 1 <k <n,

Y® = {ao, dyay, ... dyax_q, 4(2) ap, dyag 1, ...y d,{an}7
and
Z(k) = {005 dﬂaly eees dlakfls akq.(i)a diak+ls eeey dﬂan}'

For a bounded, both ¢(4) a and ag(4) are vertices of type (—1,0) and
(0, 1) respectively, with

(4) a“(—l,O) < HQ(})”(—l 0) llall,
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and

Haq‘(l)H(o,l)S llall HCI'(;v)‘|(o,1)-

Here we use Proposition VII.6 which ensures that norms defined with Q(1)
or with Q are equivalent. Thus for ae A = J; ,, the sets Y* and Z* have
regularity exponents (V.31, 32) given by

| I 1 n
nl)o,caIZEmln{l_o{’l_ﬁ} >0’ n;;obal>§+§(1_a_ﬂ) <I’l+1>

Likewise,

| 1 1 n
nfmlzimln{l—zx,l—ﬁ} >0, ngobal>§+§(l—0€—ﬁ) <n~|—1>'

We can now apply Corollary V.4.iv to conclude that both Y® and Z®
have expectations in %,(2), and define sequences in (2. Hence the first
sum on the right of (VIL.82) defines an element of %(2I).

The second sum on the right side of the expression (VIL.82) for L,(1)
contains the vertex d,¢(4) = Q(A) 4(4) + ¢(A) O(A), that is of type (—1, 1).
(Even though this vertex is more singular than any vertex in the first sum,
it does satisty ||d;g(A)|| ., < O(1).) In this case 7, for the set of vertices

T]: {a05 dﬂala ey dlak’ d/lq(;h)a dﬂak+la ooy dlan}
is the same as #,,., for the sets Y® and Z® above,
Mioear > 3 min{ (1 =), (1)} >0.

Furthermore, these vertices have a global exponent ﬂgoba1>% for n
sufficiently large. Thus the bound on this second sum proceeds just as the
bound on the first sum. We use Proposition VIL.6 and Corollary V.4.iv
to infer that the n-fold sums of expectations obtained from these regular
sets of vertices also define elements of %(2l). We add the various terms in
question to conclude that L(4)e%(2). The proof that Ah(1)e@(A)
proceeds similarly, by showing that the sets of vertices X®) are regular sets
and satisfy appropriate uniform bounds. The next bound on the X{* is
more singular, so we do not give details of the bounds on A(4).

(ii1) Consider the expectation )A(J(.k) of the set of vertices (VIL.86). Here
one vertex may be dﬁa]: O(A)dya;+d,a;Q(A) or one vertex may be
dg(2) = Q(A) 4(1) + ¢(A) O(1). Suppose that one vertex of the former type
occurs. We use bounds for this vertex

10(2) dya; |l (—1— g,y + 130, Q(A) ] (—p 1 409 < O(1) [l ]l (VILEE)
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The vertex adjacent to this vertex will be either a vertex ag, d;a,,
or ¢(4). The most singular configurations of three successive vertices
are {..,d,a;0(4),4(A),dya;,,,..} or {.,da,0(A),d,a;,,,q(2),..}, or
“adjoint” configurations {.., ¢(1), d,a,,,, Q(A) d;a;, ..} or {.. da;,,,
40, Q(2) dyay. .}

Since the ¢(A)-vertex is in 7 (—1,0)n.7(0,1) we choose to estimate
¢(4) with the index 0 on the side toward Q(4). Thus the local regularity
index given by these configurations is at worst

Moo = S min{1—o, 1 —f, 1 —a— B} >0. (VIL89)

Thus in this case the set is a regular set of vertices. If on the other hand
the differentiated vertex is dx;=dg(A), then the most singular three,
successive vertex configurations are {..,d,a,, 4(A) Q(1), d,a,, ..} or an
“adjoint” configuration. In this case we have

ﬂlocal>%min{l — & l_ﬁ} >0,

so the situation is slightly less singular. Both these bounds are uniform for
A€ A in a compact set.

(iv) In order to establish the continuity of A(1) in g, we need to
analyze the difference A(4; g) — h(4; g'), for g, g’ nearby elements of . We
let P, denote the orthogonal projection in # onto the subspace Q% <r. Let

n=(1—a—p)/2,so
0<;7<7710ca1a

and 7 is independent of n. Also let R=(Q*+1)~"2 Then

U(g) - Ulg")=P,(U(g) - UZ))
+RT"R"(I—P,)(U(g) — U(g")).

We insert this relation in place of U(g)— U(g') in each term in the
difference

hn(;L)(a07 vy gy g) 7}’1”(/1)((10, ey Ay g,)

Expand into 2(n + 1) terms using definition (VIL.83). We will show that for
g sufficiently close to g’, the norm of each of these terms is small, with a
coefficient o(1) uniform for A in a compact set, and with the large-n
behavior given by o(1) M**Y(n!)~ W2 = =«=5/2) Thjs being true, h(1) is

continuous in g € ®, uniformly on compact sets of A.
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In order to complete the proof, we show why each term is small. First
choose r sufficiently large; the following argument shows that the contribu-
tion with a factor (/—P,) is small. The operator R~7, which also
commutes with y can be moved cyclically through the trace around to the
last factor exp(—s, 1 Q(4)?). We have established in Proposition VIL6, 9
that for A in a compact subset of A, the operator norm ||(Q(1)*>+1)"* R~"||
is bounded uniformly in A. Thus the bound on |exp(—s,,;Q(4)?) R~"||
can be estimated by [exp(—s, .1 Q(4)*)(Q(A)?+1)~"?| times a uniformly
bounded constant. But #<#,., SO the extra factor R(A)7"=
(Q(A)*+1)"/2 can be absorbed into «,,;, with the only effect being to
change the combinatorial constant from one vertex in (V.63). We are thus
left with the factor

IRM(I= Pl <(r*+1)7"2,

which is o(1) uniformly in all constants if r is sufficiently large.

Now fix r and consider the first term P,(U(g) — U(g')). Note that O and
U(g) commute, so U(g)— U(g') acts on P,#. While U(g) is only strongly
continuous on J, strong continuity and norm continuity agree on the
finite dimensional subspace P, # . Thus

1P (U(g) = U < o(l),

where o(1) is bounded uniformly for fixed r, and where o(1) >0 as
g7 '¢' > e, the identity in ®. Thus both terms in the expansion of
U(g)— U(g') give a small coefficient times a uniform bound for 4 contained
in a compact subset of 4, and the proof of Proposition VII.12 is complete.

ProposiTioN VIIL13.  Assume that Q(A) is a regular family of perturbations
and We Jz , with 0< o, f and 0 <o+ B <1. Then

(1)  The families of cochains L(1), h(A) € €(N) are continuous as maps
from e A — €(N).

(il) The family T °(1)e €(N) is differentiable in 1, and dt""°(1)/d}
= L(A). Hence t™© is continuously differentiable.

Proof. (i) The continuity of L(4) and of A(4) in A follows from an
analysis of the differences L(A)— L(4") and h(1) —h(1"). Taking A, A’ in a
compact subset of /A, we obtain uniform estimates

1\ (/247
L) = Ly + (2 — )] < o(1) 1 <n,> (VIL90)

for n=2%(1 —a—p)>0. Here o(1) is independent of n and o(1)—0 as
[A—A"] - 0.
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To obtain this bound, write out the differences of L, or of 4, using the
definitions (VIL.83-VIL.82). Each term in these sums has the form
[ Tr(yU(g)(X(s; 2) — X(s; 1"))) ds, where X(s, 2) is a product of n or n+ 1
vertices (of the form aq, d,a;, 4(1), d,4(4), or [§(4),a;]) and an equal
number of heat kernels. Thus each difference X(s; A) — X(s;A’) can be
expanded further as a sum of 2n or 2(n+1) terms, with exactly one
difference in each. Here this difference is either the difference of a vertex at
two values of A, or else a difference of heat kernels at two values of A.

For each term, we repeat the uniform bounds as in the proof of
Proposition VIL.12. These bounds, however, can be improved through the
presence of the difference, which will ultimately give a coefficient o(1) as
[A—2A'| > 0. If the difference is a difference of heat kernels, the bound
(VIL74) proved in Proposition VIL.11 can be used. For example, if the
difference occurs in the jth heat kernel, the bound (VIIL.74) yields a factor
o(1), by introducing an arbitrarily small power s;°° from this one vertex.
This small increase in the singularity from one vertex can be absorbed into
the overall constant.

Next let us consider terms for which the difference is a difference of
vertices. We need to consider each generic possibility. If the vertex is d,a;
the difference has the form

dya;—dya;=[q(2) —q(X), q;1=(A—)[6, a;],

where 6 denotes the difference quotient for ¢(4). The only possible problem
arises if 0 is adjacent to a vertex containing ¢(A). Each term has at most
two vertices with ¢ or ¢’s. In this case we use (VIL.26) for 0 <e<1. For
example, in the term

(A=) eI 1O e QI G ()Y eI QEY L (VILIT)
we use the identity
R°a;0R'~* = (R°a,R~°)(R*IR'~°) (VIL92)

to transfer R™° through a; and away from the heat kernel exp(—s; 0 )?)
which is sandwiched between the two factors ¢ and 4. By
Proposition V.5ii, [[R°a;R™°| = |la;|| < la;ll5,, for 0<e<l—o. Also
[ROR" ~%|| = [[0]l (s, 1 _s < O(1) by (VIL.26). Thus (VIL91) can be bounded
by O(|A—4'|), times the usual bound. The special treatment of the two
vertices with factors of ¢ or ¢ does not change #yopa for n large. The O(n?)
terms in L, and £, are bounded by m” and do not affect the power of 1/n!
in the overall estimate. Thus (VII.90) holds for any e < (1 —a—f)/2, and
part (i) is proved.
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(ii)) To establish differentiability of 7'°(1), we write out the
difference quotient and subtract L(4). Then

7'.JLO()V) _ TJLO(;L’)

“ “ —L 1L
T A7) (VIL93)

can be expressed as a sum of differences, as in the proof of (i). Two types
of terms occur in the difference quotient: the difference quotient for heat
kernel factors and the difference quotient for vertices. These terms are in
1-1 correspondence with the terms in L,; the difference quotients for heat
kernels correspond to the d,q¢(A) vertices in L,(4) while the difference
quotients for vertices correspond to the [¢(4), a;] vertices in L,. After
combining these terms, the estimates of the terms with vertex differences
proceed as in the proof of part (i). The terms with heat kernel difference
quotients can be treated using the bound of Proposition VII.10.iv. The
bounds are similar to bounds proved earlier, so we do not give the details.

VILS5. Deformations of t"*°(1) Yield a Coboundary

We establish that de"™°(1)/dA = L(A) = 0h(A, with h(A) defined in (VIL.83)
or (VIL87). In other words, we establish the constancy of (t™™°(1), a)
under a homotopy as explained in Section VIL.1. This completes the proof
of Theorem VII.1 and of Corollary VIIL.2.

ProrosiTioN VII.14. If Q(A) is a regular family of perturbations and
A Jy,. then T7°(1) € €(N) satisfies

A o0,y _ A
dir (A)=0h(A).

Proof. In Proposition VIL13.ii we established that dr’“°(1)/d) exists
and equals L(4), and furthermore that (1) is a continuous function from
A to €(A). We also have shown the existence and continuity of A(1). So
now we need only show that L =0h.

In Proposition VII.12.ii, we have shown that both /,,=0 and L,,, =0,
when these cochains are evaluated on 2. Thus we need only verify that

Ly (2) = (Bhay 1 1)(4) + (bhy, _1)(4). (VIL94)

The proof of this fact is a calculation that parallels the proof of
Proposition VI.4. We begin by proving that

(Bh2n+l)(/1)(a07 ooy a2n; g) = _h2n(da0’ Apy ooy a2n; g)a (VII95)
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where the right side is #® defined in Proposition VIL12.ii, and shown
there to be an element of %,(20). In fact, we establish (VIL.95) starting from
the definition (I1.20) of the operator B that yields on the odd elements of
h the identity for B applies to odd components of a cochain,

2n

—1 -1
(Bh2n+1)(a0) eeey aZn; g) = Z h2n+l(lﬂ agn—j+1’ R afn s aOs () a2n—j; g)
j=0

Expand the right side using the definition (VI1.83) of /. There are two sorts
of terms depending on whether ¢(4) appears to the left or to the right of
day, namely

(B/12n+ 1)(a05 ey Aoy g)

= Z <Z k+1 <I daZn ]+1’ A dagniij+k’ q(/l)’

j=0 k=0

-1 -1
4 g .
da2n—j+k+l"“’ da2n 9da0""7 daZn—ja g>2n+2

2n+2

+ > (=1)<I, das,_ ]+1,..,dagn_',dao,...,dak_j_l,
k=j+1

U, iy 3 €201 ) (VIL96)

Use the cyclic permutation symmetry of expectations (V.67) to permute da,
into the zeroth position. In the first sum this introduces a factor (—1)7*1,
while in the second sum it introduces the factor (—1)’. Thus

(Bh2n+1)(a03 ey Aops g)

= z < Z D7 day, day, ..., day, ;1 ..., day, ;.

j=0 \k=0

G(A),s s dag,; 8D 2n 42
2n+1

+ Z (_1)k+j+l<da09dala---adakfjflaq.(}*)s---ydaZn—ja

k=j+1

I ..., day,; g>2n+2>' (VIL97)
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After redefining the summation variables, we obtain

(Bh2n+1)(a03 wes Aops g)

2n 2n
= z < Z (_1)k<da03 dala-"y daanja

j=0 \k=2n—j

I .. dag, §(4), .., day,; g5 2
2n—j

+ Y (=1)*<day, day, .., day, 4(2), day, ..., day, _;,
k=0

I da: €301 ) (VIL98)

Now combine the terms in (VIL.98) that have a particular value of k.
These terms all have the same sign (—1)*. For fixed k there are 2n +2
terms; the first sum contributes when 2n—k < j<2n or k+ 1 terms, while
the second sum contributes when 0<j<2n—k or 2n—k+1 terms. In
each of these terms the operators da; occur in order of increasing j, and
the operator ¢(1) always follows da, and precedes da, ,,. The difference
between the terms is that the operator [ occurs in positives 1, 2, ..., 2n + 2.
(Note that the operator ¢(4) immediately follows da,, except in the second
sum when j=2n—k, in which case the operator [ intervenes between da,
and ¢(4).) Consider these 2n+2 terms as multilinear expectations of
regular sets of 27 + 3-vertices chosen from the da,’s I dqg(A). Therefore one
may use (V.68) to convert each sum of expectations < --- »,,., into one
expectation (with the vertex I omitted) of the form ( --- »,,, ;. We obtain

(Bh2n+1)(a05 ey Aoy g)

2n+1

= Z (_l)k <da0) dalﬂ ey daka Q(l)a dak+1’ (] daZn; g>2n+1

k=0

= _h2n(da09 Ayy ey Aoy, g)a

as claimed in (VIL95).

Next we evaluate bh,,_,;, along the lines of the proof (VLS8). Here the
form of the expression we obtain is a bit more complicated than in
Section VI, due to the presence of the vertex ¢(4). Begin from the definition
(IL.15) of b applied to 4. One obtains

2n—1
(thnfl)(aOs wes Aops g) = z (_l)j h2n71(a09 eeey ajaj+1s RERC TR g)

Jj=0

+hyy_1(a8, g, dys s Ay Q). (VIL99)
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Expand (VIL.99) using the definition (VIL.83) of A, giving a sum of 2n(2n+ 1)
terms. Each of the terms coming from (VIL.99) with 1 < j<2n—1 contains a
vertex of the form d(a;a; , ;). Expand this vertex further using the product rule
for derivatives, d(a;a; )= (da;) a;,,+a;(da;, ), and express bh,, , as a
sum of 2 * 2n(2n — 1) + 4n = 8n? expectations,

(thn—l)(aoa ey Aops g)
= _<a0ala q(l)a daZa ey daZn; g>2n

2n
+ Z (—1)¥ Lagay, day, .., dag, §(1), .., dayy; 8o,
k=2
2n k—1
+ Y Y (=D)**'<ay, day, ..., a;da;, \, ..., day, 4§(2), ..., das,; g5,
k=2 j=1
2n k—1
+ Y Y (=D)**<ay, day, ..., (daj) a; ., ..., day,
k=2 j=1

C](i), () daZn; g>2n
2n—2 2n-—1

+ Y Y (=D ay, day, .., dag, §(2), .
k=0 j=k+1
a; daj+1, e A5 8 2y

2n—2 2n-—1

+ Y Y (=D ay, day, ..., day, G(2), ..,
k=0 j=k+1
(d“j) Ajg1s s day,; g 2,

2n—1

+ Y (=¥ <ag, ag, day, ..., dag, G(2), .o daz, 15 €5
k=1

—<as, ag, 4(1), day, .. day_1; € 2. (VIL100)

Now combine the terms in (VII.100) into a “telescoping sum” of pairs of
expectations. Each pair of expectations differs only by the location of one
operator a;: at the end of position / in one term, and at the start of position
(/4 1)mod (2n+ 1) in the other. This requires the additional terms

2n

Y. Lag, dyay, .. a;g(A) —G(A) a;, ..., dyaz,; €4, (VILIOL)

j=1

So add and subtract the 2n commutators (VIL.101) to (VIL.100), yielding
the desired 4n? 4+ 2n pairs,
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(thnfl)(aOS eeey a2n; g)

2n
= Z <a0= d}.ala ey [q(l)n aj]n ceey dﬂa2n; g>2n

j=1

(<a0a1, (/1) daZ; ey daZn; g>2n - <a07 alq(}“)a eeey da2n; g>2n)
+ Z k(K agay, das, ..., dag, (1), ..., das,; g5,
—<ao, ay day, ..., day, (1), ..., das,; € 5,)

2n —
_|_ Z Z k+j+1(<a0, dal,..., (daj_l) aj) daj+l"”’ dak’

k=3 j=2

q(;{)a (%) da2n; g>2n
—Lag, day, ...da;_,a;da; y, .., day, G(A), ..., day,; g5 »,)

2n
- Z (ag, day, ..., (day _,) ay, (1), day 1, ..., day,; g5,
k=2

_<a05a15" dak lﬂakq( )dak+17">da2n;g>2n)
2n—2

- Z (ag, day, ... day, G(1) ag 1> dag 55 r dsys oy

—Lag, day, ..., day, G(1), a1 dag o, ..., daz,; g5 2,)

2n—2 2n-—1

+ Y Y (=D (Kay, day, ... dag, §(2), .. (a;,_1) 4,

k=0 j=k+2
daj+2a e A5 8 2
- <Cl0, dals ) dak: q(;")a () daj—ls aj daj+1s ooy daZn; g>2n)

+ (<a09 q(}“)a dala ) (daZn—l) a2n; g>2n
- <at2r_11a09 day, ..., day, 3 g 2n)

2n—1

+ Z (_l)k (<a0= dab eeey daks q(/l)s ) (da2n—l) Aops g>2n
k=1
- <a2gr:la07 dala sy daka q(}“)a (] daZn—l; g>2n)- (VIIloz)

The commutator identities of Corollary V.8.v allow us to rewrite each
of the pairs of expectations { ---»,, as one expectation < --- »,,,;. In
Proposition VII.2.iii we explicitly verify that each such term is well-defined.
Thus (VIL.102) takes the form
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(thnf 1)(610, wes Aops g)
2n

= z {ag, day, ..., [ §(4), aj], s 30005 8) 2n

Jj=1

- <a09 dzala q(i)a Ay, s daZn; g>2n+l

2n
+ Z (_1)k<a0a d2a1ada23-"n daka q(l)o ey daZn;g>2n+l
k=2

2n  k—

1
+ Y Y (=) <ay, day, ... da;_,, d*a;, da;  ,, ..., da,,

k=3 j=2

q‘(}“)’ (E] daZn; g>2n+1

2n
- Z <aOa dah (] dak—la dzaka q(;b)a dak+la weey daZn; g>2n+1
k=2

2n—2
- Z <a0adal>"" dak! CI(/L)’ dzak+lsdak+25"'a daZn;g>2n+l
k=0

2n—2 2n-—1

+ Z z (_1)k+j <a03 dala sees dak9 q(l), ()

k=0 j=k+2
2 .
d ajs ey daZn’ g>2n+1

+ <a0a q(l)a dala weey daZn—ln d2a2n; g>2n+1
2n—1

+ Z (_l)k <Cl0, dal’ i) daka q(;“)a () daZn—la dzaZn; g>2n+1'
k=t (VIL103)

In order to simplify the expression (VII.103) further, let us give a rule to
determine the sign of each term with a second derivative d?a;. In each such
term, define j* = j#(j, k) as the number of factors da, or ¢g(A) that occur
to the left of d?a;. Note that for the eight lines of (VIL103) that include
a dzaj, the values of j#* are respectively 0, 0, j— 1, k—1, k+1, j, 2n, 2n.
Furthermore the sign of each corresponding term is (—1)**/*. Thus
(VIL.103) can also be written

(thnfl)(a()s wes oy s g)
2n
= Z <a05 dﬂala ) [q(}*)a aj]a seey dﬂaZn; g>2n
j=1
2n 2n

+ Z Z (_1)k+J# <a05 dal) () dzaja o0y dak’ CI(;“), L) daZn; g>2n+l'
J=1 k=0 (VIL104)
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In the case j =k, it is da, that occurs. Likewise, write (VIL95) in the form
(Bh2n+1)(a09 vy Aoy g)

2n
= Y (=1)*Ldag, day, .., dag, §(2), .. ddz,; €24 v1-  (VILIOS)
k=0

Add (VIL105) and (VIL104) to yield

(Oh(2))2n (g a1 ooy A2y &)

= (thnfl)(a09 wees oy g) + (Bh2n+l)(a05 vy Aoy s g)
2n

= Z {ag, dyay, ..., [ §(4), q]'], s 30005 8) om
=1

j=

2n

+ Z (_1)k <da0’ dala seey daka Q(i)» eeey da2n; g>2n+1
k=0
2n 2n

+ Z z (_1)k+j# <a09 dal, weey dzaja eeey dak! q(;")a eeey daZn; g>2n+1'
J=1 k=0 (VIL106)

Now we return to the sets of vertices X* and X introduced in
(VIL84-VIL86). Note that the Radon transform X{(2n) of X{¥(2n) has
the expectation {X{*)(2n); g) and that

{dX®(2n); g> =0. (VIL.107)

This is also the case for a linear combination, so

2n
0= (—1)*dX®(n); g>
k=0
2n
= Z <(10, dlala cees d/laka d/lq(j')s ooy dﬂaZn; g>2n+l

k=0
2n

+ Z (_1)k<da09da1) ) daka Q(;L), ceey da2n; g>2n+l
k=0
2n 2n

+ Z Z (—1)k+j# {ay, day, ..., dzaja vor Ay G(A), ooy Ay € 2y 1
J=1 k=0 (VIL108)
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The last two sums in (VII.108) exactly equal the similar sums in (VIL.106).
Since

<a09 d}.ala ceey dlaka dﬂq(/l)a L) dAaZn; g>2n+l
=0 (Ao, Ay, s s G(A), s 2y 8), (VIL109)

one can rewrite (VIL.106) in the form

2n
(6h)2n (aoa ) a2n; g) = Z <a03 dlala () [q(l)a aj]) eeey dﬂaZn; g>2n
j=1
2n
- Z T;};?—l(aos ala ceey aka q(;“)s weey a2n; g)
/=0 (VIL110)

The right side of (VIL.110) is L,,(4), defined in (VIL.82). So this completes
the proof of Proposition VII.14.

VIL.6. Equivalence of Parallel, Radon Hyperplanes

The basic ingredient in the definition of the cocycle 7" is X(f). This
operator is the Radon transform of the heat kernel regularization X{(s) of
(n+ 1) vertices, evaluated on the hyperplane ff=s,+ --- +s,. Until now,
we restricted our attention to the hyperplane f=1. In this section, we
consider a hyperplane parallel to this one and defined by > 0. We define
the corresponding 7'%%# and show that both 'Y/ and 7’10 =¢10!
belong to the same equivalence class. This justifies our restriction earlier to
the case f=1.

Let {A#, 0,7, ®, U(g), A} denote a O-summable, fractionally-differen-
tiable structure. Let X = {ay, da,, ..., da,,} be an (n+ 1)-vertex set, where a, € 2.
Define the expectation X% # with components

T dg, s ays €)= B Tr(yU(g) X(B)), (VILILT)

where X(f) denotes the Radon transform of the heat kernel regularization
of X evaluated on the hyperplane >'7_,s;=f.

ProposITION VIL.15.  The expectation t"¥° % € €(N). Furthermore t'%°:#
e ["X°']. In particular, 7" is a cocycle for each > 0.

Proof. The statement 7'Y%-#e@(A) follows immediately from the
estimates already proved for X'O(s), at least in the case 0 <f < 1. For
S >1 we require minor modification of the constants in certain bounds; we
leave this to the reader.
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Note that the scaling properties of the Radon transform ensure that
7IL0-# defined for Q is identical with 77~°! defined for 2Q. Hence t2-°-#
is a cocycle. In order to demonstrate that t"*°-# belongs to the same equiv-
alence class as t""°, we need only study the family "°($'?) given by
{A, B*Q, 7, U(g), A}. As a function of /2, we have a linear perturbation
of Q. Define Q(B?)= Q0+ q(p'?), where g(BY*)=(p">—1)Q. Since
Qe 7(0,1), and it has norm 1, we infer that Q('?) is a regular Q-family.
Thus Theorem VIL1 shows that t'M©:#=1""° 1 0H, as long as for
|12 —1| < 1. With redefinition of the starting point of the homotopy from
p=1to f=2, etc., we show that 7'7°-# is cohomologous for all > 0. This
completes the proof.

VIII. END POINTS

We often encounter a family {#, O(1), y, U(g), A} which is a regular
family for A in the interior of a set A, but for which we lack some relevant
information as 4 tends to the boundary. In fact, this often arises in the case
that 4 is an interval and A tends to one endpoint of 4. We consider here
a case of such a phenomenon. For simplicity, let us assume Ae 4 =(0, 1],
with =0 the singular endpoint.

VIIL.1. End Point Regularization

As an example, we replace the energy operator Q(A)? by the regularized
energy operator H(e, 1),

H(e, 2) = Q1)+ Z*Z. (VIILI)

Here ¢ is a real, non-zero parameter and Z*Z >0 is an operator chosen so
that it regularizes Q(4)% This means that if >0 and &> 0 are fixed, then

Tr(e—FHE D) (VIIL2)

is bounded uniformly in 4 as 41— 0.
Suppose that Z*Z commutes with the representation of ®, namely for
all ge ®,

U(g) Z*2=2*ZU(g),

and also suppose that yZ*Z=27Z%*Zy. Then in defining the heat kernel
regularizations X of sets of vertices, or in defining expectations, we can
replace exp( —sz(i)z) with exp(—s;H(e, 4)). We obtain

(X5 &) (8, 2) = (X0s X1 s X5 8 (8 2): (VIIL3)
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Similarly, we arrive at a regularized JLO cochain ""©(e, 1), by using
regularized expectations in place of expectations (IV.16) or (V.62). In
particular

g, s s §)(es 1) = Tr(yU(g) X7M0(e, 2)), (VIIL4)

n

where X™°={qa,,d,a,, .., d,a,}. In general, for X = {x,, .., x,}, one can
define

A

X(e, 1) = f xge HEAy oS HED Ly o5 HE )

XO(Sog+ -+ +8,_1)dsg---ds,. (VIILS)

Given aeA® and a®>=1, the regularized cochain t"9(e, 1) = {t29(¢, 1)}
yields the regularized pairing defined as

1 .
3460w ) =—= [ = TrlyUg) ae /e 1) dr. (VIILG)

Ja

This pairing 3%®#%(a; g) converges as ¢—0 to 39%(a; g) of (1.28).
However, 7'°(e, A) is not a cocycle. Nor is the pairing (VIL6) an invariant
function of 4 or of &. For ¢#0, the pairing 3%**(a; g) depends on both
¢ and A

VIIL.2. Exchange of Limits

In certain examples, we have studied the dependence of 3#*# on & and
A in detail, at least in a neighborhood of e =1 =0, see [ 15]. In these examples
we have shown that 32™® can be recovered from 37® %, Also we choose
the regularizing factor Z*Z to be sufficiently simple so that we can evaluate
359 in closed form. On the other hand, we are interested in knowing
32W = 3HO. D for ) >0, where it is constant. The important fact is that the
function 3% % is not jointly continuous in (e, /) in the unit square 0 <e <1,
0< A< at the point (0, 0).

However, another fact saves the day; it is our ability to prove that while
35N (a, g) is not jointly continuous in (g, 1) in the unit square and for every
value of ge ®, this function is jointly continuous in (g, 4) for almost every
value of g € ®. We establish this continuity in the examples, with the aid of a
new expansion that we name the holonomy expansion. As a consequence of the
expansion, we obtain bounds on

% 3HEH  and diﬂ 3 2) (VIIL7)
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of the form

d
Z 3HED < Me?, (VIILY)

d
<M', _~ NH(g A)
¢ ‘di 3

for 0<e¢ A, 0<e+ 4, and sufficiently close to (& 4)=(0,0). Thus we
obtain,

| 3HE0) _ JHO.2)| < O(e2), (VIIL9)

as ¢ — 0. We combine this information with two other facts: (i) in the
examples, the explicit form of 3#*% has a pointwise limit as ¢ — 0 for
almost all ge®. (ii) In Corollary VIL.2, we established the a priori
continuity of 3#©® % as a function of g e ®. These two pieces of information
ensure that for almost all ge ®,

39%a, g)=lim lim 3" (a, g)

A—>0 -0

: : D H(e, A
=lim lim 3#&4
e—>0 A0

= lim 32O’ +*2*2(4 &), (VIIL10)

e—0

The right side of (VIIL.10) can be evaluated, and extends by continuity to
all ge G.

IX. SPLIT STRUCTURES

We define splitting of Q as a decomposition

:7(Q1+Q2)a (IX~1)

N

such that also

0?=3(07 + Q).

A splitting is associated with corresponding derivatives on 2 given by

—= (dya+d,a), dia=[0;,al]. (IX.2)

f
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In Section IX.1 we specify this assumption in more detail. Clearly a splitting
into a sum of many parts is possible, but we concentrate here on a splitting
in two.

As in earlier sections, we assume

Tr(e ") <o,  for B>0. (IX.3)

However, we do not assume that Tr(e”gQJZ ) exists for the individual Q,
or ,. In addition, while we assume that the group U(g) of unitary sym-
metries commutes with Q,, we do not assume that Q or Q, are necessarily
invariant. For these reasons, the resulting framework will be different from
the equivariant framework studied earlier.

Within this revised setting we generalize the cochain 7'%© to a cochain
719} defined on a suitable algebra . Letting A® denote the pointwise
®-invariant part of 2, we obtain for aeA® and a*=1 the following
expression for a pairing:

1 o N
S{Qj}(m g)zij e’ Tr(yU(g) ae—q2+,td1a) dt. (IX.4)
T —oo

While this formula bears a close resemblance to (V1.4), the resulting pairing
319} in general is not an invariant. If Q;(4) depends on a parameter A, then
3%9}(a; g) remains a function of . However, we describe a special family of
variations Q;(4) and algebra 2, such that (IX.4) is an invariant. Within this
class of variations, we find that, as previously, there is a cochain /(A) such
that

d
= e} — ppie@} (IX.5)

IX.1. A Q,-Invariant Splitting

We split the self-adjoint operator Q into a sum of self-adjoint operators
0, and Q,, as in (IX.1). Each operator Q;, Q,, and Q is odd under 7y,

0;y+70,=0, j=12 (IX.6)

Furthermore, the decomposition (IX.3) of Q% has the interpretation that
0, and Q, generate independent translations. Algebraically,

0,0,+0,0,=0. (IX.7)

Recall that the Q is assumed to be essentially self-adjoint on the domain Z;
such a domain is called a core for a symmetric operator. The core is
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invariant if Q2 < 2. If & is a common, invariant core for O, and Q,, the
products are defined on & and on this domain

[0, 031=0=[0,, Of]. (IX.8)

DerFiniTION IX.1. The self-adjoint operator Q splits into the sum of two
independent parts, if there is a common, invariant core for 0, Q,, and Q,
such that the bounded functions of O, and Q, commute with the bounded
functions of Q2 and of Q3.

In the definition that Q splits into a sum of two independent parts, we
assume that the spectral projections of Q; commute with those of Q3.
Hence the unbounded, self-adjoint operators Q; and Q3 commute.

Complementing H defined in (IX.3), we define the self-adjoint operator®

=3(01-03). (I1X.9)

Note that P and H commute. Furthermore as a consequence of (1X.3, 9),
we infer

+P<H, (IX.10)

and the joint spectrum of A and P lies in a cone.

Let us define the Sobolev spaces #, = Z((H + I)*?), which are Hilbert
spaces with inner product defining a norm | f| . = ||(H+ K)*? f|. The
space .7 (f,«) of bounded linear transformations from %, to J#; is a
Banach space with norm || T s o= [[(H + I)*? T(H/I)~*?|. Thus (IX.9)
can be interpreted as saying Pe 7 (—1, 1) with

1Pl =y, n<1. (IX.11)

In the equivariant case, we also are interested in the unitary group of
symmetries u(g) acting on #. We assume as in earlier sections that

yU(g)=U(g)y and  Q*U(g)=U(g)0? (IX.12)
for all ge 6.

8 The notation H and P is suggestive of energy and momentum. In fact, this is no accident,
as such examples arise as examples of supersymmetry in two-dimensional space-time. In that
case, O, and Q, are generators of symmetries arising from two space-time directions, and
Q?=H+P and Q3= H— P, with H and P being the energy and momentum operators. In
addition @, and Q, are assumed independent. The condition (IX.9-10), supplemented by
0< H=Q? can be interpreted as a restriction of special relativity for the energy-momentum
to lie in (or on) the positive cone.
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DerFINITION IX.2. A splitting (IX.1) is Q;-invariant, if (IX.9) holds and
also for all ge ®,

0,U(g)=U(g) 0. (IX.13)
Note that a Q,-invariant splitting has the property
Q3U(g)=Ul(g) Q3. (IX.14)
Let us define the two-parameter, abelian representation
V(t, x)=e HH+IP (IX.15)
The relation (IX.6) ensures that for all (7, x) € R?,

pV(t, x)=V(t, x)7. (IX.16)

DeFmNiTION 1X.3. The representation W(t,x) is U(g)-invariant if
V(t, x) U(g)=U(g) V(t, x) for all ge® and all (x, t) e R%

IX.2. Observables

We define a new algebra 2 of observables, suitable for a Q,-invariant
splitting of Q. First we define an interpolation space .7 {’, based on the d,
derivative. In particular, let

TP ={b:beB(A),and Ri(d,b) R} € B(A')}, (IX.17)
where R, =(Q7+1)""2% We give 7, the norm
16170 = 1Bl + oy IR%(d1b) RS . (IX.18)

Here ¢, , 4 is defined in (V.77). Clearly .7 {’, is invariant under the action
of ® defined by conjugation with U(g), as a consequence of (IX.11-12).
Define the (spatial) translate b(x) of an element b e 4(#) by

b(x)=e™Fhe~"F = (0, x) bV(0, x)*. (IX.19)

DeFNITION 1X.4. The zero-momentum subalgebra %(#), of %(H#)
consists of all elements b € #(# ) such that b(x) =5 for all xeR.

We remark that b e #() is an element of #(), if and only if

Pb=bP. (IX.20)
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We assume that 2 is a Banach-subalgebra of the interpolation space

BA )N TP, (IX.21)

which we call the zero-momentum subalgebra of 7", Here «, f§ satisfy
0<a, ff, with a + ff < 1. Assume the pointwise, y- 1nvar1ance of 2, namely
a=a’ for ae W. Furthermore assume

lall 7, < llall. (IX.22)

Also let A® = A denote the pointwise G-invariant subalgebra of 2U.

The analysis of the interpolation spaces #(# ), .7 ", follows step by
step the analysis of the interpolation spaces 7 , in Section V. In order to
carry this out, we note the following:

LemMA I1X4. Let be B(H),. Then as a bilinear form on 2(0?) x 2(0?)
< 2(07) x 2(03),

d*b = d2b. (IX.23)

The proof of this lemma is an elementary consequence of [P, b] =0.
Thus estimates on d?b can be reduced to estimates on dib. Also

R=(Q*+1)""2=(0}+ Q3+ 1) '2<(Q3+ 1) =R, (IX24)

As a result, we can reduce all estimates in the proof of this statement
to estimates of the same form as those of Section V. In particular,
B(A )y N T ), is a Banach algebra, and we can prove analogs of Proposi-
tion V.5 (with R, replacing R and d, replacing d), as well as Corollary V.16,
Proposition V.7, and Corollary V.8.

IX.3. The Cochain t*%} and Invariants
Let Q in (IX.1) denote a Q,-invariant splitting of Q. Let
A B(AH )y T\, 0<a, B, a+p<l,

denote the =zero-momentum algebra of observables, with fractional
0, -derivatives, as in Section IX.2. Let

(A, 0, 0,7 6, Ug), A} (IX.25)

denote a Q,-invariant, split, fractionally-differentiable structure, generalizing
Definition VI.1 to the Q,-invariant, split case. Here we also assume the
hypothesis of @-summability for exp(—B0?), > 0.
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Define a cochain 7{Q,} on A with components,

TiQi}(a07 [ an; g) = <a07 dlal! [ dl an; g>n7 (IX26)
where the (n+ 1)-linear expectation <, -, ..., -; g», in (IX.26) is defined
n (IV.16). The results of Section IX.2 allow us to establish the following
Propositions.

ProposITION IX.5. a. Let {A, Q, Q;, 7, U(g), U} be as in (1X.25), and
let ©{ Q,} be as in (1X.26). Then t'%} € €(N). There exists a constant m < o
such that

1 \ /2 + (1 —a—p)/2) )
> Tr(e—27). (IX.27)

9 +1(
e <o (o

b. Let aeMat,(U®) satisfy a®>=1. Then

1 (= .
S{Qf}(a;g)=<r{‘~’f},a>=ff e~ Tr(yU(g) ae~ 2+ 49y dr  (IX.28)

TY—0

is the natural pairing of cochains in €(N) with elements a € Mat,(U®) satis-
fying a*=1I. Here Tr denotes both the trace in A and the trace in Mat, ().

c. The cochain 49 is a cocycle,
oriet =o. (IX.29)

The proof of Proposition IX.5 again follows the proofs in Section VI. We
can also generalize the results of Sections VII-VIIL. In order to understand
the parameter dependence of 7%} on a parameter 1, we consider in
particular the following common case, where the parameter A is called a
coupling constant:

DEerNITION [X.6.  We say that the splitting Q(4 l/f )+ 0,(4))
depends parametrically on a coupling constant 4, 1f o) depends on A, but
P=1(0,(1)*>— 0,(4)?) is independent of .

As far as the analytic bounds are concerned, for a regular, linear defor-
mation we retain the assumptions formulated in Section VII.2.b. We also
suppose that, as in Section VIL.2.c—d, the symmetry group U(g) and the
algebra A are both independent of A. Alternatively, in the case of a regular
deformation, we retain Definition VII.7 of Section VII.3. We can then
extend Theorem VII.1 and its corollary to the case of Q,-invariant, split
structures, following our preceding work. We summarize this result:
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THEOREM IX.7. Let { A, Q(A), Q;(2), 7, ®, U(g), A} be a regular family
(in the sense explained above) of @-summable, split, Q-invariant, fractionally-
differentiable structures, depending on a coupling constant 1 in the sense of
Definition VIL6. Then the family of cocycles {t'%™}} = G(N) is continuously
differentiable in A as a function A — €(N). There is a continuous family of
cochains h(2) in €(N) such that for all e A,

d
Ao} — )
7 T ah(/u)

Furthermore the pairing of 412%™} with a e Mat,{N®} satisfying a*>=1I and
given by (IX.27), namely

312 (q, g) = (12D} 4, (IX.30)

is independent of 1€ A.

IX.4. An Example of a Split Structure

We mention here an example which we analyze elsewhere by these
methods [16]. This example arises as an equivariant index in the Wess—
Zumino quantum field theory on a cylindrical, two dimensional space-time.
This field theory is also called the Landau—Ginsburg field theory, and it is
specified by a holomorphic, quasi-homogeneous polynomial AV(z) on €7,
where 1 is a real parameter. In order to carry out our investigation, we
require that the polynomial V(z) be further restricted, so that the magnitude
of its gradient grows at least linearly in |z| as z — co.

In our example there are four self-adjoint operators Q, = Q,(4), O, = 0,(4),
0,=0,(2), and 0, = 0,(A), such that for a given H=/h(J) and P (inde-
pendent of 1),

0}=0{=H+P, Q}=0}=H-P. (IX.31)

We fix V(z) but let A vary in the interval A€ (0, 1]. Each of the six pairs
of distinct Q,, Q,, 0, and 0,’s anticommutes, namely Q, 0, + 0,0, =0,
etc. As a consequence, they are said to be mutually-independent.

The symmetry group ® that we study is u(1)x U(1). The first factor
U(1) has the form e, where the generator J implements the symmetry of
H due to the quasi-homogeneity of the potential V(z). The operator J
commutes with y, with H, and with P. Furthermore J commutes both with
0, and with 0,. On the other hand, the group generated by J performs a
rotation on the pair of operators Q, and Q,, namely

e Qe =0, cos 0+ O, sin 0. (I1X.32)
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While ¢’ does not commute with Q,,
eiHJQge—iHJZ (eiHJQze—ieJ)Z =H—P= Q%s

so ¢’ commutes with Q2. Hence this group implements a symmetry of H.

The second U(1) arises as the translation group of the circle, our one-
dimensional space-coordinate. This U(1) group is generated by the momentum
operator P, and has the form ¢”*, which is unitary for a real parameter 7. Each
operator Q;and Q) is defined in translation invariant manner, so the group e’*
commutes with both Q; and Q, and therefore with H, as well as with y and
with J. We take the full U(1)x U(1) symmetry group U(g) to have the
form

Ula, 0) = eioP+i07, (IX.33)

where g = (g, 0). Even though the operators Q; depend on the parameter /,
the operators J and P are both independent of /A, and therefore so is the
group U(a, 0). This group commutes with H(/).

We study the equivariant index 3{2}(I; g) of the form (IX.28), that we
also denote as

390z, ) = Tr(yU(a, 0) e~ H), (IX.34)

where H = H(.)=1(0,(2)*+ Q5(4)?) does depend on A. Here = 1(g —i).
We also write this as

39W(7, 0) = 329¥(1, 1, 0), (IX.35)
where
3293, 1, 0) = Tr(pee™ QR —im 02 —H ) (IX.36)

By the methods used in this paper, 3(z,, 7,, #) is independent of 1 and also
independent of z,. Thus

3Qj<1)(f’ 0)= SQ,-(/I)(.LT’ 7,0)= 3Q,»(/1)( —1,7,0)
=Tr(pe™e—o+D HA) (IX.37)

This index has been considered in the physics literature [ 21, 33]. Witten
suggests that it can be evaluated at the singular endpoint A=0 of the
interval of the coupling constant parameter A€ (0, 1]. At this endpoint the
representation (IX.37) is no longer valid, as the operator yeeie+DHO)
has continuous spectrum. However, with some work, we prove that the
index can be evaluated as a limit of a regularized index. Our method is an

extension to quantum field theory of the holonomy expansion method
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troduced in [15] to study the constant Fourier mode of the quantum

field. This limit is a product of modular forms, and the dependence of J on
the variable ¢ has an analytic extension into a half place. The modular
symmetry of J as a function of the variables (7, #) is a hidden symmetry
of the original example.
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