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ABSTRACT. The purpose of this article is to study Ezra Getzler’s
approach to the Atiyah-Singer index theorem from the perspective
of Alain Connes’ tangent groupoid. We shall construct a “rescaled”
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1 INTRODUCTION

In this paper we shall investigate the relationship between Alain Connes’ tan-
gent groupoid [Con94, Sec. I1.5] and Ezra Getzler’s approach to the Atiyah-
Singer index theorem for the Dirac operator on a spin manifold [Get83, BGV92].
We shall construct a variation of Connes’ convolution algebra for the tangent
groupoid that incorporates Getzler’s rescaling of Clifford variables. The new
algebra carries a family of supertraces that smoothly vary between operator
traces and an integral of differential forms (and so in index-theoretic contexts,
where the operator traces are integer-valued, the integral of differential forms
actually computes the operator trace).

Connes introduced the tangent groupoid in order to conceptualize the construc-
tion by Atiyah and Singer [AS68] of the K-theoretic analytic index map,

Ind,: K(T*M) — Z,

and thereby streamline the K-theory proof of the Atiyah-Singer index theorem.
In contrast, Getzler’s approach to the index theorem was purely local in char-
acter, and on the surface at least, quite far removed from global, K-theoretic
considerations. So it is an interesting problem to try to harmonize the two
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approaches. The issue has certainly been considered by others, but as far as
we are aware little has been published on this topic. It is the purpose of this
paper to help fill this gap.

We should say at the outset that virtually everything that follows is implicit ei-
ther in Getzler’s original work or in Connes’ definition of the tangent groupoid.
But a fresh looks seems to be worthwhile, especially in view of the new role
that these ideas are finding in Bismut’s work on the hypoelliptic Laplacian; see
for example [Bis11]. The latter was, in fact, an important motivation for us.
The tangent groupoid of a smooth manifold M is, among other things, a smooth
manifold TM equipped with a submersion onto M xR via the source map that
is part of the groupoid structure. The fibers of the source map have the form

M x#0
mmmn{T]w —o (1.0.1)

So the tangent groupoid smoothly interpolates between the curved manifold
M and its linear tangent spaces.

Now let D be a linear partial differential operator on M. For m € M, denote
by D,, the constant-coefficient, linear partial differential model operator on
the tangent space T, M that is obtained by freezing the coefficient functions
for D in local coordinates at m, and then dropping lower-order terms; the
resulting operator is invariantly defined on the tangent space and carries the
same information as the principal symbol of D at m. The foundation of the
relationship between the tangent groupoid and partial differential operators,
and eventually between the tangent groupoid and index theory, is the following
result:

THEOREM. If D has order q, then the operators

ND A#£0
mm”:{p A=0

constitute, under the identifications (1.0.1), a smooth family of differential op-
erators on the source fibers of the tangent groupoid.

The theorem is easy to prove, as we shall recall in Section 2. In fact it is more
or less incorporated into the definition of the tangent groupoid.

Suppose now that M is a Riemannian spin manifold with spinor bundle S. In
Section 3 we shall construct from S a smooth vector bundle S on TM whose
restrictions to the fibers in (1.0.1) are as follows:

[sesr A0
S|T1\/f(m,>\) = {/\*TmM A= 0. (102)

The most important, and indeed defining, feature of S, is its relation to Getzler’s
filtration of the algebra of linear partial differential operators acting on the
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sections of the spinor bundle [Get83]. The filtration associates to any operator
D a new family of model operators D,,, on the tangent spaces T), M. These
are typically not constant-coefficient operators, and moreover they reflect the
Riemannian geometry of M in a rather subtle way. We shall prove the following
result.

THEOREM. If D is a linear partial differential operator on M, acting on the
sections of S, and if D has Getzler-order no more than q, then the operators

b _fxD a0
N TN Dy A=0

constitute a smooth family of operators on the source-fibers of TM, acting on
the sections of the smooth vector bundle S.

Let us return to Connes’ work. He constructs a convolution algebra C°(TM)
of smooth, compactly supported, complex-valued functions on the tangent
groupoid that brings the geometric object TM into close contact with opera-
tor theory. The tangent groupoid decomposes into a family of smooth, closed
subgroupoids parametrized by A € R, namely the fibers of the composite sub-
mersion

TM — MxR — R.

These subgroupoids are

MxM X+#0
TMy =~ 7 (1.0.3)
TM  A=0,

where M x M carries the pair groupoid structure and the tangent bundle 7'M
is a made into a groupoid using the vector group structures on its fibers. By
restricting functions on TM to these subgroupoids, Connes obtains algebra
homomorphisms

ex: OX(TM) — R¥(LA(M)) (1.0.4)

for A # 0 and
go: CX(TM) — CX(TM), (1.0.5)

where R%°(L?*(M)) is the algebra of smoothing operators on L?*(M), and
C° (T M) is the fiberwise convolution algebra of smooth, compactly supported
functions on the tangent bundle. The study of these is the next step in Connes’
K-theoretic approach to index theory—mnot surprisingly so since at the level of
K-theory, the morphisms (1.0.4) are related to the analytic index of elliptic
operators, whereas (1.0.5) is related to the symbol class in K-theory, and the
index theorem is all about relating these two quantities. See [Con94, Sec. I1.5]
or [ig93], for further details.

We shall explore similar constructions in the spinorial context, although we
shall do so here at the level of supertraces rather than K-theory. The first
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step is to construct a suitable convolution algebra. In Section 4 we shall prove
that the bundle S carries a natural multiplicative structure, which is to say a
smoothly varying and associative family of complex-linear maps

Sy ® Sy — Syon, (1.0.6)

among the fibers of S, where (v,7n) — v on is the tangent groupoid composi-
tion law. Using the multiplicative structure, the space C2°(TM,S) of smooth,
compactly supported sections of S may be given a convolution product and
becomes a complex associative algebra.

Of special interest are the multiplication maps (1.0.6) in the case where A\ = 0,
so that v and 7 correspond to tangent vectors X,,, and Y;,, and the spaces S,
and S,, are copies of A*T},,M. We shall compute the multiplication maps in
this case, as follows:

THEOREM. When X\ = 0 the morphism (1.0.6) is given by the formula

a®pBr— ahBAexp(—2a(Xm, Yim)), (1.0.7)
where K(Xp, Ym) is the Riemannian curvature R(X,,Yn) viewed as an ele-
ment of A>T, M.

Continuing, and following Connes’ work, we can construct algebra homomor-
phisms
ex: CX(TM,S) — 87(L*(M, S)) (1.0.8)

for A # 0 and
go: C°(TM,S) — C(TM,N"TM)), (1.0.9)

by restricting sections of S to the subgroupoids (1.0.3). Here 8°(L?(M,S)) is
the algebra of smoothing operators acting on the sections of the spinor bundle,
but the algebra C°(TM,A*TM)) is more interesting. It is the algebra of
smooth, compactly supported sections of the pullback of the exterior algebra
bundle of M to T'M but with a twisted convolution multiplication related to
(1.0.7).

In Section 5 we shall construct and analyze our family of supertraces

STry: C°(TM,S) — C,

parametrized by A € R. When A#0 the supertrace is defined by the diagram

C=(TM,S) —2> /> (L%(M, S)) (1.0.10)

\ lSTr
STr

C.

Here ¢ is the evaluation morphism in (1.0.8) and STr is the standard operator
supertrace. The supertrace STry uses the morphism

[+ C=(TM,N"TM)) — C
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that is given by restricting a form to the zero section M C T' M, then integrating
its top-degree component over M (we use the Riemmanian metric to identify
the top degree component with a top-degree differential form). We define STrg
by means of the diagram

C°(TM,S) —2= C=(T M, N*TM)) (1.0.11)

M l@/i)dim(M)/Z,f

C,
where ¢¢ is the evaluation morphism in (1.0.9).

THEOREM. Ifo € C*(TM,S), then the supertraces STry (o) € C vary smoothly
with A € R.

As we have already hinted, this is a sort of “index theorem without a Dirac
operator,” which relates the operator supertrace to differential forms, and we
shall conclude the paper with a brief reminder, following Getzler, of how the
actual index theorem for the Dirac operator quickly follows from it.

In future work we aim to study Fréchet and Banach algebra completions of the
convolution algebra C°(TM,S) from a K-theoretic perspective, and also con-
sider variations appropriate to other occurences of Getzler’s rescaling method,
for instance in the work on the hypoelliptic Laplacian that we already men-
tioned.

2 THE TANGENT GROUPOID

In this section we shall review the construction of the tangent groupoid and
discuss its relations with linear partial differential operators. The tangent
groupoid is a special case of the deformation to the normal cone construction
from algebraic geometry, and generally speaking we shall follow the algebraic
geometric approach towards its definition. The particular adaptations needed
to handle smooth manifolds as opposed to algebraic varieties are taken from
[ISSHI18]. (A more direct account would be possible, see for instance [Hig10)],
but it would be a bit less convenient for our later purposes.)

2.1 DEFORMATION TO THE NORMAL CONE

Throughout this section V' will be a smooth manifold, and M will be a smoothly
embedded submanifold of V. We shall denote by C'°(V') the R-algebra of real-
valued smooth functions on V.

Recall that if p is a positive integer, then a smooth, real-valued function on
V' is said to vanish to order > p on M if it is locally a sum of products of p
or more smooth, real-valued functions on V, all of which vanish on M. It will
be convenient to extend this concept to nonpositive p: let us agree that if p is
nonpositive, then every smooth, real-valued function vanishes to order > p. We
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shall define the deformation space (or deformation to the normal cone) Ny M
using the filtration on the smooth, real-valued functions by order of vanishing
on M, as encoded in the following Rees [Ree50] construction:

2.1.1 DEFINITION. Denote by A(V, M) C C>(V)[t~!,t] the R-algebra of those
Laurent polynomials
D_ht™"

PEZL

for which each coefficient f, is a smooth, real-valued function on V' that vanishes
to order > p on M (and all but finitely many f, are zero).

2.1.2 DEFINITION. A character of an associative algebra A over R is a non-
zero algebra homomorphism from A to R. The character spectrum of A, which
we shall denote by CharSpec(A), is the set of all characters of A. We equip
Char Spec(A) with the weak topology, that is, the topology with the fewest
open sets for which the evaluation morphisms ¢ — ¢(a) are continuous.

In the case of A(V, M), two kinds of characters present themselves:
(i) Simple evaluations at points in V" and a nonzero values in R, given by the
formula
Syt DTt P > fp()ATP. (2.1.1)
pEZ pEZ
(ii) Evaluations at normal vectors X,,, € T,,,V/T,,, M, given by the formula

£X,, " j{:j}tip F?jg:

pEL p=>0

1
HX};(fp). (2.1.2)

Here, in order to evaluate the right-hand side, the normal vector X,, €
T V)T M is first lifted to a tangent vector on V, and then extended to
a vector field X on V, so that the p’th iterated derivative X?(f,) can be
formed; the value of XP(f,) at m depends only on the normal vector X,.

2.1.3 REMARK. If M has a Riemannian structure, then the evaluation (2.1.2)
at a normal vector can be written alternatively as

S ht P ;13%2 Folexp,, AXm))A 7P, (2.1.3)
PEZL pEZL

which should help explain the phrase “evaluation at a normal vector.” Compare
also Proposition 2.2.5 below.

2.1.4 THEOREM (See for example [[ISSHI8, Sec. 3]). The character spectrum
of the algebra A(V, M) consists precisely of the characters of the form (2.1.1)
and (2.1.2). All of them are distinct, and so the character spectrum may be
identified with the disjoint union

NMx{0} U VxR*.
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where NM = TV|y/TM is the normal bundle of M in V, and R* = R\
{0}. O

2.1.5 DEFINITION. We shall denote by Ny M the above character spectrum of
A(V, M).

The topological space Ny M may be equipped with a smooth manifold struc-
ture, as follows:

2.1.6 DEFINITION. We shall denote by A, as the sheaf of those real-valued
continuous functions on (open subsets of) Ny M that are locally of the form

Char Spec(A(V, M))> ¢ — h(p(f1), ... o(fr)) €R,
where k € N, f1,..., fv € A(V, M), and where h is a smooth function on R*.

This is a fine sheaf (that is, there are partitions of unity; see [God58, Sec. 3.7] or
[Wel08, Def. 3.3]), and so it is determined by its space of global sections, which
is the algebra of smooth, real-valued functions on Ny M. Nevertheless the sheaf
point of view will be useful later, when we examine sheaves of modules over
Ny M.

2.1.7 THEOREM (See for example [HSSHI18, Sec. 3] again.). The deformation
space Ny M carries a unique smooth manifold structure for which Ay, ar is the
sheaf of smooth, real-valued functions. O

Of course every element of A(V, M) can be viewed as a smooth function on
Ny M, and from here onwards we shall occasionally refer to A(V, M) as the
coordinate algebra of the deformation space, and use the more suggestive no-
tation

ANy M) = AV, M).

Not every smooth function on the deformation space belongs to the coordinate
algebra, since for instance every function in the coordinate algebra is polyno-
mial in each fiber of the normal bundle. Hence the need to consider the sheaf
An, v above.

2.2 VECTOR FIELDS ON THE DEFORMATION SPACE

In this subsection we shall present a new view of the characters of A(Ny M)
that correspond to tangent vectors. It is an algebraic counterpart of the de-
scription involving the Riemannian exponential map that was mentioned in
Remark 2.1.3, and it will be quite useful to us later on.

We begin with the following very simple fact:

2.2.1 LEMMA. Let M be a smooth submanifold of a smooth manifold V and
let X be a vector field on V. If a smooth function f on V wvanishes to order
> p on M, then X(f) vanishes to order > p—1. O
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If follows from Lemma 2.2.1 that the formula
S htTP e Y X (Y (2.2.1)

defines a derivation of the coordinate algebra A(Ny M). We shall study the
action of this derivation on the following quotient of A(Ny M):

2.2.2 DEFINITION. We shall denote by Ag(Ny M) the quotient of A(Ny M) by
the ideal generated by t € A(Ny M). We shall view Ag(Ny M) as a graded alge-
bra, with components in degrees p>0 generated by the images of the elements
fpt™P (note that the elements f,t~7 with p<0 map to zero in the quotient).

2.2.3 REMARK. Thanks to the way that A(Ny M) was defined, the quotient
Ap(Ny M) identifies with the associated graded algebra for the decreasing fil-
tration on C°° (V') given by order of vanishing on M.

The derivation (2.2.1) annihilates ¢, and hence it descends to the quotient
algebra Ag(Ny M). We shall use the following notation:

2.2.4 DEFINITION. If X is a vector field on V', then we shall denote by
X: AQ(N\/M) — Ao(NvM)
the derivation on Ag(Ny M) induced from the derivation of A(Ny M) in (2.2.1).

The action of X lowers the grading degree in Ag(Ny M), and therefore the
operator X is locally nilpotent. Because of this, we can form the exponential

exp(X): Ao(Ny M) — Ao(Ny M)
using the power series. Now, let us denote by
Em Ao(NvM) — R

the character (2.1.2) obtained by evaluation at the zero normal vector 0,, €
Ny, M. Algebraically it is given by the formula

Em: prt*p — fo(m).

The following proposition is then merely a reformulation of the general formula
(2.1.2). As we noted at the beginning of this subsection, it should be compared
with the formula in Remark 2.1.3.

2.2.5 PROPOSITION. Let M be a smooth submanifold of a smooth manifold V,
let X be a vector field on V. If f € Ag(Ny M) and m € M, then

ex,, (f) = em(exp(X)[). O

2.2.6 REMARK. Since X is a derivation of Ay(Ny M), the map exp(X) is an
algebra automorphism. This makes it clear that the formula for ex, in (2.1.2)
does indeed define a character.
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We shall use algebraic exponentials similar to exp(X) quite extensively later
on, and the following proposition gives an indication of how we shall do so (but
using local coordinates, it is also very easy to prove this particular result by a
direct computation).

2.2.7 PROPOSITION. Let X be a vector field on V. The smooth family of vector
fields

AX: C®(Vx{A}) — C®(Vx{A})

defined on the fibers of Ny M over \ # 0, extends to a smooth family of vector
fields on the fibers of Ny M over all A € R (here by a smooth family of vector
fields on the fibers of a submersion we mean a vector field on the total space
that is tangent to each fiber). The extension to A=0 acts by differentiation in
each normal space Ny, M in the direction of the normal vector determined by
the tangent vector X,,

Proof. According to [IISSITI8, §2] there is a vector field on the deformation
space that implements the derivation (2.2.1). The vector field is tangent to each
AM-fiber since the derivation annihilates ¢t € A(Ny M), and clearly it restricts to
AX on Vx{A}. To compute its action on the fiber over A=0 we can proceed
as follows.

The derivations of Ag(Ny M) that are associated to any pair of vector fields
always commute with one another. This is a consequence of Remark 2.2.3 and
the fact that the commutator of vector fields, being itself a vector field, only
lowers the order of vanishing on M by one, not two. Using this, we compute
that

d

ey, (X f) = pn t:OEYm (exp(tX)f)
=) oY) exp(tX) )
d d
= tzosm(exp(Y +tX)f) = 7 tzosmertXm(f)_

The extension therefore acts on the fiber of the normal bundle over m € M as
directional differentiation in the direction X,,, as required. O

2.2.8 REMARK. The characters (2.1.2) determine an isomorphism from
Ao(Ny M) to the algebra of smooth functions on the normal bundle that are
polynomial in each fiber (and are of uniformly bounded degree). The proposi-
tion asserts that X acts by differentiation in each Ny ,, M in the direction of
the normal vector determined by X,,.
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2.3 FUNCTORIALITY PROPERTIES

The deformation space is functorial in the following sense. Given a commuting
diagram
Vv (2.3.1)

]

M——- M

in which the vertical maps are inclusions of submanifolds and the horizontal
maps are arbitrary smooth maps, there is an induced map

NvM — NV/M/. (232)

Indeed the algebra map from C°(V') to C°°(V') determined by (2.3.1) deter-
mines, in turn, an algebra map

ANy M') — ANy M),

and so a map on character spectra in the reverse direction. In terms of the
determination of the spectrum in Theorem 2.1.4, the formula for the induced
map on deformation spaces is the obvious one determined by (2.3.1).

Here are some properties related to functoriality that we shall use later on:

(i) If the horizontal maps in (2.3.1) are open inclusions, then so is the induced
map on deformation spaces.

(ii) Given a diagram

D [
Vi—=W<—"-"1,

1]

M) —— P <— M,
Uy Wy

of submanifolds in which the horizontal maps are submersions, if we form
the fiber product manifolds

V=W" V>;V2 ={(v1,v2) € VixVa : ®1(v1) = Po(v) }

and

M = M1 ;MQ = {(ml,mg) S M1XM2 : \Ill(ml) = \IIQ(TI’LQ) },

then the natural map

Ny M — NV1M1 X NV2M2
Nyw P
coming from functoriality is a diffeomorphism.
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(iii) If M =V, that is, if the submanifold M is the entire manifold V', then
there are of course no nonzero normal vectors, and the deformation space
identifies with the product M xR via Theorem 2.1.4:

Ny M = MxR (2.3.3)

2.4 TANGENT GROUPOID

The tangent groupoid of a smooth manifold M, denoted TM , is the deformation
space associated to the diagonal embedding of M into its square. That is,

TM = Ny M,

where M? = M xM (it will be helpful to use this compressed notation for the
powers of M in this subsection). Throughout the paper we shall identify the
normal bundle for the diagonal embedding with the tangent bundle of M via
the projection onto the first coordinate. So as a set

TM = TMx{0} U M?*xR*. (2.4.1)

We shall use the following notation for the coordinate algebra of the tangent
groupoid:
A(TM) = A(Npp2 M).

The tangent groupoid inherits a Lie groupoid structure from the pair groupoid
structure on M x M using the functoriality of the deformation space construc-
tion, as follows. Consider the commuting diagram

M2:M

]

in which the top maps are the first and second coordinate projections—these
are the target and source maps, respectively, for the pair groupoid—while the
upwards maps are diagonal maps, viewed as inclusions of submanifolds. By
functoriality of the deformation space construction, the diagram gives rise to
maps

Ny M = Ny M,

and therefore to maps
t,s: TM = M xR.

These are the target and source maps for the tangent groupoid.
The composition law in the tangent groupoid is obtained in the same fashion.
The space of composable pairs of elements in the tangent groupoid is

TM® = {(v,m) € TMXTM : s(y) =t(n) }

=TM x TM
M xR
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According to the previous subsection, the diagram

M2 <P g2 (2.4.2)
M M M

in which the top maps are the projections onto the second and factors respec-
tively, gives rise to a diffeomorphism

NysM = TM x TM. (2.4.3)
M xR

On the other hand the diagram

M? —— M?

]

M ——— M,

in which the top map is projection onto the first and third factors induces a
map from Ny M to Ny2M | and hence a map

c: TM® — TM. (2.4.4)
This is the composition law for the tangent groupoid. Clearly
(ml,mg,)\) o (mg,m3,)\) = (ml,m3,)\) (245)

when A#0. The formula when A=0 is only a little harder to derive. We shall
do the calculation in a somewhat roundabout way that will be helpful later
(although for the tangent groupoid itself, an easy direct computation in local
coordinates is possible).

Start with the following commutative diagram, in which the various evaluation
characters e are labeled by the indicated tangent vectors on the diagonal (which
of course project to normal vectors):

A(Nppe M) —22— A(Nppa M) =2 A(Npp2 M) (2.4.6)
E(Xm,om)l 8(xm,0m,Ym)l 8(Ym,0m)l_ EO0m,—Ym)
R R R.

Commutativity follows by direct computation from the definitions. It follows
from the diagram that the isomorphism (2.4.3) maps the point of Ny M asso-
ciated to the character £(x,, o,.,—v,,) t0 ((Xm,0), (Yin,0)) € TM®,

2.4.1 LEMMA. (X;,,,0) 0 (Y3,,0) = (X, + Yin, 0).
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Proof. Consider the diagram

5

Ao(TM) < Ao(TM®) R

| 1:

AO(TM) RRr Ao(TM) — R R

€(Ym .0m) DE(Xpm ,0)

E(Xm 0m,—Ym)

in which the leftmost map is induced from the composition law (2.4.4), while
the left vertical map is induced from

f1® far— [(m17m25m3) — fi(mai, ma) fa(ma, ms)|,

or equivalently from the inclusion of TM ) into TM x TM. It follows from
(2.4.6) that the square in the diagram is commutative. The composition of
morphisms along the top is the character of Ayg(TM) associated to (X,,,0) o
(Y, 0). But this composition is

E(Xm,— m) - AO(TM) — R

and £(x,, —v,.) = €(X,+Y,,0) Since the tangent vectors (X, —Yy,) and (X, +
Y:n,0) at the diagonal point (m,m) determine the same normal vector for the
diagonal embedding. This completes the proof. |

2.5 FAMILIES OF DIFFERENTIAL OPERATORS

Let D be a linear partial differential operator on M. The source fibers of
the pair groupoid M xM have the form M x{m}, and if we place a copy of
D on each one, then we obtain a smooth, equivariant family of linear partial
differential operators on the source fibers.

A small extension of the above produces a family of linear partial differential
operators on the source fibers of the tangent groupoid. First, if m € M,
then denote by D,, the translation-invariant model operator on T,,M that is
obtained from D by freezing coefficients in a local coordinate expression for D
and dropping lower order terms.

2.5.1 THEOREM. Let M be a smooth manifold and let D be a linear partial
differential operator on M of order q. The formula

MD A#0
QWM{D A=0

defines a smooth and equivariant family of differential operators on the source

fibers of TM.
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Proof. We need to show that if f is a smooth function on TM, and if we apply
the above family of differential operators to f fiberwise, then the result is again
a smooth function on TM.

In fact it suffices to prove this when D is a vector field, since A?D is a sum of

products
N4 R ADy - ADy

where h is a smooth function, the operators D; are vector fields, and where
d < q, and since the model operator D,, is the sum of those products

h(m) Dy ...  Dam

where ¢ = d. The vector field case is handled by Proposition 2.2.7. O

3 A RESCALED SPINOR BUNDLE

In this section we shall explain how to construct a “rescaled” spinor bundle on
the tangent groupoid of a Riemannian spin manifold.

3.1 CLIFFORD ALGEBRAS

We begin with a very quick review of some points in Clifford algebra theory to
fix notation and terminology. Let E be a finite-dimensional euclidean vector
space. We shall denote by Cliffgx(E) the real algebra generated by a copy of E
subject to the relations

ef + fe=—2(e, )1

for all e, f € E, and we shall denote by Cliffc(F), or simply ClLff(E), its
complexification. We shall generally follow the conventions in the monograph
[Meil3], and in terms of that book, Cliff(E) is the complex Clifford algebra
associated to the bilinear form B given by the negative of the inner product on
E.

There is a real-linear quantization isomorphism

q: N"E — Cliffg(E) (3.1.1)
as in [Meil3, Sec. 2.2.5]. If {e1,..., e, } is any orthonormal basis for F, then
qlei, Ao Neiy) =€y ... e,

for all indices 47 < --- < ¢4. The quantization isomorphism equips the Clifford
algebra with a vector space grading. This grading is not compatible with the
multiplication operation in the Clifford algebra, but the underlying increasing
filtration s compatible with multiplication. We shall write it as

C- I = Cliffy(E) C Cliffy (E) C -+ C Cliffaim (s (E) = Cliff(E),  (3.1.2)

where Cliff;(E) is the sum of all ¢(A“E) with a < d.
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3.1.1 REMARK. For later purposes it will be convenient to extend this filtration
to all d € Z so that

0 d<0

Cliff(E) d > dim(E). (8.1.3)

Cliff 4(E) = {

The associated “Clifford order” of 0 € Cliff (E) will be —oo. Observe that the
quantization map gives rise to an isomorphism

A E =5 Cliff 4(E)/ Cliff 4_1 (E) (3.1.4)
for all d.

The subspace ¢(A?E) C Cliffg(E) is closed under the ordinary commutator
bracket in the Clifford algebra, and so acquires a Lie algebra structure. More-
over

[4(A’E),q(N'E)] C q(A'B),

so that the Lie algebra ¢(A?E) acts on E =2 g(A'E) by commutator bracket in
the Clifford algebra. This action determines a Lie algebra homomorphism

¢(N’E) — gl(B),
and indeed Lie algebra isomorphism
4(A2E) =5 so(E). (3.1.5)

Now define a vector space isomorphism ~: so(E) — A?E by means of the
following commuting diagram:

q(A\’E) (3.1.6)
N E ! so(F).

We shall not use it, but « is given by the beautiful explicit formula

WT) =1 T(e:) Ae.

See [Meil3, Section 2.2.10].

3.2 SPINOR BUNDLES

From now on M will be an even-dimensional, Riemannian spin manifold. We
shall review some facts concerning spinors on M.

Let S — M be a complex irreducible spinor vector bundle, equipped with the
canonical Riemannian connection V (also known as the Levi-Civita connec-
tion), as in [LM&9, Sec. I1.4] or [Roe98, Ch. 4]. The bundle S and connection
V have the following properties:

DOCUMENTA MATHEMATICA 24 (2019) 16771720



1692 NiI1GEL HIGSON AND ZELIN YI

(i) S is a smooth, Z/2-graded Hermitian vector bundle over M.

(ii) There is a morphism of smooth real vector bundles

c: TM — End(S)°dd

skew-adjoint

with
o(X)?=—|X|?-1

for every vector field X.

(iii) The morphism ¢ induces an irreducible representation of Cliff¢(7,,M) on
Sm for every m € M, and indeed a Z/2-graded algebra isomorphism

c: Cliffe(T,, M) —» End(S,,). (3.2.1)

(iv) If X and Y are vector fields on M, and if s is a smooth section of S, then
Vy (e(X)s) = ¢(VEC(X))s + ¢(X)Vys, (3.2.2)
where VI is the Levi-Civita connection on T'M.

We shall also use in a crucial way a simple formula that relates the curvature
operator
K(X,Y) =VxVy —VyVx — V[X,y]

of the Riemannian connection on S to the Riemann curvature tensor
R(X,Y) = V'V — ViOVEE - Vigy,
on T'M. For any pair of tangent vectors X,,, Y, € T;, M we have, of course
R(X,Yy) €so(T,,M) and K(X,,,Y,) € End(S,,).
Moreover
K(X,Y)=coqovy(R(X,Y)) (3.2.3)
where « is the morphism (3.1.6).

3.3 THE SCALING FILTRATION

Denote by SKS* the bundle over M x M whose fiber over (my, m2) is Sy, ®S;,, .
In this subsection we shall construct a decreasing filtration of the space of
smooth sections of S X S* that is based on the vanishing behavior of sections
near the diagonal in M x M. The construction uses the following Getzler filtra-
tion of the algebra of linear partial differential operators acting on the smooth
sections of S over M, the definition of which takes advantage of the fact that
the algebra is generated by Clifford multiplications, covariant derivatives and
multiplications by scalar functions.
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3.3.1 DEFINITION. We say such a differential operator D has Getzler order
< p if in a neighborhood of any point in M it can be expressed as a finite sum

of operators of the form
f-Di---D,,

where f is a smooth function and each Dj is either a covariant derivative Vy,
or a Clifford multiplication operator ¢(X), or the identity operator.

3.3.2 ExaMmPLES. If X is any vector field on M, then Getzler-order(Vy) <1,
and the order is equal to 1 unless X = 0. In addition Getzler-order(¢(X)) <1,
and again the order is equal to 1 unless X = 0.

The construction also uses the following increasing filtration of the fibers of
SKS* over the diagonal in M x M. Using (3.2.1), these fibers admit canonical
identifications

S, ®S* = End(S,,) = Cliff(T,,M), (3.3.1)

and we equip them with the canonical increasing Clifford algebra filtration from
(3.1.2).

3.3.3 DEFINITION. Let ¢ € Z. We shall say that a smooth section of S X S*
has Clifford order < g if its value at each diagonal point (m,m) lies in the order
g subspace Clift (T, M) C Cliff (T, M).

3.3.4 EXAMPLES. If g is negative, then a section with Clifford order < ¢ at
m € M must vanish. At the other extreme, every section has Clifford order
< dim(M).

In the following definition we shall consider linear partial differential operators
D that act on the smooth sections of the spinor bundle S over M. We shall
consider D as also acting on the smooth sections of S X S* over M xM by
differentiation in the first factor of M x M alone.

3.3.5 DEFINITION. Let p € Z. We shall say that a section o of S X S* over
M x M has scaling order > p if

Clifford-order(Do) < ¢ —p

for every differential operator D of Getzler order < q. If m € M, then we
shall say that o has scaling order p near m if the above condition holds in a
neighborhood of (m,m).

3.3.6 REMARK. The definition can be compared as follows to the ordinary
notion of vanishing to order p along the diagonal of a real-valued function on
M xM that we used to construct the tangent groupoid. Suppose we write
val(f) = —oco if f vanishes on the diagonal, while val(f) = 0 otherwise. Then
f vanishes to order p on the diagonal in M x M if and only if

val(Df) < order(D) — p

for every linear partial differential operator D on M acting on functions on
M x M through the first factor.
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3.3.7 EXAMPLE. Since the Clifford order of a section of S X S™* is never more
than dim(M), every section has scaling order > — dim(M).

Let us record two easy consequences of the definition. The first is immediate:

3.3.8 LEMMA. If a smooth section o of S ® S* has scaling order > p, and if
D has Getzler order < q, then Do has scaling order > p—q. O

3.3.9 LEMMA. If a smooth section o of S®.S* has scaling order > p1, and if a
smooth function f on M x M wvanishes to order > ps on the diagonal of M x M,
then the section f - o has scaling order > p1 + pa.

Proof. If D has Getzler order <q, then

D(f-0)=> (E;f)(Djo)

for suitable operators D; acting on sections of on S, and suitable partial dif-
ferential operators F; acting on scalar-valued functions, with

order(E;) 4+ Getzler-order(D;) < gq.
The proof follows from this. O

In particular, the sections of S K S* of scaling order > p form a C°°(M xM)-
module. A deeper result concerning scaling order is the following fact, whose
proof we shall give in an appendix; see Section 6.

3.3.10 PROPOSITION. Let m € M and let d > 0. Every smooth section of the
bundle CUff (T M) over M that has Clifford order < d near m is the restriction
to the diagonal in M xM of a smooth section of S S* of scaling order > —d
near m.

3.4 THE RESCALED SPINOR MODULE

In this subsection we shall define a module S(TM) over the coordinate algebra
A(TM) using the scaling filtration from the previous subsection and the Rees
construction. As we shall soon see, it may be viewed as the module of “regular”
sections of a bundle S over the tangent groupoid, just as A(TM) may be viewed
as the algebra of “regular” functions on the tangent groupoid. Here we shall
compute the fibers of the module S(TM ), which will be the fibers of the bundle
S.

3.4.1 DEFINITION. Denote by S(TM) the complex vector space of Laurent
polynomials
o

pEZ

where each o, is a smooth section of S X S* of scaling order at least p. It
follows from Lemma 3.3.9 that S(TM) is a module over A(TM) by ordinary
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multiplication of Laurent polynomials. For each point v € TM let I, C A(TM)
be the corresponding vanishing ideal. The fiber of S(TM) over ~ is

S(TM)|, = S(TM) /I, - S(TM)

The most interesting fibers are those for which the morphism v € TM has
the form v = (X,,0), where X, is a tangent vector on M, and most of this
subsection will be devoted to studying them.

3.4.2 DEFINITION. We shall denote by So(TM) the vector space quotient
So(TM) = S(TM)/t - S(TM).

Note that the A(TM )-module structure on S(TM) descends to an Ay(TM)-
module structure on So(TM).

The quotient space So(TM) is a graded vector space with nonzero components
in integer degrees — dim(M) and up. Indeed it is the associated graded space
for the decreasing filtration of the smooth sections of SXS* by scaling order
(to be clear, we place in degree p the images of the elements o,t 7, or in other
words the sections of scaling order at least p, modulo the sections of scaling
order > p+1).

If the morphism v € TM has the form v = (X,,,0), where X, is a tangent
vector on M, then the quotient map from S(TM) to So(TM) induces an iso-
morphism

S(TM)|, = So(TM)/Ix,, - So(TM),

where Iy, < Ao(TM) is the vanishing ideal for X,,, € TM. We shall use this
to compute S(TM)|.

3.4.3 DEFINITION. Let m € M. We shall denote by
em: So(TM) — N T, M

the evaluation map at m € M defined by the formula

Em Zapt_p — Z[U—d(m,m)]d;
p d

where [_]q denotes the image in the quotient Cliff 4(7,,, M)/ Cliff 41 (T}, M) of
an element in Cliff4(7,,, M), and we identify the quotient with AT}, M via the
quantization map.

3.4.4 LEMMA. The evaluation map has the property that

Em(fa) = Em(f)gm(g)
for all f € Ag(TM) and all 0 € So(TM). O

DOCUMENTA MATHEMATICA 24 (2019) 1677-1720



1696 NiI1GEL HIGSON AND ZELIN YI

3.4.5 DEFINITION. Let X be a vector field on M. Denote by
Vx: So(TM) — So(TM)

the linear operator determined by the formula
Vx: Z opt P — Z VXUptf(pfl).

3.4.6 LEMMA. The operator V x is compatible with the derivation X of the
coordinate algebra Ag(TM) in the sense that

Vx(fo) = X(f)o+ fVx(o)
for every f € Ag(TM) and every o € So(TM). O

The operator V x has grading degree minus one, and is therefore locally nilpo-
tent. So we can form the exponential

exp(Vx): So(TM) — So(TM)

using the power series. Inspired by the discussion in Subsection 2.2, let us now
make the following definition:

3.4.7 DEFINITION. Let X be a vector field on M and let m € M. Denote by
ex,,: So(TM) — N*T,,M
the map defined by the commuting diagram

X

So(TM) —2 A*T,, M
exp(Vx)l H

3.4.8 LEMMA. The morphism cx,, depends only on the tangent vector X,,,
and not on the values of the vector field X at other points in M. Moreover

ex,. (fo) =ex,. (flex,. (o).
Proof. This follows from Lemma 3.4.6 and the definitions. O
3.4.9 PROPOSITION. Let m € M and let X,, € T,, M. The morphism
ex,,: So(TM) — N*T,,M
induces an isomorphism

S(TM)|(x,..0) —* N T M.
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The proof will use the following local form for sections of SXS* of scaling order
p. Let n = dim(M), choose a local orthonormal frame {eq,..., e, } for TM
near m € M, and for each index

I:(i1<"'<id)
of length ¢(I) = d, form the local section

€] = €4y " €jy * ...t €y

of the bundle Cliff,;)(T'M) over M. View this as a local section of the re-
striction of SKS* to the diagonal, and use Proposition 3.3.10 to extend it to
a section over M x M with scaling order —¢(I) near m. We shall use the same
notation ey for the extension. The smooth sections e; constitute a local frame
for SIKS* near (m, m) € M xM. So any smooth section o may be expanded in

the form
o= hr-er (3.4.1)
I

near (m,m), where the h; are smooth, complex-valued functions on M x M.

3.4.10 LEMMA. Let p € Z. The section o in (3.4.1) has scaling order > p near
m if and only if each scalar function h; vanishes on the diagonal of M xM
near (m,m) to order > p+ ((I).

Proof. The sufficiency of the condition follows from Lemma 3.3.9. As for ne-
cessity, given a section o = > hyey of scaling order p, let p’ be the minimum
of all the integers order(h;) — ¢(I), where order(h;) means here the order of
vanishing of h; on the diagonal of M x M near (m, m). We need to prove that
p'>p.

Let Z,in be the set of all those indices I for which the minimum p’ is achieved,
let ¢ be the least value of order(h;) among all I € Z,;,,. If D has Getzler order
q, then for any I € Ty, the section D(hrer) restricts to a function times ey
on the diagonal. Moreover for any fixed Iy € Zyin we can find some such D
so that D(hj,ey,) is not identically zero in a neighborhood of (m,m) on the
diagonal. So for this D,

Clifford-order(Y ;o7 D(hrer)) > €(Io)
near m. As a result, since ¢(Ip) = g—p/,

Scading-order(X:IeI D(h;el)) <yp

near m. On the other hand, it follows from Lemma 3.3.9 that
Scaling-order (3547, . D(hier)) > p' +1

near m. Hence the scaling order of o is <p’, and so p’>p as required. O
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Proof of Proposition 3.4.9. Lemma 3.4.8 shows that ex, does at least induce
a vector space morphism

S(TM)l(meo) — N T, M.

In addition, if T = (i1 < --+ < 44), then under this morphism an element
ert!d ¢ S(TM) is mapped to an element of the form

ei; N -+ A e, + higher-degree terms in A*T,,, M. (3.4.2)

It follows from this that the morphism is surjective.

Now suppose that Y~ o,t™? € S(TM) is mapped to zero by ex,,. We need to
prove that it lies in I, - S(TM). In doing so, we can assume that each o, is
supported near (m,m). Indeed, if ¢ is any smooth function on M xM that is
equal to 1 near (m,m), then we can write

Z opt P =(1—¢)- Z opt 7P + Z popt P,

and the first term on the right-hand side belongs to I(x,, o) - S(TM) and so is
mapped to zero by €x,,. So we can replace each o, by ¢o,.
Assuming then that each o, is supported near (m,m), we can write

O'p = E h,pyjej,
I

as in (3.4.1). According to Lemma 3.4.10, each h, ; vanishes to order p+¢(I)
or higher on the diagonal in M x M. Hence we may write

S ot => (D hpt PO (et D) (3.4.3)
p P

I

where each ) hy, 1t~ PHD) is an element of (the complexification of ) A(TM).
To prove the proposition it suffices to show that if ) ¢,,t P maps to zero under
the morphism ex, in the statement of the proposition, then each function

> hp PO € A(TM)
p

evaluates to zero at X,,,. But according to (3.4.2), the elements est“D) € S(TM)
map to linearly independent elements under €x,,. So the required vanishing
follows from Lemma 3.4.8. |

3.4.11 PROPOSITION. Let myi,mo € M and A € R*. The morphism
E(my,ma,n) - S0(TM) — Spy @ S,
defined by the formula
E(ma,maN) - Zapt_p — Z A"Pa,(myi, ma)
induces an isomorphism

S(TM”(ml,mz,)\) — Sm1 X S:;w‘
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Proof. The morphism € (,,, m,,») above is obviously surjective and factors
through the fiber, so it remains to prove injectivity of the induced map on
the fiber.

Suppose first that m; = m = mso. Using the argument and notation of the
previous proof, if A # 0, and if

Z Z A"Phy, 1(m, m)er(m, m) =0,
P I

then for each I
SO AR (m,m) =0,
P

since the vectors A=“)e;(m,m) are linearly independent. So the formula
(3.4.3) expresses any element of S(TAM) that maps to zero in S,, ® S}, as
a combination of elements in A(TM) that vanish at (m,m, \), times elements
in S(TM), as required.

If my1 # mo, then we need only replace the local frame {e;} near (m,m) by any
local frame of SKS* near (my,mg) (away from the diagonal there is no need
to invoke Proposition 3.3.10). Then we may proceed as above. |

3.5 THE RESCALED SPINOR BUNDLE

We are now ready to construct the rescaled spinor bundle S over TM.

3.5.1 DEFINITION. Define a family of vector spaces S, parametrized by v €
TM as follows:

(3.5.1)

)8, @Sy, = (m1,ma, A)
TO\NT.M = (X, 0).

Denote by ¢ — ¢ the morphism of A(TM )-modules
S(TM) — ] s,
yETM

that associates to each o € S(TM) its value in each fiber S(TM)|, under the
identifications in Propositions 3.4.9 and 3.4.11.

3.5.2 LEMMA. The above morphism is injective.

Proof. Let (my,ma) € MxM. If an element Zp opt™P maps to zero, then it
follows from the formula for the morphisms €, 1, ) that

Z)fpap(ml,mg) =0
P
for all A # 0. But this implies that o,(m1, m2) = 0 for all p. Hence o, = 0 for
all p, and so 3 ot = 0. O
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3.5.3 DEFINITION. We shall denote by St the sheaf on TM consisting of
sections
TM > v+—71(y) €S,

that are locally of the form

for some N € N, where fi1,..., fy are smooth, complex-valued functions on
TM and o1, ...,0n belong to S(TM).

3.5.4 THEOREM. The sheaf Sty is locally free, of rank 24™(M) g5 o sheaf of
modules over Arpy.

Proof. Let us prove that the sheaf is free in a neighborhood of v = (X, 0);
the other v € TM are handled in the same way. Consider a section 7 of Stas
as in Definition 3.5.3 above. Locally we may write each o; € S(TM) as

o = Z (Z hjppt™ PHEID) ) - (eltl(f))
I P

as in (3.4.3). So near 7, the section 7 is a linear combination the sections

ert!@). But these spanning sections are also linearly independent in each fiber
Sy, for n near . So they are linearly independent over the smooth functions
on TM, near v, as required. O

3.5.5 DEFINITION. We shall denote by S the unique smooth vector bundle over
TM whose fibers are the spaces S, in (3.5.1) and whose smooth sections are
the sections of the sheaf St);.

3.6 FAMILIES OF DIFFERENTIAL OPERATORS AND THE GETZLER SYMBOL

We wish to prove the following spinorial counterpart of Theorem 2.5.1:

3.6.1 THEOREM. Let D be a linear partial differential operator on M, acting
on the sections of the spinor bundle, of Getzler order q. The family of linear
partial differential operators

Dipmry = MDD,

defined on those source fibers of TM with \ # 0, extends to a smooth family
of linear partial differential operators on all the source fibers of the tangent
groupoid, acting on sections of S.

As with scalar case, it suffices to consider generators of the algebra of linear
partial differential operators, in this case covariant derivatives V x and Clifford
multiplication operators ¢(X). Let us begin with the latter, which are easier.
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3.6.2 LEMMA. Let X be a vector field on M. The family of Clifford multipli-
cation operators

D n) = Ae(X),

defined on the source fibers of TM with A # 0, and acting on sections of S,
extends to a smooth family on all the source fibers of TM. The operator on the
source fiber TM y, 0y = T M is the exterior multiplication operator

NT M3 w— X, Aw e N T, M.

Proof. The formula

Z opt P — Z (X))o t= P~

defines an A(TM )-linear operator on S(TM) and hence a endomorphism of the
bundle S. Tts restriction to A#0 is the operator of left multiplication by Ae(X)
on SXS*. We need to compute its restriction to A=0.
For this, we need to show that if ¢(X) is the induced operator on Sy(TM),
then for any tangent vector Y,,,

EYTVL (C(X)U) = Xm A EYTVL (U)
Note first that

Em(e(X)T) = Xon A Em(T)

for any 7 € So(TM), which is clear from the definitions. Next, the formula
Vye(X) = e(X)Vy =¢(Vy X): C¥(MxM,SXS*) — C°(MxM, SKS™)

shows that the Getzler order-one operators ¢(X) and Vy commute up to an
operator of Getzler order one, not two. As a result,

Vye(X) =¢e(X)Vy: So(TM) — So(TM),
and it therefore follows that

ey, (¢(X)o) = em(exp(Vy)e(X)o)
= em(e(X) exp(Vy)o)
=X ANey,, (o),

as required. O

3.6.3 LEMMA. Let X be a vector field on M. The family of covariant deriva-
tives
Dy = AVy,

defined on those source fibers of TM with X\ # 0, and acting on sections of S,
extends to a smooth family on all the source fibers of TM. The operator on
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the source fiber T M, 0y = T M is the sum of directional differentiation in the
direction X, and exterior multiplication by the linear function

TnM > Yy — 26(Yim, Xim) € AT M,

where, as in (3.2.3), the section k(Y, X) of A>T M s related to the Riemannian
curvature and the curvature of S by

VR, X)) = £(Y,X) and clg(x(Y, X)) = K(Y, X).
The proof will use following simple algebraic fact:

3.6.4 LEMMA. If A, B and [A, B] are locally nilpotent linear operators on a
rational vector space, and if [A, B] commutes with both A and B, then A+ B
18 locally nilpotent and

exp(A) exp(B) = exp(3[A4, B]) exp(A + B). O

Proof of Lemma 3.6.3. 1t follows from the definition of the curvature operator
that
Vy, Vx| = Viy,x) = K(Y, X)

as operators on smooth sections of SXS* over M x M. So if we define
K(Y,X): So(TM) — So(TM)
by
ot P Y K(Y, X)opt P72,
then, since V[y, x) has Getzler order one, not two, we obtain
[Vy,Vx]=K(Y, X): So(TM) — So(TM).

Moreover, as in the proof of Lemma 3.6.2, each of Vy and V x commutes with
K (Y, X), and so by Lemma 3.6.4,

exp(Vy) eXp(VX) = exp(Vy+X) eXp(%K(Y, X))

We can now compute that

d
ey (VXS) == t:OEY (eXp(Vtx)S)
= i B EQ(eXp(Vy)GXp(Vtx)S)
dt lt=0

d
= Trl_yc0 (exp(Vy +ix) exp(3 K (Y, tX))s)
d
= |, ey +ex (exp(3 K (Y,tX))s)
d

= E t:OEYthX (S) + %K(Ym,Xm) A Ey(S).
In the last line we used the Leibniz rule and Lemma 3.6.2. We have now
computed the action of the family {A\Vx} in the statement of the lemma on
“algebraic” sections of S (associated to elements of S(TM)). The lemma follows

from this. U
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3.7 TANGENT VECTORS VERSUS NORMAL VECTORS

So far, when discussing the tangent groupoid we have been identifying 7'M
with the normal bundle for the diagonal in M xM by associating to a tan-
gent vector X, at m € M the tangent vector (X,,,0,,) at the diagonal point
(m,m) € MxM. In this subsection we shall examine the effect of using other
identifications.

Let X be a vector field on M. Instead of writing V x for the covariant derivative
on M xM associated to the action on the left copy of M, let us temporarily
write V(x,0). Let us similarly write ¢(X,0) for left Clifford multiplication.
There are also obvious right operators Vg x) and ¢(0, X), and let us begin by
noting that all the right operators commute with the all the left operators.

It follows from this commutativity that each right operator decreases the scaling
order of a section ¢ of SIKXS* by at most one. Consider for example the covariant
derivative V(g x). If the scaling order of o is at least p, and if D is a differential
operator of Getlzer order < ¢ on M, acting on the left factor of M x M, then
we need to show that

Clifford-order(DV o, x)0) < g — p+ 1.

Write 7 = Do, which is a section of scaling order > p—q. Since DV g x)o =
V(0,x)Dc, we need to show that

Clifford-order(V o, x)7) < ¢ —p+ 1.
Next write
Vio,x) = Vx,x)— V(x,0-

The operator V x, x) preserves Clifford order since along the diagonal of M x M
the Riemannian connection is the standard connection on Cliff(T'M), while of
course V(x o) increases the Clifford order of 7 by at most one, by definition of
the scaling filtration. The proof is complete. The proof for Clifford multiplica-
tions is similar, but simpler since the last step above is not needed.

It follows from these computations that we can define the scaling order using
either left operators, or the right operators, or both.

Now let X and Y be vector fields on M. Since Vx y) decreases scaling order
by at most one, there is an induced, degree minus one operator

Vx,vy: So(TM) — So(TM)
given by the now-usual formula
Z opt P — Z V(X,y)aptf(pfl)
on S(TM). Define the evaluation morphism
E(Xpm,Ym) 't S0(TM) — N T, M

DOCUMENTA MATHEMATICA 24 (2019) 16771720



1704 NiI1GEL HIGSON AND ZELIN YI

via the commuting diagram

E(Xm,Ym)

So(TM) NTy M
eXP(V(X,Y))\L H

In the context of Ag(TM), the map £(x,, y,,) only depends on the normal vec-

tor determined by (X, Y;,), but the following computation shows that this is

not the case for So(TM). Write x(X,Y) = v(R(X,Y)), as in Lemma 3.6.3.

View k(X,Y’) as an operator on the exterior algebra bundle by exterior multi-
plication.

3.7.1 PROPOSITION. The diagram

E(Xm Ym)

So(TM) ATy M
H lexp(éka(Xm,Ym))
So(TM) ATy M

E(Xm —Ym,0)
15 commutative.

Proof. Let us first prove the following special case: if Y is any vector field on
M, then
E(0pm,Ym) = E(=Yim,0m) " SO(TM) — N*T,,, M. (3.7.1)

To do so, use the fact that V(g y) and V(_y, ) commute as operators on smooth
sections of SXS™* to write

?O,Y) o ?—Y,O)
n—1 n—2 n—2 n—1
=Viry) (V(o, ) + v(O,Y)V(—KO) toet V(07Y)V(4/,0) + V(4/,0))'

The operator Vy,y) does not increase the Clifford order of sections, so if o is
a section of scaling order p, then the section

V?O,Y)o- — V?fyﬁo)a
has Clifford order < p+n—1. It follows now from the definitions that
em(V0,0)9) = em(V(-v,0)9),

and (3.7.1) follows.
For the general case, it follows from Lemma 3.6.4 that

exp(V (—v,0)) exp(V (x,0)) = exp(3 K(X,Y)) exp(V (x_v,0)) (3.7.2)
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as operators on So(TAM). Therefore

E(Xm ¥m) (0) = Em (exp(V (x,¥))0)

= em(exp(V(0,v)) exp(V (x,0))0)
= ( P(V( Yo))eXP(V(Xo)) )
*Em(exp(%K(X Y)) exp(V(x—v,0))0)
= exp(5A(Xm, Yin))e X, v, (0)

as required. O

4  MULTIPLICATIVE STRUCTURE

In this section we shall equip the space C°(TM,S) of smooth, compactly
supported sections of the rescaled spinor bundle over TM with a convolution
product.

4.1 CONVOLUTION ALGEBRAS OF SMOOTH GROUPOIDS

We being by reviewing some basic facts about the convolution algebras of
smooth groupoids [Con94, Section 2.5]. Let s,t: G = M be a Lie groupoid. In
order to build a convolution algebra of functions on G we shall fix a suitable
family of measures on the target fibers of G (an alternative approach uses half-
densities, but in our tangent groupoid example the family of measures has an
extremely simple form).

4.1.1 DEFINITION (Compare [Ren80, Section 1.2]). A smooth left Haar system
on G is a family of smooth measures p'™ on the target fibers

={r1eG:tly) =m}
of G having the following two properties:

(i) For any compactly supported smooth function f on G, the assignment

m— f(y)dp™(v)

GTVL
defines a smooth function on M.

(ii) For any morphism v; : m — p and any compactly supported smooth
function f on G we have

f(y107)du™( /f ) dpP (ry

Gm

Given a smooth left Haar system on G, the formula

Jux fol) = /Gt<n) A (7t om) dut™ (),

defines an associative product on C2°(G). This is the convolution algebra of
the Lie groupoid G.
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4.2 MULTIPLICATIVE STRUCTURES ON BUNDLES OVER GROUPOIDS

Let s,t: G = M be a Lie groupoid, once again. Form the space of composable
pairs
G® = {(7,n) € GXG : 5(v) = t(n) },

and denote by
¢:G? — G and P1,P2: G®» —aG

the composition map ¢(y,n) = v o n and the two coordinate projections.

4.2.1 DEFINITION. Let V be a smooth vector bundle over G. A multiplicative
structure on V is a morphism of vector bundles

PIVepsV -5V,
or in other words a smoothly varying family of vector space morphisms
V, @V, = Vyor,
that is associative in the natural sense that
Ve €Vy, v3€Vg, vy,€V, = 050 (vg0uvy) = (vq0v3) 00y € Vyogoy
for all composable «, 5 and 7.

4.2.2 EXAMPLE. If G = M is any smooth groupoid, and if V' is a vector bundle
on M then the bundle on G with fibers

Vo = Vi) @ Vil = Hom(Viy), Vi)

has an obvious multiplicative structure given by contraction/composition that
we shall call the standard multiplicative structure.

4.2.3 LEMMA. Let G be a Lie groupoid equipped with a smooth left Haar system.
If V is a vector bundle on G with multiplicative structure, then the formula

fieatn = [ p@) e hO T omdn ),

defines an associative product on the smooth, compactly supported sections of V.
O

4.3 MULTIPLICATIVE STRUCTURE ON THE RESCALED SPINOR BUNDLE

The rescaled spinor bundle S over the tangent groupoid that we constructed in
Section 3 carries the standard multiplicative structure away from A = 0 since

S|azo = S K S*.

The purpose of this section is to prove the following result:
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4.3.1 THEOREM. There is a unique multiplicative structure on the rescaled
spinor bundle S over TM whose restriction away from \ = 0 is the standard
multiplicative structure. On fibers at X\ = 0 the multiplication map

S(Xm0) @ S(¥,0) = S(X4¥7.0)
1s given by the formula
a@pBr—aANpA exp(f%n(Xm, Ym)).

The uniqueness statement in the theorem is clear since TM \ T M x{0} is dense
in TM. To prove the existence statement we shall show that if p, 7 € S(TM),
and if the associated sections of S are pulled back to TM ) via p; and ps, and
then multiplied according to the formula in the statement of the theorem, then
the result, namely

(m1,ma, m3, A) = €(my ma,0) (P) © E(ma,ma,n) (T) (m1, ma, mgeM, A\F£0)
(Xom, Yin, 0) = ex,, (p)Aey,, ()N exp(56(Yim, X)) (X, Yo € T, M)
(4.3.1)

is a smooth section of the pullback bundle ¢*S over TM (?). This will suffice.
By linearity it further suffices to consider elements p, 7 € S(TM) of the form

p=pp,t P and T =Ty, 172,

where p,, and 7,, have scaling orders at least p; and ps, respectively.
Form the pointwise composition

MXMxM > (mi,ma, mg) — pp, (M1, M) 0 Tp, (M2, m3) € Sy, @S,

ms)

which is a smooth section of the pullback to M xM xM of SKS* along the
projection onto the first and third factors (which is the composition map for
the pair groupoid). As we did in Subsection 3.4, choose a local frame {e} of
SKS™ consisting of sections whose scaling orders are at least the negatives of
their Clifford orders. We can of course write

Pp. (M1, m2) 0 7, (M2, m3) = Z fr(my, ma, m3) - ef(my, ms) (4.3.2)
1

where each f; is a smooth function on (an open subset of) M xM x M.

4.3.2 LEMMA. FEach function f defined above vanishes to order > p1+pa+£(1)
on the diagonal M C M xM x M.

Proof. Let us call an index I regular if f; vanishes to order > p1+po+£4(I) on
the diagonal, and deficient otherwise. Write

Pps (M1, M2) 0 7y (M2, m3) — Z fr(ma,ma,m3) - er(ma, ms)
I regular

= Z fl(ml,mg,m3)-€1(m1,m3)- (4-3-3)

I deficient
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The left-hand side has scaling order > p; + p2 in the sense Definition 3.3.5,
except using covariant derivatives and Clifford multiplications in both the first
and third factors in M x M x M. If there were any deficient indices at all, then
we could choose a deficient I, for which the vanishing order of f; was minimal.
Call the vanishing order ¢; of course

q < p1+p2 + {(Imin) (4.3.4)

by definition of deficiency. We could then find a differential operator D of order
q so that D(frer) is a smooth function multiple of e; along the diagonal for
all deficient I, and a nonzero function multiple for I,;,. But the the Clifford
order of the right-hand side of (4.3.3) after applying D would be at least ¢(Inin),
whereas the Clifford order of the left-hand side after applying D would be at
most ¢ — p1 — p2. This contradicts (4.3.4). O

Now write
Fr = f[ti(p1+p2+e(l)) € A(TM(2)) and o7 = €]te(1) S S(TM)
We should like to prove that the section (4.3.1) is given by the formula

(4.3.5)

(mla ma,ms, )‘) — Z[ €(my,ma2,m3,\) (FI)E(ml,mg,/\) (U)
(X, Yoo, 0) = 321 €(X 0 ,0m,~ Vo) (FT)EX 47,0 (01).

See (2.4.6) for the notation. Since (4.3.5) is a combination of smooth functions
on TM @) times pullbacks to TM () of smooth sections of S, this will suffice.
The identity of (4.3.1) and (4.3.5) away from A = 0 is clear, and we have seen
in Proposition 3.7.1 that

E Xt Y 0,) (1) = XD (5E(Vin, X)) A (X, v, (01)-

So in fact it suffices to prove that

X, (P) N v, (T) =D €(x,00m,—Yo) (FDEX 0 —vim) (01),
I

or, using (3.7.1), that

E(Xm,om)(P) A E(Om,—Ym)(T) = ZE(Xm,Om,me)(FI)E(Xm,me)(UI)- (4.3.6)
I

A systematic way to check this formula is to introduce the space S(TM?)) of
Laurent polynomials > 0,t " in which oy, is a smooth section of SKCKS* over
M x M xM that has scaling order p, as in the proof of Lemma 4.3.2. This is a
module over A(TM®)), and we have the obvious identity

pOT:ZFI'UI
1
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in S(TM®), and hence in the quotient
So(TM®)) = S(TM@) /t- S(TM?).

The morphism
em: So(TM®)) — AT, M

defined, following Definition 3.4.3, by

Em: Zapt_p — Z[U_d(m, m,m)]q
has the properties that

em(poT) =em(p) Aem(T)

and that
em(F-0)=en(F) - en(o),

and these settle (4.3.6) in the special case where X, = Y,;, = 0. The general
case is settled by applying the special case to the elements
p= eXp(V(X,O))p’ T= eXp(V(O,—Y))T’
Fr =exp(V(x,0,—v))Fr, and o7 =exp(V(x,—v))01,

for which po7 = ZIE-O‘_].

5 CONVOLUTION ALGEBRA AND TRACES

The multiplicative structure on S provides us with a convolution algebra
C*(TM,S). In this section we shall construct our family of supertraces on
this algebra.

5.1 A HAAR SYSTEM FOR THE TANGENT GROUPOID
Let M be a smooth manifold. The target fibers of TM are of course
TM ™D = {m}x M x{\}

and
TM &m0 =T Mx{0}

If we fix a smooth measure p on M, and if we denote by u™ the associated
translation-invariant measures on the tangent spaces 1;, M, then the formulas

{ pl™ A = (A"
i

(Xm,0) _ ‘um

(5.1.1)

define a smooth left Haar system for TM. So we can now form the associated
tangent groupoid algebra C°(TM). The definition is due to Connes, and we
summarize the basic facts from [Con94, Sec. IL5]:
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5.1.1 PROPOSITION. For A # 0 the linear map
ex: OX(TM) — R¥(L*(M))
given by the formula
ex(f): (ma,ma) — A" f(ma,ma, A)
is a homomorphism of algebras. In addition the linear map
go: C°(TM) — C°(TM)

given by the formula
eo(f): Xm — f(Xm,0)

is a homomorphism of algebras, too, if the target C3°(T'M) is equipped with the
fiberwise convolution product. O

The factor A~" that appears above comes from the fact that we are using a fixed
measure on M to define L?(M), whereas the chosen Haar system is comprised
of measures on copies of M that vary with .

5.2 TwiISTED CONVOLUTION ON THE TANGENT BUNDLE

The first statement in Proposition 5.1.1 has an obvious spinorial counterpart,
whose proof requires no new ideas:

5.2.1 PROPOSITION. For A % 0 the morphism
ex: OX(TM,S) — 8°(L*(M, S))
given by the formula
ex(0): (m1,ma) — A" (m1, ma, A)
is a homomorphism of algebras. O
We can also define
go: C°(TM,S) — CX(TM,\N*TM)

by restriction, so that
eo(0): X > (X, 0).

But in order to make this a homomorphism of algebras we need to adjust the
convolution operation on C2°(T M, N*T M), in accordance with Theorem 4.3.1.
Other than this adjustment, the proof of the following theorem is identical to
the case of the ordinary tangent groupoid algebra considered by Connes.
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5.2.2 PROPOSITION. If the space C°(T M, N*T M) is equipped with the twisted
convolution product

(1% p2)(Xim) = /T " ©1(Xm = Yin) A2 (Yin) A eXP(%’i(Yma Xm)) dp™ (Ym),

then the restriction map
go: CX(TM,S) — C(TM,N*TM)
18 a homomorphism of algebras. O

5.2.3 REMARK. This is an appropriate time to note that our approach shares
much with a manuscript of Siegel [Siel0]. The above proposition is, however
at variance with the corresponding formula there [Sicl0, p.16].

5.3 SUPERTRACES ON THE CLIFFORD ALGEBRA

Let E be an even-dimensional and oriented Fuclidean vector space. Let
€1,...,€e, be an oriented orthonormal basis for E, and for I = (i1 < is <
coe < ig) let

er =€, - €y - ... ¢, € Clff (F).

The linear functional
str: Cliff(F) — C

defined by

0 otherwise.

str(ey) = {1 I=(@2...,n) (5.3.1)

is independent of the choice of oriented, orthonormal basis, and is a supertrace
on the Clifford algebra. See [Meil3, Sec. 2.2.8]. Note that

str o, o (5) = 0. (5.3.2)
The supertrace can be calculated using the irreducible representation
c: Cliff(E) —» End(S)
as follows. The element

s=iz2e1-... e, € Cliff (F) (5.3.3)

is independent of the choice of oriented orthonormal basis and satisfies s = 1.
The self-adjoint operator ¢(s) determines a Z/2-grading of the vector space S,

and
str(z) = (4)? Tr(c(s)c(z)) (5.3.4)

for all x € Cliff (E).
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5.4 SUPERTRACES ON THE CONVOLUTION ALGEBRA

The Hilbert space L?(M,S) carries a Z/2-grading that is defined as follows.
If e1,..., e, is any local oriented orthonormal frame for the tangent bundle of
M, then the product

n

c(s) =1izc(er)c(es) ... cle,)

defines locally an endomorphism of S whose square is the identity. It is in
fact independent of the choice of local oriented orthonormal frame, and so the
formula above defines a canonical global endomorphism of S. It is self-adjoint
and squares to the identity, and is by definition the grading operator for the
7/2-grading on L?(M, S).
We shall denote by

STr: 8°(L*(M, S)) — C

the associated supertrace, and we shall use this to define a family of supertraces
on C*(TM,S), as follows:

5.4.1 DEFINITION. For A € R\ {0} we shall denote by
STry: C(TM,S) — C

the composition

C>(TM, S) = 8°(L*(M, S)) 25 c,

as in (1.0.10). In addition, we define the supertrace STro using (1.0.11).

5.4.2 THEOREM. If T € C°(TM,S), then X — STrx(7) is a smooth function
of e R.

5.4.3 REMARK. The ordinary tangent groupoid algebra carries a family of
traces, parametrized by A\ # 0, that are obtained by composing the homomor-
phisms (1.0.4) with the usual operator trace on smoothing operators:

C(TM) =2 8 (L*(M)) - C.

Roughly speaking, local, or algebraic, index theory is the study of these traces
as A — 0. The traces do not converge as A — 0, and instead more elaborate
strategies must be developed, for instance replacing the traces with equivalent
cyclic cocycles. See for example [NT95] or [Perl3] for two perspectives on
this. It is a remarkable fact, discovered of course by Getzler, that in the
supersymmetric context the traces do converge.

Proof of Theorem 5.4.2. The supertrace on K°(L?(M, S)) can be written
STr(k) :/ str(k(m,m)) du(m),
M
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where str is the pointwise supertrace on End(S,,). So according to the defini-
tions, if 7 € C2°(TM,S) and A # 0, then

STry(r) = A™" /M str(T(m,m, \)) du(m).

We shall show that for any smooth section 7 the map
(my,\) — AT str(T(m, m, )\))

extends to a smooth function on M xR, and then calculate the value of the
extension at 0 € R to be

(m,0) — str(7(0m, 0)), (5.4.1)

where 0,,, € T,,, M is the zero tangent vector and the supertrace is the coefficient
of ey N+ Ne, € N*T,,M, with ey, ..., e, as above. This will suffice.

Any smooth section of S over TM is locally a finite sum of products f-o, where
f is a smooth function on TM and o € S(TM); see Definition 3.5.3. Since

A str((f - 0)(m,m,N) = f(m,m,\) - X" str(a(m, m, \))

it suffices to show that A\~ str(a(m,m,\)) extends to a smooth function on
M xR, and calculate that the value of the extension at A = 0 agrees with
(5.4.1).

If o =) opt™?, then

A" str(a(m,m,\)) = Z AP, (m,m)
Now if p > —n, then the restriction of ¢, to the diagonal point (m,m) lies in
c(Cliffn_l(TmM)) C End(Sy,),

and hence by (5.3.2) it has supertrace zero. So after writing ¢ = —p we find
that
A" str(&\(m, m, )\)) = Z AT sty (G_q(m, m)),

qzn

which is clearly a smooth function of m € M and A € R. The value at A =0
is str(g_, (m,m)), and if we write

O_npn = E h[@]
I

as in (3.4.1), then from (5.3.1) we find that
str(G_n(m,m)) = hy, (m, m)

where I, = (1,2,...,n). This is the coefficient of e; A -+ A e, in the fiber
AN*T M, as required. |
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5.5 FINAL COMMENTS ON INDEX THEORY

In this concluding subsection we shall comment on the roles that the tangent
groupoid and rescaling play in index theory, and suggest future developments,
which we aim to pursue elsewhere.

Let us return to Theorem 2.5.1. We noted there that the family of operators
{Dm )} on the source fibers of the tangent groupoid that is associated to a
single linear partial differential operator on M is equivariant for the (right)
action of the groupoid TM on itself. This has the following consequence:

5.5.1 LEMMA. The family of operators {D(,, x)} on the source fibers of TM
acts on the function space C°(TM) as a right C°(TM)-module endomor-
phism.

If D is in addition elliptic, then we can say more. To make the cleanest
statement it is convenient to introduce the quotient algebra CZ°(TM )1 of
C*(TM) by the ideal of all smooth, compactly supported functions on TM
that vanish for all A € [0, 1]. Of course the family {D(,, )} acts on this algebra
by right module endomorphisms, too. Ellipticity implies that this action is
almost invertible:

5.5.2 THEOREM. If M is closed, and if D is elliptic, then the associated right-
module endomorphism of C2°(TM ) 1) is invertible modulo left multiplications
by elements of C2°(TM)o,1-

To be explicit, the theorem asserts that there are right module maps
D: CZ(TM)p,1) — CZ(TM)joy and Q: CZ(TM)p,1) — C(TM),11,
the first associated to { Dy, )}, for which the operators

[-DQ, I-QD: C(TM)p,1) — CZ(TM)o,1)

are left multiplications by elements of C2°(TM)jo 1. The theorem may be
proved using pseudodifferential operator theory (and see [EY 17] for an account
of the theory of pseudodifferential operators that is particularly well suited to
the present context).

The theorem implies that ID defines a class in Ko(C2°(TM)o,1)); see for example
[Mil71, Sec. 2]. This is an essential step in Connes’ approach to index theory
via K-theory and the tangent groupoid.

5.5.3 REMARKS. Actually when considering K-theory it is preferable to pass
to a Fréchet algebra completion of CZ°(TM ) 1y, as in [CROS], or, even bet-
ter, the C*-algebra completion considered by Connes in [Con94, Sec. IL.5]. In
addition, in order to get a sufficiently rich class of examples, one should intro-
duce operators acting on sections of bundles, and use the associated modified
convolution algebras, as in Example 4.2.2 and Lemma 4.2.3 above.
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It is an interesting challenge to fit the rescaled bundle and the algebra
C°(TM,S) into this type of K-theory picture. The main issue is that the
Dirac operator ) gives rise to a family of operators for which the analogue of
Lemma 5.5.1 holds, but not the analogue of Theorem 5.5.2, the latter because
the model operators w(m70) are not elliptic, as they are in the standard case
(as is well known they are in fact the de Rham differentials on the tangent
fibers). Perhaps Kasparov’s Dirac operator dys from [[Kas88, Def. 4.2] has a
role to play here.

There are other interesting challenges, too. For instance although the convolu-
tion algebra C2°(TM,S) admits natural Fréchet and Banach algebra comple-
tions [Yi19], there is no C*-algebra completion.

Getzler took a different approach that focussed not on ) but on the Laplace-
type operator A = Ip?, for which the model operators A(m,0) are variants of
the quantum harmonic oscillator (and are elliptic). Supersymmetry relates the
supertraces considered in Subsection 5.4 to the index of the Dirac operator:

5.5.4 LEMMA. The supertrace STr(eXp(—)\QA)) 1s the index of the Dirac op-
erator ID, and is in particular a constant, integer-valued function of X # 0.

As Getzler pointed out, the smoothness of the family of supertraces STry from
Subsection 5.4 now allows one to compute the index from the value at A=0,
which involves only the operators Ay, ), which depend only on the Riemannian
curvature of M. See [Get83, BGV9I2, Roedg|. Tt will be interesting to explore
this more thoroughly from the point of view of the cyclic cohomology of the
algebra C2°(TM,S), and also discover what lessons can be learned in K-theory
and K-homology about the use of P? rather than 1P here.

6 APPENDIX. TAYLOR EXPANSIONS
The purpose of this appendix is to prove Proposition 3.3.10. We shall use the
exponential map

TM > X, — (exp,,, (X)), m) € MxM,

which is a diffeomorphism from a neighborhood of the zero section in the tan-
gent bundle onto a neighborhood of the diagonal in M x M, and the associated
Euler vector field F, defined on a neighborhood of the diagonal in M x M, by

(exp,, (s Xm), m).

s=1

d
Blexp(x,)m) = 72

The Euler vector field is tangent to each source fiber M x{m} of the pair group-
oid, and if (z1,...,x,) are geodesic local coordinates on M that are centered

at m, then
n
FE = lec’)l
i=1

on M x{m}. We shall also use the concept of Taylor series that is explained in
the following two definitions.
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6.0.1 DEFINITION. We shall say that a smooth section o of SXS* is syn-
chronous near m € M, if Vgo = 0 in a neighborhood of (m, m) € M xM.

By parallel translation, every smooth section of S S* on the diagonal extends
to a smooth section that is synchronous near the diagonal.

6.0.2 DEFINITION. Let m € M and let (x1,...,2,) be smooth functions de-
fined in a neighborhood of (m,m) € MxM that restrict to geodesic local
coordinates at (m’,m’) on each M x{m’}. Let o be a smooth section SXS*.
A Taylor expansion of the section o at m € M is a formal series

> a0, (6.0.1)

a>0
where

(i) the sum is over multi-indices o« = (a1, . . ., o, ), with each ay a nonnegative

3 o (e3] Ay o
integer, and z® = x{" - - - 20"

(ii) each o, is a smooth section of SXS* that is synchronous near m (note
that since it is synchronous near m, o, is determined by its values along
the diagonal near m)

(iil) the series is asymptotic to o near the diagonal and near (m, m) € M xM
in the sense that for every N € N the difference

vanishes to order N on the diagonal near (m, m) (here |a| = a1+ -+ ay).

Every smooth section has a unique Taylor expansion. Proposition 3.3.10 is a
consequence of the following result:

6.0.3 PROPOSITION. Let o be a smooth section of the SKS™*, and let m € M.

If
O‘NZ.Tao‘a

a>0

1s the Taylor series of o near m, then
Scaling-order(o) > m(in{ || — Clifford-order(os) } (6.0.2)
near m. In particular, if o is synchronous near m, then
Scaling-order(o) > — Clifford-order(c).
near m.
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The proposition is proved as follows. Let us temporarily call the quantity on
the right hand side of (6.0.2) the Taylor order of o. Obviously

Taylor-order(c) < — Clifford-order(o)

If we can prove that applying an operator D to o decreases the Taylor order
by at most the Getzler order of D, then we shall get

Taylor-order(o) — Getzler-order(D) < Taylor-order(Do)
< — Clifford-order(Do)

and hence
Clifford-order(Do) < Getzler-order(D) — Taylor-order(o)

In view of Definition 3.3.5, the proposition follows immediately from this. As
for the effect on the Talyor order of applying D, it is clear that a Clifford
multiplication ¢(X) increases it by at most one; the other case to consider,
that of a covariant derivative Vx, is handled by the following lemma:

6.0.4 LEMMA. Let o be a smooth section of the SIKS™ that is synchronous near
m € M, and let X be a vector field on M. The Taylor series at m of the section
Vx o has the form

Vion Y 2% clawa)) o,

laf=1

where each wy is the germ near m € M of a smooth section of AN2TM. Here
we regard c¢(q(wa)) as a section of SKS* defined on the diagonal near m, and
extend it to a section over M xM that is synchronous near m.

Proof. (Compare [Roe98, Prop. 12.22].) A general vector field X on M can
be written as a combination ), f;0;, and by expanding the smooth coefficient
functions f; in Taylor series we see that it suffices to prove the lemma for the
coordinate vector fields X = 0;.

According to the definition of curvature,

VEVXO'—VXvEO'—V[Eﬁx]O’ZK(E,X)U. (6.0.3)
Since the section o is synchronous near m,
Vgo=0 (6.0.4)

in a neighborhood of (m,m) € MxM. Moreover, since X is a coordinate
vector field,
[E,X]=-X. (6.0.5)

Inserting (6.0.4) and (6.0.5) into (6.0.3) we find that

VEVXO'+VXa=K(E,X)U. (6.0.6)
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Now expand Vx o as a Taylor series at m €M,

Vxo ~ Z Y0, (6.0.7)

lal>1

(there is no order zero term because the section o is synchronous). Using the
formula
VEx® o, = |a|z% o,

for the Euler vector field we find that the Taylor series for VgV x o is

VeVxo~ Z|a|xo‘oa. (6.0.8)

Next, recall that the curvature operator K(F, X) may be written as
K(E,X) = c(v(R(E, X))).

See (3.2.3). Write the section v(R(E, X)) of A2T'M as a Taylor series

Y(R(E, X)) ~ > 2%, (6.0.9)

laf=1

where each 1, € A2TM is synchronous at m € M for the Levi-Civita con-
nection (there is no order zero term in this Taylor expansion either, this time
because the vector field E vanishes at m € M). Inserting (6.0.7), (6.0.8) and
(6.0.9) into (6.0.6) we obtain an identity of Taylor expansions

Yo A tlahatoa =Y 2%c(qna))o.

lal>1 lal>1

The lemma follows from this. O
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